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Abstract 

Background Sepsis is caused by the dysregulated immune response due to an initial infection and results in signifi-
cant morbidity and mortality in humans. Extracellular cold inducible RNA binding protein (eCIRP) is a novel mediator 
identified in sepsis. We have previously discovered that microRNA 130b-3p inhibits eCIRP mediated inflammation. 
As RNA mimics are very unstable in vivo, we hypothesize that an engineered miRNA 130b-3p mimic named PS-OMe 
miR130, improves stability of the miRNA by protection from nuclease activity. We further hypothesize that PS-OMe 
miR130 reduces not only eCIRP-mediated inflammation and but also acute lung injury in a murine model of polymi-
crobial sepsis.

Methods Single stranded PS-OMe miR130 was synthesized and the binding affinity to eCIRP was evaluated using 
surface plasmon resonance (SPR) and computational modeling. Macrophages were treated with PS-OMe miR130 with 
and without eCIRP and cell supernatant analyzed for cytokines. In vitro stability and the in vivo half-life of PS-OMe 
miR130 were also assessed. The effect of PS-Ome miR130 on eCIRP’s binding to TLR4 was evaluated by SPR analysis 
and modeling. Finally, the effect of PS-OMe miR130 on inflammation and injury was assessed in a murine model of 
sepsis.

Results We demonstrate via SPR and computational modeling that PS-OMe miR130 has a strong binding affinity to 
eCIRP. This engineered miRNA decreases eCIRP induced TNF-α and IL-6 proteins, and it is highly stable in vitro and has 
a long in vivo half-life. We further demonstrate that PS-OMe miR130 blocks eCIRP binding to its receptor TLR4. Finally, 
we show that PS-OMe miR130 inhibits inflammation and lung injury, and improves survival in murine sepsis.

Conclusion PS-OMe miR130 can be developed as a novel therapeutic by inhibiting eCIRP-mediated inflammation 
and acute lung injury in sepsis.
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Introduction
Sepsis is defined as an end-organ injury caused by the 
dysregulated host response resulting from the initial 
insult that causes significant morbidity and mortal-
ity worldwide (Fleischmann et al. 2016; Seymour et al. 
2016; Shankar-Hari et  al. 2016). In fact, sepsis affects 
more than 1.7 million adults in the United States annu-
ally, and potentially contributes to over 250,000 deaths 
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annually (Rhee et  al. 2019). Further, sepsis presents a 
significant cost to hospital systems as it is widely preva-
lent and requires intensive treatment (Lagu et al. 2012). 
Importantly, sepsis patients can develop significant 
hypotension and associated organ injury (Gotts and 
Matthay 2016). In addition to treating the underlying 
cause of sepsis using antibiotics and providing support-
ive care, including fluid resuscitation and vasopressors, 
it is important to be able to target the dysregulated 
immune response. As of now, there is still an unmet 
need to develop therapeutics that target the dysregu-
lated immune response in both the acute and subacute 
phases of sepsis.

Cold-inducible RNA-binding protein (CIRP) is a 172 
amino acid protein that belongs to the family of cold 
shock proteins (Aziz et  al. 2019; Nishiyama et  al. 1997; 
Qiang et  al. 2013). Intracellularly, CIRP acts to stabilize 
mRNAs in different stress conditions to the cell, which 
include hypothermia and UV radiation (Aziz et al. 2019). 
Recently our lab discovered that when CIRP becomes 
extracellular (eCIRP), it functions as a damage-associated 
molecular pattern (DAMP) and promotes tissue injury 
and inflammation (Qiang et  al. 2013). CIRP is released 
from the cell during different states of acute inflamma-
tion including polymicrobial sepsis, hemorrhagic shock, 
and different ischemia/reperfusion injuries (Qiang et  al. 
2013; Borjas et  al. 2022; Cen et  al. 2016; Denning et  al. 
2020). Further, in sepsis, eCIRP has been found to exag-
gerate systemic inflammation, and promote end-organ 
injury including acute lung injury and acute kidney injury 
(Zhang et al. 2018). eCIRP causes inflammation via bind-
ing to the TLR4 or TREM-1 receptors (Qiang et al. 2013; 
Denning et al. 2020; Godwin et al. 2015).

As CIRP is an RNA binding protein, we reasoned 
that CIRP could interact with extracellular circulating 
RNA including microRNAs. Our lab discovered that the 
microRNA (miRNA) 130b-3p was found to be elevated 
in the serum during sepsis in both mice and humans 
(Gurien et al. 2020). When studying the miRNA in rela-
tion to eCIRP, it was discovered that miRNA 130b-3p 
mimic directly inhibited recombinant murine (rm)CIRP 
mediated inflammation both in  vitro and in  vivo, and 
had a strong binding interaction with eCIRP. This study 
introduced the novel concept of a possible endogenous 
miRNA-based inhibitor and regulator of eCIRP’s proin-
flammatory function in the extracellular space. miRNAs 
have recently been discovered to be highly stable in blood 
and are used as markers of disease as they are bound to 
RNA binding proteins or exosomes; however, oligonucle-
otides as exogenously administered therapeutics present 
significant stability and clearance issues for their in vivo 
use due to their extreme short half-life in circulation 
(Mitchell et al. 2008; Segal et al. 2020).

There are different strategies to improve the stability 
of oligonucleotides which include different chemical 
modifications and delivery systems (Behlke and Behlke 
2008; Dasgupta et  al. 2021; Dias and Stein 2002; Khv-
orova et  al. 2017; Lennox et  al. 2011). Two important 
oligonucleotide chemical modifications include phos-
phorothioate bonds (PS) and 2′O-methyl ribose modifi-
cations (2′OMe). These modifications have been found 
to improve oligonucleotide stability by protection 
from nuclease activity (Behlke and Behlke 2008; Khvo-
rova et al. 2017; Lennox et al. 2011; Fu et al. 2019). As 
RNA mimics are unstable after in vivo administration, 
we hypothesized that an engineered miRNA 130b-3p 
mimic using PS and 2′OMe modifications improves the 
stability and half-life of the miRNA 130b-3p (named 
PS-OMe miR130). We further hypothesize that PS-
OMe miR130 decreases eCIRP-mediated inflammation 
in  vitro and reduce inflammation and tissue injury in 
a murine model of sepsis. To investigate this, we syn-
thesized the PS-OMe miR130 and employed in  vitro 
studies in macrophages to understand the relationship 
between eCIRP and the PS-OMe miR130, tested the 
stability of PS-OMe miR130 in  vitro and in  vivo, and 
examined its therapeutic potential in a murine model 
of polymicrobial sepsis.

Materials and methods
Experimental animals
Adult male Sprague–Dawley rats (300  g) and C57BL/6 
mice (20–25 g) were purchased from Charles River Lab-
oratories (Wilmington, MA), and housed in a tempera-
ture-controlled room on a 12-h light-dark cycle and fed 
a standard rodent chow diet. Animals were acclimated to 
the environment for 5–7 days. Every attempt was made 
to limit the number of animals used. All animal experi-
ments were approved by the Institutional Animal Care 
and Use Committee (IACUC) of the Feinstein Institutes 
for Medical Research and were performed in accordance 
with the National Institutes of Health and the Guide for 
the Care and Use of Laboratory Animals.

PS‑OMe miR130 synthesis
Single stranded PS-OMe miR130 (5′-mC*mA*mG*mU
mGmCmAmAmUmGmAmUmGmAmAmAmGmGm
G*mC*mA*mU-3′) was synthesized by Integrated DNA 
Technologies (Coralville, Iowa) and provided as a lyo-
philized powder. * Indicates a PS bond and “m” indicates 
2′OMe modification. The powder was then resuspended 
in nuclease free PBS for the desired concentration. A cy-3 
labeled PS-OMe miR130 was synthesized and labeled at 
the 3′ end for the in vivo half-life experiment.
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Treatment of macrophages with eCIRP and PS‑OMe 
miR130
Mouse macrophage cell line RAW264.7 cells were pur-
chased from American Type Culture Collection (ATCC). 
Peritoneal macrophages were isolated from C57BL6 
mice. All cells were cultured in Dulbecco’s modified Eagle 
medium (DMEM; Life Technologies Corporation, Grand 
Island, NY) with 10% of heat-inactivated fetal bovine 
serum (FBS; MP Biomedicals, Santa Ana, CA), 100 U/ml 
of each penicillin and streptomycin (Thermo Fisher Sci-
entific, Waltham, MA), and 5% glutamine (Life Technolo-
gies Corporation). Prior to experiments, the medium was 
changed to OPTI-MEM (Life Technologies Corporation) 
for a total of 1 h. Cells were treated for 24 h with 1 µg/
ml of eCIRP with or without 10 nM PS-OMe miR130 
combined 30  min prior to stimulation of RAW 264.7 
cells or peritoneal macrophages. Cell culture supernatant 
was collected for analysis. eCIRP was produced in house 
and quality control assays were performed as previously 
described (Qiang et al. 2013).

In vitro stability of PS‑OMe miR130
8 µM of the PS-OMe miR130 was incubated in DMEM 
containing 10% non-heat-inactivated FBS, which has 
nucleases activities including RNAses, for different time 
points including 0, 6, 24, 48, and 72 h to measure the sta-
bility of PS-OMe miR130, similar to other groups (Barra-
gan-Iglesias et al. 2018; Lennox et al. 2010). The control 
sample was 8 µM of PS-OMe miR130 in DMEM without 
the 10% non-heat-inactivated FBS. At each time point, an 
equal volume of 2X TBE-urea sample buffer (Invitrogen, 
Thermo Fisher Scientific) was added to the sample, and 
then flash frozen over dry ice. Samples were thawed and 
heated to 70 °C for 3 min and subsequently run on a 15% 
polyacrylamide TBE-urea gel (Invitrogen, Thermo Fisher 
Scientific) for 75 min at 180 V. After, the gel was stained 
with ethidium bromide (2  µg/ml) for 20  min (Sigma 
Aldrich, St Louis, MO), and washed with nuclease free 
water. The gel was imaged on a Bio-Rad gel reader.

In vivo half‑life of PS‑OMe miR130
Sprague-Dawley rats (n = 4) underwent induction of 
anesthesia with 2–4% inhalation isoflurane after which 
the bilateral groins were shaved and disinfected by swab-
bing with Betadine alternated two times with 70% alco-
hol. At this time, the right femoral artery and left femoral 
vein were cannulated with PE-50 polyethylene tubing 
(BD, Sparks, MD) containing a small amount of heparin 
(2 IU/ml) in normal saline solution. At time 0, 125 µl of 
100 µM cy-3 labeled PS-OMe miR130 diluted in 375 µl of 
normal saline was injected via the femoral vein. At differ-
ent time points, which included every 3 min for the first 

15 min, and then every 15 min until 180 min, 200 µl of 
blood was withdrawn from the femoral artery. Animals 
were resuscitated at each time point with 200 µl of nor-
mal saline via the femoral vein. Serum was collected and 
fluorescence (550  nm excitation, 570  nm emission) was 
measured for each sample. The β-half-life (elimination 
half-life) was then calculated.

Surface plasmon resonance (SPR) analysis for eCIRP 
and PS‑OMe miR130 interaction
eCIRP was immobilized on the surface of sensor as a 
ligand and PS-OMe miR130 was injected as an ana-
lyte. Binding reactions were performed in PBS 0.05% 
P20, pH7.4. Carboxyl sensors were used for the 
experiments. The sensor was first cleaned by injec-
tion 10 mM HCl 150  µl, followed by injection of 
150  µl of the mixture of 1 aliquot of N-ethyl-N′-[3-
diethylaminopropyl]-carbodiimide (EDC) and 1 aliquot 
of N-hydroxysuccinimide (NHS) to activate the sensor 
surface. An aliquot of 200  µl of 50  µg/ml of the ligand 
diluted in 10 mM sodium acetate (pH 5) was injected 
into channel-2 of the sensor for immobilization. Next, 
150  µl of 1  M ethanolamine (pH 8.5) was injected to 
deactivate the remaining active sites on channel 1&2. The 
channel-1 was used as a control to evaluate nonspecific 
binding. The binding analyses were performed at a flow 
rate of 40  µl per min at 20  °C. To evaluate the binding, 
the analyte ranging from 10 to 300 nM were injected into 
channel-1 & 2, and the real-time interaction data were 
analyzed by TraceDrawer (Nicoya). The signals from 
the control channel-1 were subtracted from the channel 
coated with the ligand-2 for all samples. Data were glob-
ally fitted for 1:1 binding (one-to-one model).

Interaction between TLR4 and PS‑OMe miR130 bound 
eCIRP
To determine the effect of PS-OMe miR130 on eCIRP 
binding to TLR4 or the TLR4/MD2 complex, NTA sen-
sors were used. Human TLR4 & human TLR4/MD2 were 
purchased (R&D systems). The NTA sensor was first 
cleaned by injection 10mM HCL 150 µl and followed by 
injection of 150 µl of EDTA. Then the surface was acti-
vated by an injection of 40 mM  NiCl2. Human TLR4 or 
the human TLR4/MD2 was immobilized in the running 
buffer at concentration 50 µg/ml to channel 2; eCIRP was 
injected as an analyte in concentrations of 125 nM to 1 
µM. For effect of PS-OMe miR130, eCIRP was preincu-
bated with PS-OMe miR130 with different concentration 
for 30  min at room temperature and then the complex 
was injected to channel 1 and 2. Binding reactions were 
carried out at 10 mM HEPES buffer, 150 mM NaCl, 3 
mM EDTA, 0.05% P20, pH 7.4 at a flow rate of 40 µl/min 
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at 20  °C. The channel-1 was used as a control to evalu-
ate nonspecific binding, and the real-time interaction 
data were analyzed by TraceDrawer (Nicoya). The signals 
from the channel-1 were subtracted from the channel-2 
coated with the ligand for all samples. Data were globally 
fitted for 1:1 binding (one-to-one model).

Three‑dimensional virtual modeling
Structure modeling
The nucleotide sequence of miRNA 130b-3p was derived 
from miRbase database (Kozomara et al. 2019). PS-OMe 
miR130 was  modelled  using PyMOL builder (PyMOL 
2021). First, the three 5′ and 3′ terminal base in the phos-
phodiester linkage were replaced with sulfur giving rise 
to terminal phosphorothioate bonds. Second, 2′O-methyl 
ribose bases were incorporated throughout the miRNA.

Docking studies
The docking of CIRP and PS-OMe miR130 was per-
formed using NPDock (Tuszynska et  al. 2015), which 
combines GRAMM program to perform a rigid body 
global search, ranking, and scoring of best decoys using 
statistical potentials, clustering of best decoys. Finally, 
a Monte Carlo simulated annealing procedure (involv-
ing protein and nucleic acid molecules as rigid bodies) 
to optimize the protein-nucleic acid interactions in the 
representative clusters. The CIRP-PS-OMe miR130 and 
TLR4 receptor structure were docked using HDock (Yan 
et  al. 2017), the FFT based translational search algo-
rithm, which is optimized by iterative knowledge based 
scoring function, which is used both for protein-DNA 
and protein-RNA interactions and Patchdock (Schnei-
dman-Duhovny et  al. 2005), the algorithm that uses 
object recognition and image segmentation techniques. 
The interactions of CIRP and PS-OMe miR130 and the 
CIRP- PS-OMe miR130 and TLR4 structure were ana-
lyzed using PDBePISA tool (Krissinel et al. 2007). All the 
protein-microRNA structure complexes were visualized 
using PyMOL and Chimera tools (PyMOL 2021;  Pet-
tersen et al. 2004).

Mouse model of cecal ligation and puncture (CLP)
CLP was performed as previously described (Denning 
et  al. 2020; Gurien et  al. 2020). Briefly, mice were anes-
thetized with 2–4% inhalation isoflurane and placed in 
the supine position. The ventral abdomen was shaved and 
then disinfected by swabbing with Betadine alternated 
two times with 70% alcohol. A 2 cm incision was made, 
and the cecum was exposed. The cecum was ligated 
with 4-0 silk suture 1  cm proximal to the distal end of 
the cecum. The cecum was then punctured twice with 
a 22-guage needle and a small amount of cecal contents 
was extruded from each puncture. The cecum was then 

placed back in the peritoneal cavity and the incision was 
closed in two layers; a subcutaneous bolus of 1 ml of nor-
mal saline, and a subcutaneous dose of buprenorphine 
(0.05  mg/kg) were given. Mice were allowed to recover 
from surgery and anesthesia and then returned to their 
home cages. After 20 h, mice were sacrificed, and blood 
and lung tissue were collected and stored at − 80  °C for 
quantitative analysis. A section of the right lower lobe of 
the lung was stored in 10% formalin for histologic anal-
ysis. Mice were randomly assigned to create a total of 3 
group: sham, CLP + vehicle, and CLP + treatment.

In vivo administration of PS‑OMe miR130
After closure of the abdomen, vehicle (PBS) or PS-OMe 
miR130 at a dose of 12.5 nmol/mouse was injected intra-
venously via retroorbital injection using a 28G needle. The 
dose was determined from our previous study investigating 
the unmodified miRNA 130b-3p mimic in eCIRP induced 
inflammation and polymicrobial sepsis (Gurien et al. 2020).

Measurement of organ injury markers
Whole blood samples were centrifuged at 3000×g for 
10 min to collect serum, which was then stored at − 80 °C 
prior to use. Serum levels of LDH was determined using 
specific colorimetric enzymatic assays (Pointe Scientific, 
Canton, MI) according to manufacturer’s instructions.

Cytokine measurements by enzyme‑linked 
immunosorbent assay (ELISA)
Cell culture supernatant or mouse serum was analyzed 
by ELISA kits specific for IL-6, TNF-α (BD Biosciences, 
San Jose, CA), and IL-1β (Invitrogen, Thermofisher Sci-
entific) according to manufacturer’s instructions.

Histological evaluation of lung injury
Lung tissues were collected from the right lower lobe and 
were fixed in 10% formalin before being embedded in 
paraffin. Tissues were cut in 5 μm cuts and stained with 
hematoxylin-eosin. Slides were evaluated under light 
microscopy to evaluate the degree of lung injury. Scor-
ing was performed using a system created by the Ameri-
can Thoracic Society (Matute-Bello et  al. 2011). Scores 
ranged from 0 to 1 and were based on neutrophils in 
the alveolar space, neutrophils in the interstitial space, 
hyaline membranes, proteinaceous debris filling the air-
spaces, and alveolar septal thickening.

Lung myeloperoxidase (MPO) assessment
Lung tissue was homogenized by sonication in 500 µl of 
potassium phosphate buffer containing 0.5% hexadecyl-
trimethylammonium bromide. Two freeze–thaw cycles 
were performed over dry ice. Samples were centrifuged 
to collect the supernatant. The protein concentration of 
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the supernatant was determined. The reaction was then 
carried out in a 96-well plate by adding samples into 
phosphate buffer containing O-dianisidine hydrochlo-
ride and  H2O2. Light absorbance was read at 460  nm 
over a period of 5  min. Results were normalized to the 
protein concentration of each sample. MPO activity (1 
unit was equal to the change in absorbance per min) was 
expressed as units per gram of protein.

Measurement of cytokines and chemokines by reverse 
transcription‑quantitative (RT‑qPCR) analysis
Total RNA was extracted from ischemic portions of the 
liver by TRIzol reagent (Invitrogen, Thermo Fisher Sci-
entific Inc.) and was reverse transcribed into cDNA 
with reverse transcriptase (Applied Biosystems, Thermo 
Fisher Scientific Inc.). PCR reactions were carried out in 
20 µl of a final volume of 0.08 µM of each forward and 
reverse primer, cDNA, water, and SYBR Green master 
mix (Applied Biosystems, Thermo Fisher Scientific Inc.). 
Amplification and analysis were conducted in a Step 
One Plus real-time PCR machine (Applied Biosystems, 
Thermo Fisher Scientific Inc.). Mouse β-actin mRNA was 
used as an internal control for amplification, and rela-
tive gene expression levels were calculated using  2−ΔΔCt 
method. Relative expression of mRNA was expressed 
as a fold change in comparison with sham tissues. The 
sequence for the primers used are as follows:

IL-6, 5′-CCG GAG AGG AGA CTT CAC AG-3′ (for-
ward), 5′-CAG AAT TGC CAT TGC ACA AC-3′ 
(reverse);
TNF-α, 5′-AGA CCC TCA CAC TCA GAT CAT CTT 
C-3′ (forward), and 5′-TTG CTA CGA CGT GGG 
CTA CA-3′ (reverse);
IL-1β, 5′-CAG GAT GAG GAC ATG AGC ACC-3′ 
(forward), and 5′-CTC GCA GAC TCA AAC TCC 
AC-3′ (reverse);
KC, 5′-GCT GGG ATT CAC CTC AAG AA-3′ (for-
ward), and 5′-ACA GGT GCC ATC AGA GCA GT-3′ 
(reverse);
MIP-2, 5′-CCC TGG TTC AGA AAA TCA TCCA-3′ 
(forward), and 5′-GCT CCT C-CTT TCC AGG TCA 
GT-3′ (reverse);
β-Actin, 5′-CGT GAA AAG ATG ACC CAG ATCA-3′  
(forward), and 3′-TGG TAC GAC CAG AGG CAT 
ACAG-3′ (reverse).

TUNEL assay
Apoptosis was assessed using terminal deoxynucleoti-
dyl transferase dUTP nick end labeling (TUNEL) assay. 
For TUNEL staining, fluorescence staining was per-
formed using a commercially available In Situ Cell Death 

Detection Kit (Roche Diagnostics, Indianapolis, IN). The 
assay was conducted according to the manufacturer’s 
instructions. 4′,6-Diamidino-2 phenylindole (DAPI) was 
used as a nuclear counterstain. TUNEL positive cells 
were counted using ImageJ software.

Survival study
Animals also underwent a 10-day survival study as pre-
viously described (Denning et al. 2020). For the survival 
experiments, mice underwent CLP with a single puncture 
using 22G needle and were given 500 µl of the antibiotic 
imipenem (0.5 µg/kg, Merck) and 500 µl of normal saline 
subcutaneously at the time of laparotomy. The mice were 
then given a one-time dose of vehicle or PS-OMe miR130 
(12.5 nmol/mouse) via retroorbital injection. Mice were 
then monitored twice daily for 10 days for their survival 
rates.

Statistical analysis
Data represented in the figures are expressed as 
mean ± SEM, was checked for normality using Kolmogo-
rov–Smirnov test. Normally distributed data was com-
pared by using one-way analysis of variance (ANOVA) 
using Student–Newman–Keuls (SNK) post hoc analysis 
for multiple groups. When appropriate, non-normally 
distributed data was compared using nonparamet-
ric 1-way comparison among multiple groups using 
Kruskal–Wallis test with Dunn’s multiple-comparisons 
test. The specific tests used for each graph are identified 
in the figure legends. Survival rates were analyzed by the 
Kaplan–Meier estimator and compared using a log-rank 
test. Differences in values were considered significant 
if p ≤ 0.05. Data analysis was carried out using Graph-
Pad Prism graphing and statistical software (GraphPad 
Software).

Results
PS‑OMe miR130 reduces eCIRP mediated inflammation 
in vitro
First, the interaction between eCIRP and PS-OMe 
miR130 was evaluated by SPR analysis and the result 
showed a  KD of 1.41 ×  10−9  M, indicating a very strong 
interaction (Fig.  1A). Further, the binding energy 
between eCIRP and PS-OMe miR130 using computa-
tional modeling was analyzed. PS-OMe miR130 binds 
strongly to eCIRP (binding energy = − 23.0  kcal/mol) 
(Fig. 1B), confirming the SPR data. The binding energy is 
a measure of the stability of the complex; if the value is 
more negative, this means that energy is released as the 
complex is formed and is more stable. If the value is more 
positive, it indicates that the complex requires energy to 
form and is less stable. Additionally, the effect of PS-OMe 
miR130 on eCIRP mediated inflammation was analyzed 
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in  vitro. eCIRP treatment in RAW 264.7 cells dramati-
cally increased TNF-α levels whereas PS-OMe miR130 
combined with eCIRP decreased TNF-α levels by 34.5% 
(Fig.  1C). Treatment with PS-OMe miR130 alone dem-
onstrated no increase relative to PBS (Fig. 1C). In mouse 
peritoneal macrophages, both TNF-α and IL-6 showed 
significant increases after eCIRP treatment. These lev-
els were reduced by 56.2% and 45.6% respectively after 
treatment (Fig.  1D, E). These data indicate that PS-
OMe miR130 strongly binds to eCIRP and significantly 
decreases eCIRP mediated inflammation in vitro.

PS‑OMe miR130 is highly stable in vitro and in vivo
As oligonucleotides are known to be unstable, we first 
characterized the stability of PS-OMe miR130 in  vitro. 
PS-OMe miR130 demonstrated stability in vitro as there 
was still a significant amount of the miRNA remain-
ing after 72  h of incubation in 10% non-heat inacti-
vated FBS (Fig.  2A). Further, we performed an in  vivo 
half-life pharmacokinetic study that demonstrated the β 

half-life (elimination half-life) of PS-OMe miR130 to be 
277.2 min, which shows significant stability after in vivo 
administration (Fig. 2B, C).

PS‑OMe miR130 blocks the interaction of eCIRP to TLR4
We then wanted to determine the mechanism of 
action for PS-OMe miR130. TLR4 serves as the 
putative receptor for eCIRP (Qiang et  al. 2013). As 
such, we determined the  KD value of eCIRP-TLR4 
to be 6.97 ×  10−8  M, indicating a strong interaction 
(Fig.  3A). SPR demonstrated that when incubating 
eCIRP with different doses of PS-OMe miR130, there 
was inhibition of eCIRP’s binding to TLR4, as noted 
by the decreasing  KD at 0 nM of PS-OMe miR130 
(6.97 ×  10−8  M) and at 5 nM of PS-OMe miR130 
(6.12 ×  10−7 M) (Fig. 3A). In fact, at 50 nM of PS-OMe 
miR130, there was complete inhibition of eCIRP to 
TLR4. As TLR4 is known to dimerize for downstream 
signaling and that MD-2 is required for dimerization 
(Park et  al. 2009), SPR was also performed with the 

Fig. 1 PS-OMe miR130 decreases eCIRP mediated inflammation in vitro. A Biotinylated PS-OMe miR130 was individually immobilized on a sensor 
chip SA, and eCIRP of varying concentrations was injected as the analyte (n = 3 independent SPR experiments). B Computational 3D-modeling 
illustrating docking of PS-OMe miR130 and eCIRP. RAW264.7 cells (1 ×  106 cells/ml) were treated with PBS (Ctrl), eCIRP (1 µg/ml) with 0 or 10 nM of 
PS-OMe mIR130 (miR). After 24 h, supernatant was collected and C TNF-α levels were measured. Mouse peritoneal macrophages (1 ×  106 cells/ml) 
were treated with PBS, eCIRP (1 µg/ml), or eCIRP (1 µg/ml) with 10 nM of PS-OMe miR130 (miR). After 24 h, supernatant was collected and D TNF-α 
and E IL-6 were measured (n = 5 replicates/group). Data expressed as means ± SD and compared by one-way ANOVA and SNK method (*P ≤ 0.05 
versus Ctrl; #P ≤ 0.05 vs. eCIRP)
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TLR4/MD2 complex and a similar result was observed. 
The  KD decreases from 2.00 ×  10−8 M to 1.13 ×  10−7 M 
at doses of 0 and 5 nM of PS-OMe miR130, respec-
tively (Fig.  3B). There was no binding between PS-
OMe miR130 and TLR4 or the TLR4/MD2 complex. 
Additionally, 3D computational modeling was per-
formed to understand eCIRP’s relationship with TLR4. 
As expected eCIRP creates a stable binding complex 
with TLR4 (binding energy = − 8.1 kcal/mol) (Fig. 3C). 
Finally, computational modeling was performed with 
PS-OMe miR130 bound to eCIRP in relation to TLR4. 
Modeling demonstrates that the miRNA bound eCIRP 
creates a less stable complex with TLR4 (binding 
energy = 5.4  kcal/mol) (Fig.  3D). This in conjunction 
with the SPR data suggests that PS-OMe miR130 acts 
to decrease the binding of eCIRP and TLR4.

PS‑OMe miR130 decreases systemic injury 
and inflammation
After, PS-OMe miR130 was tested in  vivo in a murine 
model of polymicrobial sepsis as we confirm that PS-
OMe miR130 does inhibit eCIRP mediated inflamma-
tion in  vitro. First, systemic injury and inflammation 
was measured after CLP. LDH increased significantly in 
the serum in vehicle treated mice (Fig. 4A). A decrease 
of 62% was observed in PS-OMe miR130 treated mice 
demonstrating significantly less cellular injury after 
CLP. Next, markers of systemic inflammation includ-
ing TNF-α, IL-6, and IL-1β were measured (Fig. 4B–D). 
In all three groups, a significant increase was demon-
strated in vehicle treated mice. A reduction of 63%, 86%, 
and 37%, respectively, was observed after treatment 
showing a significant decrease in the degree of systemic 
inflammation.

PS‑OMe miR130 decreases lung inflammation 
and neutrophil infiltration
After, inflammatory markers in the lung tissue were 
measured to determine the degree of acute lung injury 
and inflammation. First, TNF-α mRNA in lung tissue 
was measured and was found to be 16-fold higher in 
vehicle treated mice (Fig.  5A). PS-OMe miR130 treat-
ment attenuated TNF-α levels by 51%. Further, IL-6 and 
IL-1β mRNA were measured in lung tissue (Fig. 5B, C). 
Increases of 286- and 32-fold were observed in vehicle 
treated mice. After treatment, these values decreased by 
85% and 74% (p = 0.086) respectively. Next chemokine 
gene expression and neutrophil infiltration were assessed 
in lung tissue to further characterize inflammation in the 
lung. KC and MIP-2 mRNA levels increased by 91- and 
132-fold respectively in vehicle treated mice (Fig.  5D, 
E) These levels reduced by 85% and 67% respectively in 
PS-OMe miR130 treated mice. After, MPO activity was 
determined to measure the degree of neutrophil infiltra-
tion (Fig.  5F). There was a significant increase in MPO 
activity in vehicle treated mice. PS-OMe miR130 signifi-
cantly attenuated MPO activity levels, and a decrease of 
62% was observed.

PS‑OMe miR130 attenuates lung injury and apoptosis
Lung injury was then assessed by histological scoring 
of H&E sections. Scoring was performed using criteria 
from the American Thoracic Society and ranged from 
0 to 1 (Matute-Bello et al. 2011). The score is based on 
neutrophils in the alveolar space, neutrophils in the 
interstitial space, hyaline membranes, proteinaceous 
debris filling the airspaces, and alveolar septal thicken-
ing. Sham mice histology demonstrated normal lung 
tissue with open airways (Fig.6A). There was significant 

Fig. 2 Stability of PS-OMe miR130 in vitro and in vivo. A 8 µM of PS-OMe miR130 was incubated in DMEM containing 10% non-heat-inactivated 
FBS for different time points. Samples were run on a denaturing gel and stained with ethidium bromide and viewed via UV light (n = 3 independent 
stability experiments). B In vivo half-life was determined by measuring the fluorescence in serum at different timepoints after injecting PS-OMe 
miR130 labeled with 3′ cy-3. Fluorescence was measured at each time point. C The natural logarithm (Ln) of the fluorescence was graphed over the 
elimination phase time-period. The slope was determined and using the slope, the elimination half-life was calculated (n = 4)
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disruption of the normal lung architecture, neutrophil 
and cellular infiltration, and proteinaceous debris in the 
vehicle group. After PS-OMe miR130 treatment, some 
lung injury is still observed, however, to a much lesser 

degree. In the histological scoring, we observed a sig-
nificant increase in the vehicle treated mice (Fig.  6B). 
Histology scoring was decreased by 50% after treat-
ment. This indicated that PS-OMe miR130 protected 

Fig. 3 PS-OMe miR130 acts to decrease binding of eCIRP to TLR4. A Biotinylated TLR4 was individually immobilized on a sensor chip SA, and 
eCIRP (500 nM) incubated with various doses of PS-OMe miR130 (1–50 nM) in PBS was injected as the analyte. SPR analysis demonstrates a dose 
related decrease in binding affinity of eCIRP for TLR4 when combined with increasing doses of the engineered miRNA. The  KD decreased from 
6.97 ×  10−8 M at 0 nM of the miRNA to 1.39 ×  10−7 M at 5 nM (n = 3 independent SPR experiments). B Biotinylated TLR4/MD2 was individually 
immobilized on a sensor chip SA, and eCIRP (1000 nM) incubated with various doses of the PS-OMe miR130 (1–50 nM) in PBS was injected as 
the analyte. SPR analysis demonstrates decreased binding affinity of eCIRP for the TLR4/MD2 complex when combined with increasing doses of 
PS-OMe miR130. The  KD decreased from 2.0 ×  10−8 M with 0 nM of the miRNA to 1.13 ×  10−7 with 5 nM of PS-OMe miR130 (n = 3 independent SPR 
experiments). C Computational modeling was performed between eCIRP and TLR4 and demonstrated that a strong binding complex is created. 
D Modeling was performed between a combined eCIRP/PS-OMe miR130 and TLR4 and demonstrates a less stable complex
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Fig. 4 PS-OMe miR130 decreases systemic injury and inflammation. Blood was collected from sham, vehicle (veh), and PS-OMe miR130 (miR) 
treated mice at 20 h after CLP. A Serum LDH was determined using specific colorimetric enzymatic assays. Serum B TNF-α, C IL-6, and D  IL-1β were 
measured by ELISA (n = 8–10/group). For A data expressed as means ± SEM and compared by Kruskal–Wallis test with Dunn’s method (*P ≤ 0.05 
versus sham; #P ≤ 0.05 vs. veh). All other data expressed as means ± SEM and compared by one-way ANOVA and SNK method (*P ≤ 0.05 versus 
sham; #P ≤ 0.05 vs. veh)

Fig. 5 PS-OMe miR130 decreases lung inflammation and neutrophil infiltration. Lung tissue was collected for sham, vehicle (veh), and PS-OMe 
miR130 (miR) treated mice at 20 h after CLP. mRNA levels of A TNF-α, B IL-6, and C IL-1β, were measured by RT-qPCR. mRNA levels for D KC and 
E MIP-2 were assessed to determine chemokine expression in lung tissue. F Myeloperoxidase (MPO) activity was assessed spectrophotometrically. 
(n = 8–9/group). For C data expressed as means ± SEM and compared by Kruskal–Wallis test with Dunn’s method (*P ≤ 0.05 versus sham; #P ≤ 0.05 
vs. veh). All other data expressed as means ± SEM and compared by one-way ANOVA and SNK method (*P ≤ 0.05 versus sham; #P ≤ 0.05 vs. veh)
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mice from lung injury in CLP model of sepsis. Addi-
tionally, apoptosis was assessed in lung tissue after 
CLP via TUNEL staining. A significant increase in the 
amount of apoptosis is observed in the vehicle treated 
mice as there are visually more TUNEL positive cells in 
the vehicle sections (Fig. 6C). There is a clear decrease 
in the amount of TUNEL positive cells in the PS-OMe 
miR130 treated sections. TUNEL positive cells were 
counted and a reduction of 36% was observed in PS-
OMe miR130 treated mice (Fig. 6D).

PS‑OMe miR130 improves survival in CLP‑induced sepsis
Finally, survival was assessed after PS-OMe miR130 
treatment to determine whether the treatment could 
improve the survival rate of septic mice (Fig.  7). In 
the 10-day survival study, 36% of the mice survived in 
the vehicle group while 76% survived in the treatment 
group indicating a significant net increase of 40% sur-
vival with PS-OMe miR130 treatment. Therefore, PS-
OMe miR130 significantly improved survival after CLP 
induced polymicrobial sepsis.

Discussion
Sepsis is an important clinical syndrome that is char-
acterized by dysregulation of the immune system in 
response to an infection resulting in severe systemic 

Fig. 6 PS-OMe miR130 ameliorates lung injury. Lung tissue was collected for sham, vehicle (veh), and PS-OMe miR130 (miR) treated mice at 20 h 
after CLP. The right lower lobe was stored in 10% formalin. A Representative images of hematoxylin and eosin sections are shown at 200x. Scale bar 
100 μm. B Lung injury was graded using a system created by the American Thoracic Society (n = 5–6/group). Sections were subjected to TUNEL 
assay to detect DNA fragmentation. TUNEL staining (green fluorescent) and nuclear counterstaining (blue fluorescent) of lung sections are shown. 
C Representative images of TUNEL staining from sham, vehicle (veh), and PS-OMe miR130 (miR) shown at ×200 magnification. D TUNEL positive 
cells were counted using ImageJ software (n = 5–6/group). Data expressed as means ± SEM and compared by one-way ANOVA and SNK method 
(*P ≤ 0.05 versus sham; #P ≤ 0.05 vs. veh)

Fig. 7 PS-OMe miR130 improves survival in sepsis. Mice were 
subjected to a survival CLP model of polymicrobial sepsis and were 
treated with either vehicle (veh) or PS-OMe miR130 (miR) (n = 17/
group). Survival rates were measured over a 10-day period and 
were analyzed by the Kaplan–Meier estimator using a log rank test 
(*P < 0.05 versus veh)
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inflammation, multisystem organ failure, and ultimately 
can result in death (Fleischmann et  al. 2016; Seymour 
et  al. 2016). In this study, we focus on a novel engi-
neered miRNA based on miRNA 130b-3p as a poten-
tial therapeutic against sepsis. miRNA 130b-3p is a 22 
base-pair miRNA that has been described in different 
disease states, which include different inflammatory 
conditions, hepatocellular carcinoma, bladder cancer, 
and lupus (Cui et al. 2016; Wang et al. 2015; Wang et al. 
2014; Zheng et al. 2016). Our lab previously determined 
that miRNA 130b-3p is upregulated in sepsis condi-
tions in both in humans and mice, and it can directly 
bind to eCIRP and inhibits eCIRP mediated inflamma-
tion in vitro and in vivo (Gurien et al. 2020). This study 
demonstrated the novel concept of how extracellular 
miRNAs can have impactful regulatory effects on inflam-
mation. In the current study, we aimed to improve upon 
the original miRNA 130b-3p mimic as there are signifi-
cant translational limitations to using naked RNA mimics 
as therapeutics, including poor oligonucleotide stability 
due to nuclease activity and renal elimination (Mitchell 
et al. 2008; Segal et al. 2020). To address these problems, 
chemical modifications were added to miRNA 130b-3p, 
which we called PS-OMe miR130, including 3 PS bonds 
to the 5′ and 3′ ends, and 2′OMe modifications through-
out the mimic, to attempt to extend the therapeutics time 
in circulation. First, our goal was to prove that PS-OMe 
miR130 still retained the function of decreasing eCIRP 
mediated inflammation while improving stability. Then, 
PS-OMe miR130 was used in a murine model of polymi-
crobial sepsis to determine its role as a novel therapeu-
tic. Our studies do in fact show that PS-OMe miR130 is 
highly stable, and functions by blocking the interaction 
between eCIRP and TLR4, which in turn reduced injury 
and inflammation, and improved survival in sepsis.

In the current study, we first wanted to determine 
whether the PS and 2′OMe chemical modifications 
added to miRNA 130b-3p would change its binding affin-
ity to eCIRP. We show that PS-OMe miR130 has a very 
strong interaction with eCIRP via SPR and 3D computa-
tional modeling, which was similar to what was observed 
previously with miRNA 130b-3p (Gurien et  al. 2020). 
Chemical modifications and delivery systems available 
for oligonucleotides to improve stability and attempt 
to enhance their effectiveness as therapeutics has been 
extensively studied (Mitchell et al. 2008; Segal et al. 2020; 
Behlke and Behlke 2008; Dasgupta et al. 2021; Dias and 
Stein 2002; Fu et  al. 2019). A PS bond is the replace-
ment of the bridging oxygen atom with a sulfur atom. 
They are used to protect the oligonucleotide from exo-
nuclease activity and are generally used at the 5′ and 3′ 
ends of the oligonucleotide to minimize the amount of 
added bonds (Behlke and Behlke 2008; Lima et al. 2018). 

By minimizing the number of PS bonds, the unwanted 
effects of PS bonds are minimized, which includes bind-
ing to off target proteins, increased tissue uptake, and 
decreased binding to RNA targets (Behlke and Behlke 
2008; Lennox et al. 2011; Lima et al. 2018; Crooke et al. 
2020). 2′OMe bases are also used throughout the PS-
OMe miR130. They are actually found on endogenous 
oligonucleotides, including mammalian ribosomal and 
transfer RNAs, and therefore does not present toxic-
ity and are not immune stimulating (Behlke and Behlke 
2008; Lennox et al. 2010; Lima et al. 2018). Importantly, 
both modifications have been used in combination by dif-
ferent groups in distinct animal models without observed 
toxicity (He et  al. 2017; Krutzfeldt et  al. 2005; Li et  al. 
2018).

Additionally, macrophages treated with eCIRP demon-
strate a significant decrease in cytokine production after 
treatment with the PS-OMe miR130. We have previously 
shown that TLR4 is the first receptor identified for eCIRP 
on not only macrophages but also neutrophils (Qiang 
et al. 2013; Ode et al. 2018). In addition to macrophages, 
immune cells such as neutrophils, NK cells or T cells are 
certainly capable of responding to eCIRP and PS-OMe 
miR130 could decrease eCIRP-mediated inflammation 
in these cells. Additional studies with other immune 
cells can be addressed in the future. Importantly, this 
data demonstrates that PS-OMe miR130 can neutralize 
eCIRP’s inflammatory function in the extracellular envi-
ronment, as eCIRP and PS-OMe miR130 were preincu-
bated prior to cell treatment. This is an atypical use for 
miRNA-based therapeutics as many groups take advan-
tage of the gene silencing properties of the miRNA and 
design antisense therapeutics with the goal of intracellu-
lar gene silencing (Dias and Stein 2002; Lima et al. 2018). 
Complex delivery systems have been designed with this 
goal mind (Dasgupta et al. 2021; Fu et al. 2019). Here we 
take advantage of how this specific miRNA has regula-
tory properties on an inflammatory DAMP, i.e., eCIRP to 
decrease inflammation. Further, there was no increase in 
cytokine levels with just the PS-OMe miR130 adminis-
tration indicating that the miRNA is not pro-inflamma-
tory. To summarize, these data suggest that the PS-OMe 
miR130 strongly binds to eCIRP and decreases eCIRP 
mediated inflammation in an in vitro system.

The in  vitro and in  vivo stability of PS-OMe miR130 
were then tested as the goal of adding chemical modifi-
cations to the miRNA 130b-3p mimic was to improve its 
stability and half-life. In vitro, PS-OMe miR130 demon-
strated significant stability after 72 h of incubation, which 
is comparable to what other groups have shown, as these 
chemical modifications are well known to increase the 
stability of oligonucleotide mimics (Barragan-Iglesias 
et  al. 2018; Lennox et  al. 2010). Although we haven’t 
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measured the in  vitro stability using immune cells, the 
in vivo half-life study is consisted of all cells in the body 
including the immune cells. In vivo, the elimination half-
life or the slope of curve of the beta phase in circula-
tion of PS-OMe miR130 was calculated to be 277.2 min 
(Fig. 2C) indicating the miRNA was highly stable in vivo. 
This value demonstrates the elimination half-life of PS-
OMe miR130, which is a representation of the decrease 
in plasma concentration in the elimination phase. This 
does not acknowledge the distribution or the alpha phase 
of the therapeutic, which is calculated over the first 
30 min of the study and is a measure of the rate of plasma 
distribution to tissues. Of note, the circulation half-life 
of a compound is usually determined by analyzing the 
beta phase or the clearance phase. Although we haven’t 
measured the levels of PS-Ome miR130 at 277.2 min or 
4.6 h in the in vitro study, the levels obtained at 6 h indi-
cate minimal degradation based on the visual image in 
gel electrophoresis (Fig.  2A, Lane 3). However, it is dif-
ficult to compare the levels between in vitro and in vivo 
because in in vivo, the injected miRNA could be trapped 
in the tissues such as the lungs, liver and/or the kidneys. 
Therefore, the miRNA present in circulation could be 
significantly lower than the actual amount in the body. 
Thus, the in vivo half-life appears to be a lot shorter than 
the in  vitro assessment of the stability of the miRNA 
which indicates up to 72 h. Of note, this half-life study is 
limited and does not provide information regarding the 
amount of the PS-OMe miR130 present in tissue, and 
where it preferentially goes—for this, more rigorous half-
life investigation which is ADME (absorption, distribu-
tion, metabolism, and excretion) studies will be needed 
to determine the biodistribution of PS-OMe miR130. 
This would be an interesting addition to our current 
work in the future as there are currently no studies to our 
knowledge that do this investigation with these specific 
oligonucleotide chemical modifications.

Additionally, we expand on the mechanism of action 
of PS-OMe miR130. In the past, our lab has extensively 
studied the role and relationship of eCIRP and TLR4 in 
both acute sterile and bacterial inflammation. eCIRP is 
well known be increased in sepsis conditions and to pro-
mote inflammation via binding to the TLR4/MD2 com-
plex and displays a strong interaction to this complex 
(Aziz et al. 2019; Qiang et al. 2013). Further, this interac-
tion is known to promote inflammation in sepsis (Qiang 
et  al. 2013; Zhang et  al. 2018). Additional studies have 
further demonstrated the importance of TLR4 signal-
ing in sepsis, and that TLR4 is a well-established target 
for therapeutics (Kuzmich et al. 2017; Roger et al. 2009). 
Thus, by weakening or inhibiting the binding of eCIRP to 
TLR4, eCIRP-mediated inflammation will be decreased. 
Here we demonstrate decreased binding to TLR4 using 

two different modalities: SPR analysis, and computa-
tional modeling. Both SPR analysis and computational 
modeling clearly demonstrate that eCIRP’s binding to 
the TLR4 receptor decreases in the presence of PS-OMe 
miR130. Thus, subsequent inflammatory signaling will 
be diminished, shedding light on the possible mecha-
nism for the novel therapeutic. Importantly, it should be 
reiterated that PS-OMe miR130 did not bind to TLR4 or 
TLR4/MD2 complex. In this study, we only check bind-
ing to TLR4 as TLR4 is thought to be the primary recep-
tor for eCIRP, but for future investigations, it would be 
interesting to study how PS-OMe miR130 affects eCIRP 
binding its other receptors, including TREM-1 (Denning 
et al. 2020).

Finally, we tested PS-OMe miR130 as a novel thera-
peutic in a murine model of CLP-induced polymicrobial 
sepsis. We first demonstrate that there was significant 
protection in terms of systemic injury and inflamma-
tion. Additionally, we demonstrate decreased acute lung 
injury (ALI) after treatment via decreased lung cytokine/
chemokine gene expression, neutrophil infiltration, lung 
injury, and apoptosis. This is important in terms of the 
translational potential of this therapeutic as patients with 
acute respiratory distress syndrome (ARDS) have signifi-
cant morbidity and mortality (Gotts and Matthay 2016). 
Further, the finding of decreased neutrophil infiltration 
and apoptosis after treatment are critical as these events 
are crucial components of lung inflammation after sepsis 
(Grommes and Soehnlein 2011). Finally, we performed a 
survival study and demonstrated that PS-OMe miR130 
significantly improves the survival rate after sepsis. 
Although we did not measure eCIRP levels in our study, 
we have previously shown that eCIRP is released into 
circulation in rats at 20 h after CLP and in hemorrhagic 
shock patients admitted to surgical intensive care units 
(Qiang et  al. 2013). As described above, eCIRP levels 
are well known to be increased in sepsis, and by block-
ing eCIRP we demonstrate significantly less injury and 
inflammation. eCIRP levels will likely be decreased after 
PS-OMe miR130 treatment due to an indirect effect of 
having less inflammation. miRNA’s have previously been 
studied in sepsis with the goal of altering gene function 
or in the context of being extracellular biomarkers (Lee 
et  al. 2020; Meng et  al. 2019; Xie et  al. 2019). Interest-
ingly, in sepsis, many circulating miRNAs are either up 
or downregulated and may have important regulatory 
functions for protection or exacerbation of sepsis related 
injury and inflammation (Lee et  al. 2020). However, in 
this study, we attempt use a miRNA mimic as a thera-
peutic in a novel way: we created a translatable and sta-
ble therapeutic based on miRNA 130b-3p to dampen 
eCIRP mediated inflammation in the extracellular space 
in sepsis. Although sepsis is a very complex immune 



Page 13 of 15Borjas et al. Molecular Medicine           (2023) 29:21  

process involving many DAMPs and molecules, our data 
are strongly promising PS-OMe miR130 could be devel-
oped as a therapeutic for sepsis and therefore warrants 
further studies for our therapeutic and other miRNA’s as 
therapeutics for sepsis. It would be unrealistic to think 
that a therapy based on single miRNA focused on a sin-
gle DAMP would be enough as a therapy for sepsis. Our 
findings further points to the complexity of eCIRP-medi-
ated inflammation and warrants additional future investi-
gation to the mechanism of eCIRP-induced inflammation 
which is beyond the scope of this study.

However, our study has some limitations that need to 
be addressed. One limitation is that it can be speculated 
that PS-OMe miR130 may actually enter the cell and have 
off target effects (Behlke and Behlke 2008; Crooke et al. 
2020). Although this is possible for the PS-OMe miR130 
to enter the cell, groups that have used similar modifica-
tions actually include a 3′-cholesterol group as this allows 
the mimic to get intracellular more easily (Lennox et al. 
2011; Lima et al. 2018). Further, complex delivery systems 
have been designed with intracellular entry and gene 
silencing in mind (Dasgupta et  al. 2021; Fu et  al. 2019), 
therefore, we believe this is minimized in our model. 
Negative side effects are not observed neither in  vitro 
nor in vivo, however, more rigorous toxicity studies will 
need to be performed. Another limitation includes only 
investigating one version of the engineered miRNA 130b-
3p. Many different chemical modifications exist to differ-
ent oligonucleotides (Behlke and Behlke 2008; Khvorova 

et  al. 2017; Lennox et  al. 2011). We modelled PS-OMe 
miR130 based on previous work done by other groups 
(He et  al. 2017; Krutzfeldt et  al. 2005; Li et  al. 2018), 
however, further investigation of different combinations 
of chemical modifications may lead to a more improved 
engineered miRNA. Finally, in our model of sepsis we 
only explore one dose and timepoint for dosing of PS-
OMe miR130. Different doses of the mimic would pro-
vide valuable therapeutic information. It is usually not 
possible to treat patients with sepsis therapies at the time 
of the initial insult. Therefore, post-treatment results are 
often necessary to evaluate the potential of a sepsis thera-
peutic. However, we did not perform a delayed experi-
ment as we hypothesized that the chemical modifications 
on the PS-OMe miR130 would allow it to remain in cir-
culation for longer periods of time. Our pharmacokinetic 
studies showed that the elimination half-life for PS-OMe 
miR130 is about 4.6 h suggesting that at least half of the 
injected amount of PS-OMe miR130 would still be pre-
sent up to 4 h after CLP which would have been the time 
point chosen for post-treatment in a 20 h sepsis study. In 
fact, with one dose we were able to a show a reduction 
in injury and inflammation, and improvement in survival, 
and therefore we did not conduct a post-treatment study. 
Additional dose and time course studies can be done in 
the future to develop PS-OMe-miR130 as a therapy for 
sepsis. We also fully acknowledge that the animal models 
of sepsis have limitations and they may not represent the 
high complexity of the sepsis condition in humans.

Fig. 8 Schematic showing the engineered PS-OMe miR130 and its proposed mechanism for protection in sepsis. The modified miRNA 130b-3p 
mimic named PS-OMe miR130 binds to eCIRP and blocks eCIRP binding to TLR4. During sepsis, PS-OMe miR130 acts to block the interaction 
between eCIRP and its receptor TLR4, thereby attenuating inflammatory cytokine release and preventing acute lung injury
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Conclusion
We synthesized PS-OMe miR130, an engineered miRNA 
130b-3p, to improve upon the unmodified miRNA 130b-
3p by enhancing the stability of the oligonucleotide. We 
first show that PS-OMe miR130 still binds to eCIRP 
and decreases eCIRP mediated inflammation in  vitro. 
We then provide evidence demonstrating the stabil-
ity of PS-OMe miR130 in vitro and in vivo. Further, we 
provide evidence that shows that PS-OMe miR130 acts 
by decreasing the binding of eCIRP to TLR4 receptor. 
Finally, we demonstrate the use of PS-OMe miR130 in 
a murine model of polymicrobial sepsis demonstrating 
lower levels of both systemic and local injury and inflam-
mation, and improved survival (Fig.  8). Therefore, our 
study demonstrates the potential therapeutic uses of the 
engineered miRNA 130b-3p in sepsis and the novel use 
of chemically modified miRNA mimics as extracellular 
therapeutics in acute inflammation.
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