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Abstract

Complement factor B (cfB) is an essential component of alternative pathway (AP) and plays an 

important role in the pathogenesis of polymicrobial sepsis. However, the mechanism leading to 

cfB production and AP activation during sepsis remains poorly understood. In this study, we found 

that the plasma cell-free RNA was significantly increased following cecal ligation and puncture 

(CLP), an animal model of polymicrobial sepsis, and was closely associated with sepsis severity. 

qRT-PCR and miRNA array analysis revealed an increase in bacterial RNA and multiple host 

microRNAs (miR-145, miR-146a, miR-122, miR-210) in the blood following CLP. Treatment with 

tissue RNA or synthetic miRNA mimics (miR-145, miR-146a, miR-122, miR-34a) induced a 

marked increase in cfB production in cardiomyocytes or macrophages. The newly synthesized cfB 

released into medium was biologically active as it participated in the AP activation initiated by 

cobra venom factor. Genetic deletion of TLR7 or MyD88, but not TLR3, and inhibition of the 

MAP kinases (JNK and p38) or NF-κB abolished miR-146a-induced cfB production. In vivo, CLP 

led to a significant increase in splenic cfB expression, which was correlated with the plasma RNA 

or miRNA levels. Peritoneal injection of RNA or miR-146a led to a rise in cfB expression in the 

peritoneal space, which was attenuated in MyD88-KO or TLR7-KO mice, respectively. These 

findings demonstrate that host cellular RNA and specific miRNAs are released into the circulation 

during polymicrobial sepsis and may function as extracellular mediators capable of promoting cfB 

production and AP activation through the specific TLR7 and MyD88 signaling.
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INTRODUCTION

During sepsis, invading pathogens as well as endogenous molecules released from injured 

tissues interact with host cells and cause massive activation of innate immune responses 

including immune cell activation, cytokine production, and complement system activation 

(1). Complement is a part of the innate immune system and functions against invading 

pathogen (2). It can also promote cytokine and reactive oxygen species (ROS) production 

that ultimately leads to organ injury in severe sepsis (3–6). Complement factor B (cfB) is an 

essential component of the alternative pathway (AP) and amplifies complement activation 

(7). We have recently reported that cfB is up-regulated in serum and in major organs 

including the heart and kidney following cecal ligation and puncture (CLP) procedure, and 

may contribute to the pathogenesis of polymicrobial sepsis (3). Systemic cfB deficiency 

improves the animal survival and cardiac function and attenuates acute kidney injury in 

severe sepsis. Moreover, others have demonstrated that locally synthesized rather than serum 

complements are of major importance in tissue injury (8–11). While TLRs are known to 

regulate cfB production (3, 12), the mechanisms leading to the critical cfB up-regulation and 

AP activation in severe sepsis remain incompletely understood.

During bacterial infection, nucleic acids are released into the extracellular space from 

invading pathogens and injured tissues (13). These include various types of RNA such as 

transfer RNA, ribosomal RNA, messenger RNA and microRNA (14). These extracellular 

RNAs may provoke inflammation and induce tissue injury. For example, in a sterile model 

of tissue injury, eliminating extracellular RNA by systemic delivery of RNase reduces 

myocardial inflammation and injury following a transient ischemia (15, 16). Extracellular 

RNA induces a potent inflammatory response of cardiovascular system by enhancing 

leukocyte recruitment (15, 17) and cytokine production (15, 18).

MicroRNAs (miRNAs) are a group of small noncoding RNAs. The primary role of miRNA 

is to regulate gene expression inside the cell at the post-transcriptional level by binding to 

the 3′ untranslated region of the target mRNAs. Thus, by affecting protein translation, 

miRNAs act as regulators (repressors) of a wide range of biological processes and play a 

dominant role in health and diseases (19–21). miRNA may also function as cell-to-cell 

communicators. miRNA can be actively secreted or passively released from cells (22) and in 

different pathological conditions such as ischemia (15) and sepsis (14). miRNAs are 

circulating in the blood in various forms, such as exosomes, microvesicles, HDL, and RNA 

binding proteins that protect them from RNase digestion and thus is highly stable in the 

blood. These miRNAs reportedly act on the target cells and play an important role in the 

pathogenesis of diseases (23).

In the current study, we tested the hypothesis that endogenous tissue RNA including various 

miRNAs are released into the circulation during severe polymicrobial sepsis and that both 

tissue RNA and miRNAs are capable of stimulating complement factor production and AP 

activation through specific innate immune signaling.
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MATERIALS AND METHODS

Reagents

Antibodies against phospho-p38, phospho-ERK1/2, phospho-JNK, IκB-α, and GAPDH 

were purchased from Cell Signaling Technology (Beverly, MA). Total p38, ERK1/2, and 

JNK antibodies were from Santa Cruz Biotechnology (Dallas, Texas). Bovine pancreas 

RNase A, lipofectamine 3000, TRIzol LS, SYTO RNASelect Green fluorescent cell stain, 

and Quant-iT™ RNA assay kit were from Invitrogen Life Technology (Carlsbad, CA). The 

TLR ligands, poly(I:C), Pam3Cys and CpG, were from Enzo Life (Plymouth Meeting, PA). 

DNase was from Thermo Scientific Inc. (Waltham, MA). Imiquimod (R837, TLR7 ligand) 

and CL075 (TLR7/8 ligand) were from Invivogen (San Diego, CA). Human cfB antibody 

and cobra venom factor (CVF) were purchased from Complement Technology (Texas). 

TRIzol reagent used to extract RNA from cell or tissues and HRP-conjugated donkey anti-

goat IgG are from Sigma-Aldrich (St. Louis, MO). Protease and phosphatase inhibitors were 

from Roche Diagnostics (Indianapolis, IN). miRNA mimics were synthesize by Integrated 

DNA Technologies (Coralville, IA) with sequences listed in Table 1. miScript II RT kit, 

miScript SYBR green PCR kit and miRNA primers for qRT-PCR were purchased from 

Qiagen (Valencia, CA). Criterion™ XT Bis-Tris Precast gels were purchased from Bio-Rad 

(Hercules, CA). Luminata Forte Western HRP substrate was from Millipore Corporation 

(Billerica, MA).

Animals

Eight to 16 week-old gender and age-matched mice were used. C57BL/6J wild-type (WT), 

TLR7−/−, and TLR3−/− mice were purchased from the Jackson Laboratories and housed in a 

Massachusetts General Hospital (MGH) animal facility for at least one week before 

experiments. cfB−/− mice were kindly provided by Xiaobo Wu at Washington University in 

St. Louis School of Medicine. MyD88−/− mice were provided water supplemented with 

sulfamethoxazole (4 mg/ml) and trimethoprim (0.8 mg/ml). Antibiotics were stopped for at 

least two weeks prior to experiments. All animals were housed in pathogen-free, 

temperature-controlled, and air-conditioned facilities with 12 h/12 h light/dark cycles and 

fed with the same bacteria-free diet. All animal care and procedures were performed 

according to the protocols approved by the Subcommittee on Research Animal Care of 

MGH and are in compliance with the “Guide for the Care and Use of Laboratory Animals” 

published by the National Institutes of Health.

Mouse model of polymicrobial sepsis

A clinically relevant rodent model of sepsis was created by cecal ligation and puncture 

(CLP) as described previously (3, 24, 25). In brief, mice were anesthetized and the cecum 

was ligated 1.2 cm from the tip and punctured with an 18-gauge needle. A small amount of 

fecal materials was squeezed out gently. The sham-operated mice underwent laparotomy but 

without CLP. After surgery, pre-warmed normal saline (0.05 ml/gram body weight) was 

administered subcutaneously. Postoperative pain control was managed with subcutaneous 

injection of bupivacaine (3 mg/kg) and buprenorphine (0.1 mg/kg). Postoperatively, mice 

were monitored for rectal temperature and sepsis severity score (0 = bright, alert, and 
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responsive; 1 = slightly lethargic; 2 = lethargic and hunched; 3 = very lethargic, hunched, 

and shaky; 4 = dead) as described previously (26).

MicroRNA array

Plasma was prepared from EDTA anticoagulant blood of both sham and septic mice at 24 h 

after surgery. The profile of 68 miRNAs related to an immunology panel was analyzed using 

a novel technology provided by Firefly BioWorks (Boston, MA). The technology employed 

a unique post-hybridization ligation-based scheme to fluorescently label bound microRNA 

targets. Since RNA extraction was no longer needed with this technology, we were able to 

detect miRNA array in a small volume of samples (300 μl) without risk of losing RNA.

RNA extraction

Tissue and cell RNA extraction—Heart, spleen, or macrophages were disrupted and 

placed in TRIzol reagent. RNA was extracted according to the manufacturer’s protocol. 

RNA in DEPC-treated water was quantified and stored at −80°C for future experiments. 

Plasma RNA extraction: Plasma was prepared from EDTA anti-coagulated blood. Two 

hundred μl of plasma was mixed with 50 μl of DEPC-treated water and 750 μl of TRIzol LS. 

Caneorhabditis elegans miR-39 (Cel-miR-39) was added as the spike-in control. Plasma 

RNA was extracted followed the manufacturer’s protocol, quantified using a Quant-iT™ 

RNA assay kit, and stored at −80°C for future experiments.

Cell treatments

Rat neonatal cardiomyocytes or bone marrow-derived macrophages were incubated in 

serum-free culture medium containing 0.05% BSA for 1 h prior to treatment with splenic 

RNA (10 μg/ml), miRNA mimics (50 nM), poly (I:C) (10 μg/ml), R837 (1 μg/ml), CL075 (1 

μg/ml) or pam3cys (1 μg/ml) for the indicated time period. The miRNA mimic sequences are 

listed in Table 1. Media or cells were collected for analysis. RNA, miRNA mimics and poly 

(I:C) were complexed with the transfection agent lipofectamine 3000 and incubated for 5 

min at room temperature prior to the treatment. For nuclease treatment in Fig. 2E, 4 μg RNA 

was incubated with RNase (10 μg), DNase (1 U) at room temperature for 30 min before 

complexed with lipofectamine 3000.

qRT-PCR

Gene expression in cells and tissues—Cell and tissue RNA was extracted with 

TRIzol reagent and reversely transcribed to cDNA by reverse-transcription (RT) reaction. 

cDNA was quantified using qPCR as described previously (25). The PCR primer sequences 

for host cellular RNA (3) and bacterial RNA (27) are listed in Table 2. Transcript expression 

was calculated using the comparative Ct method normalized to GAPDH (2−ΔΔCt) and 

expressed as fold change in CLP or treatment group over sham or control group. MiRNA 
expression in plasma: Plasma RNA was extracted with TRIzol LS as described above. 

Reverse transcription was performed using miScript II RT kit. miRNAs expression was 

analyzed using miScript SYBR green PCR kit following the manufacture’s protocol. 

Relative miRNA expression was calculated using the comparative Ct method normalized to 

spike-in Cel-miR-39 (2−ΔΔCt) and expressed as fold change in CLP group over sham group.

Zou et al. Page 4

J Immunol. Author manuscript; available in PMC 2019 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



In vivo RNase administration and efficacy test

In vivo RNase administration and activity was tested as described previously with 

modifications (15). In brief, bovine pancreatic RNase A was dialyzed and filtered through 30 

kDa cut-off filter column and stored at 4 °C. To test RNase activity, 3mg RNase or the same 

volume of normal saline was administrated s.c.. Blood was collected at 3 h, 6 h and 9 h after 

the injection. The serum was prepared and filtered through a 30 kDa filter column to remove 

large proteins. Filtered serum was incubated with 3 μg of purified kidney RNA at 37 °C for 2 

hour followed by SYTO RNASelect green fluorescence staining and RNA electrophoresis. 

To test the impact of RNase administration on cardiac cfB expression in sepsis, RNase or 

normal saline was administrated as follows: RNase 0.5 mg, i.p., 1 h before surgery, 3 mg s.c. 

right after surgery, and 3 mg s.c. 12 h after surgery. At 24 h, the hearts were harvested and 

stored at −80°C for future experiment.

Isolation and culture of cardiomyocytes and macrophages

Rat neonatal cardiomyocytes and mouse bone marrow-derived macrophages were isolated 

and cultured as described previously (3).

Immunoblotting of cfB, MAPKs, and IκBα

Medium proteins were separated in 4–12% gradient SDS-PAGE under reducing condition, 

transferred to PVDF membrane, and blotted with goat anti-human cfB antibody. cfB protein 

bands were visualized using Luminata Forte Western HRP substrate. For MAP kinase and 

IκBα detection, macrophages were washed with cold DPBS and lysed in NP-40 buffer 

containing various protease and phosphatase inhibitors following various treatments. Protein 

was quantified with Bradford method and equal amount of protein was subjected to SDS-

PAGE and immunoblotting.

Complement alternative pathway activity assay

The alternative pathway (AP) activity was assayed as described previously (28) with 

modifications. Specifically in this study, AP activation was achieved in the medium 

containing 11μg/ml of cobra venom factor (CVF, a functional C3b analog), cfB-deficient 

serum containing factor D, and 5 mM MgCl2. In the presence of Mg2+, CVF binds to cfB, 

which is cleaved by factor D into Ba that is released, and Bb that remains bound to CVF. 

The CVF.Bb complex is a C3 convertase. The mixture was then incubated at 37°C water 

bath for 1 hour. The assay solutions were mixed with SDS sample buffer and subjected to 

SDS-PAGE. Total cfB or Ba fragments were immunoblotted with a specific anti-cfB 

antibody.

In vivo administration of RNA and miRNA mimics

In vivo RNA and miRNA mimics administration was performed as previously described 

(18). In Brief, after fur removed and the abdominal skin disinfected, mice were administered 

with 1) lipofectamine or lipofectamine-complexed RNA (50μg/mouse), 2) lipofectamine-

complexed miR-146a (20μg/mouse) or miR-146a mutant via intra-peritoneal (i.p.) injection 

with a 31 gauge needle insulin syringe. The injection site was immediately covered with an 

adhesive 3M Tegaderm film to prevent any potential contamination and infection. Twenty 
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hours later, two ml saline was injected into the peritoneal space and mixed thoroughly. 

Peritoneal lavage was collected and centrifuged. The cell-free supernatant was stored at 

−80°C for further cfB protein analysis.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6 software (GraphPad Software 

Inc., La Jolla, CA). The distributions of the continuous variables were expressed as the mean 

± SE. Two-way ANOVA with Bonferroni adjusted P-value for post-hoc analysis was applied 

to test the differences in cardiac cfB expression between Saline and RNase group (Fig. 2B), 

cfB expression in the macrophages among WT, TLR7−/− and TLR3−/− groups (Fig 3B, 5E), 

MAPKs/IκBα expression between WT and TLR7−/− groups (Fig. 7B, C, D, E), the role of 

MAPK inhibitors on cfB expression (Fig. 7) and lavage cfB protein expression in WT, 

MyD88−/− and TLR7−/− (Fig. 9). Pearson correlation analysis was used to assess the 

relationship between the plasma RNA concentration to rectal temperature, sepsis severity, 

and splenic cfB mRNA level The relationship of plasma miRNA-146a, 122, 145, 210 level 

to splenic cfB mRNA was also analyzed by Pearson correlation. Student’s t test was used for 

statistical analysis between the groups of all other data. The null hypothesis was rejected for 

P < 0.05 with the two-tailed test.

RESULTS

Polymicrobial infection leads to an increase in circulating RNA

To determine whether or not cellular RNA was released into the circulation during bacterial 

infection, we created a CLP model of polymicrobial infection and tested the circulating 

RNA in both sham and CLP mice. As shown in Fig. 1A, while there was a large variation 

among different infected mice, the mean RNA concentration in the plasma of CLP mice was 

significantly higher than that of sham mice (478.1 ± 100 vs. 174.6 ± 20 ng/ml). Interestingly, 

the amount of circulating RNA was correlated with the level of sepsis severity as well as 

with body temperature of mice including both sham and CLP groups (Fig. 1B–C). Mice with 

more severe sepsis and lower body core temperature tended to have higher circulating RNA 

levels. Moreover, we found that a significant amount of cell-free16S rRNA, common to 

many species of bacteria, rose in the plasma of septic mice compared to the sham-operated 

mice (Fig. 1D). Similarly, the circulatory cell-free mRNA of GAPDH, which is stably and 

constitutively expressed at high levels in most tissues and cells, was also found significantly 

increased in septic mice (Fig. 1E). These data suggest that during polymicrobial infection, 

both host cells and invading bacteria release their cellular RNA into the host circulation and 

that the circulating RNA level is associated with the overall sepsis severity.

Eliminating extracellular RNA reduces cardiac cfB gene expression in septic mice

Our previous study has established an important role of cfB and the complement AP 

activation in septic cardiac dysfunction and mortality (3). In the study, we show that cardiac 

cfB is markedly and specifically upregulated in response to polymicrobial infection. Lack of 

systemic cfB improves cardiac function as well as survival of septic mice. To determine if 

extracellular RNA contributes to cardiac cfB upregulation during bacterial sepsis, we treated 

mice with RNase A before and after CLP surgery aiming to eliminate extracellular RNA. To 
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determine the efficacy of RNase A administration, we tested the serum RNase activity. As 

shown in Fig. 2A, when sera were incubated with purified cellular RNA, the sera derived 

from the saline-injected mice possessed endogenous RNase activity resulting in partial 

degradation of 28S/18S rRNA and consequently increase in RNA of small molecular weight 

around 5S (Fig. 2A, lane 3–8). In comparison, systemic administration of exogenous RNase 

led to higher serum RNase activity between 3 and 9 hours after injection as demonstrated by 

almost complete digestion of cellular RNA including 28S/18S rRNA and 5S small RNA 

(Fig. 2A, lane 9–14). As shown in Fig. 2B–C, 24 hours after CLP, there was a significant 

increase in cfB and a slightly increase in C3 gene expression (cfB: 6.6 ± 0.7; C3: 1.5 ± 0.1, 

fold change), but not that of C5 (Fig. 2D) in the heart as compared with the sham control. 

Importantly, there was 46% reduction in cardiac cfB gene expression in septic mice treated 

with RNase before and after CLP surgery compared to septic mice treated with saline alone 

(Fig. 2B). These data suggest that circulating RNA may contribute in part to cardiac cfB 

production during polymicrobial infection.

RNA and TLR ligands induce cfB production in cardiomyocytes

To determine the effect of cellular RNA on cardiac cfB production, we isolated rat neonatal 

cardiomyocytes and treated the cultured cells with RNA that was isolated from mouse heart 

and complexed with lipofectamine. As shown in Fig.2E, 24 hours after RNA treatment, there 

was a significant amount of cfB detected in the culture media, whereas there was minimal 

cfB detected in lipofectamine-treated cells. The effect of the cardiac RNA was almost 

abolished by pretreatment with RNase, but not DNase. Moreover, media collected from 

cardiomyocyte cultures treated with TLR3 ligand (poly (I:C)), TLR7 ligand (R837), or 

TLR7/8 ligand (CL075) all displayed elevated cfB levels compared to the lipofectamine 

control (Fig. 2F).

Splenic RNA induces cfB production via MyD88 signaling

We next tested the effect of splenic RNA on complement gene expression in bone marrow-

derived macrophages. As shown in Fig. 3A, consistent with what we found in 

cardiomyocytes, RNA induced a marked cfB gene expression, whereas it had a minimal 

effect on C3, C4 or C5 gene expression. Loss of function study indicated that neither TLR7 

nor TLR3 gene deletion had significant impact on the RNA-induced cfB expression (Fig. 

3B). This was confirmed by Western blot. Neither TLR7- or TLR3-deficiency had any effect 

on the RNA-induced cfB protein production (Fig. 3C). Similar to cfB protein production in 

cardiomyocytes, R837 (TLR7 agonist) or poly (I:C) (TLR3 agonist) induced a significant 

increase in cfB protein production and their effect was completely or near completely 

blocked in the cells lacking TLR7 or TLR3, respectively (Fig. 3C). The reduction of cfB in 

these TLR-deficient macrophage was not due to poor cell condition, as both TLR7−/− and 

TLR3−/− macrophages had a similar robust response to Pam3cys, a TLR2 ligand compared 

to WT macrophages. On the other hand, MyD88, an adaptor for all TLRs with the exception 

of TLR3, completely blocked RNA- and TLR2-induced cfB production, but had no impact 

on TLR3-mediated cfB protein production (Fig. 3D). Finally, to determine the biological 

activity of the de novo synthesized cfB in macrophages treated with splenic RNA, we tested 

the ability of medium cfB in promoting the AP activity. As illustrated in Fig. 3E, compared 

with lipofectamine (Lipo) (lane 1–3), splenic RNA induced a marked increase in the cfB 
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level of serum-free medium (lane 7–9). In the presence of CVF (a functional C3b analog), 

there was an increased AP activity as demonstrated by an increased cfB cleavage and 

consequent Ba generation (lane 10–12). In contrast, treatment with CVF alone without the 

newly synthesized medium cfB only exhibited a minimal level of AP activity (lane 4–6).

Plasma microRNA array in septic mice

To identify host miRNA released into the circulation during polymicrobial infection, we 

subjected mice to sham or CLP surgery. Twenty-four hours later, we collected the plasma 

from both groups of mice and tested them for miRNA expression using miRNA array (Fig. 

4A). The complete set of the original miRNA array data (accession no: GSE74952) can be 

viewed at http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE74952. Among the 68 

miRNAs reportedly related to immunologic functions, six miRNAs had more than 2-fold 

increase in the CLP mice compared to the sham control mice (CLP/Sham ratio > 2) with 

fluorescence counts > 100 (Fig. 4B). These were miR-145-5p, miR-122-5p, miR-192-5p, 

miR-146a-5p, miR-34a-5p, and miR-210-3p. Fig. 4C illustrates the mean fluorescent 

intensity of these six miRNAs in both groups as measured by the miRNA array. The 

differences in the fluorescent intensities of these six miRNAs between the sham and CLP 

groups were statistically significant (Fig. 4C). To validate these miRNA array results, we 

tested these six miRNAs using qRT-PCR in the plasma collected from a separate set of 

animals that underwent either sham or CLP procedures. As shown in Fig. 4D, out of the six 

miRNAs tested, four were confirmed with significant increase in septic mice compared to 

sham mice, namely miR-145-5p, miR-122-5p, miR-146a-5p, and miR-210-3p. To determine 

whether or not these miRNAs were capable of inducing cfB production, we treated 

macrophages with the miRNA mimics complexed with lipofectamine or lipofectamine alone 

for 24 hours. As shown in Fig. 5A, miR-146a, miR-34a, miR-122, or miR-145, all at 50 nM, 

induced a marked increase in cfB protein production in macrophages. In contrast, miR-192 

and miR-210 at the same concentration failed to induce cfB production. In the case of 

miR-146a, the cfB-inducing effect was sequence-specific as its U→A mutant failed to 

induce cfB production at both gene and protein levels (Fig. 5B–C). The effect of miR-146a 

also appeared to be specific for cfB as it only up-regulated the gene expression of cfB, mild 

increase in C3, but not C4, or C5, in macrophages (Fig. 5B). Moreover, similar to splenic 

RNA-induced cfB response, miR-146a-induced cfB synthesis in macrophages promoted the 

AP activation. As illustrated in Fig. 5D, the de novo synthesized cfB was released from 

macrophages stimulated by miR-146a (lane 7–12) and in the presence of the functional C3b 

analog CVF and cfB −/− serum containing factor D and Mg2+, led to the AP activation as 

evidenced by increased cfB cleavage and Ba formation (lane 10–12). In contrast, miR-146a 

mutant failed to induce cfB production or AP activation (lane 1–6).

miR-146a induces cfB production via TLR7-MyD88 signaling in macrophages

To determine the mechanisms responsible for miRNA-induced cfB production, we tested 

miR-146a for its signaling pathway in mediating cfB production. As shown in Fig. 5E–F, 

treatment with miR-146a led to a marked increase in cfB gene and protein expression. The 

effect was completely blocked in TLR7−/−, but unaffected in TLR3−/− macrophages. 

Moreover, R837 and poly (I:C) induced a robust cfB production and their effects were 

specifically blocked in TLR7−/− or TLR3−/− macrophages, respectively. In contrast, 
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Pam3cys, a TLR2 ligand, maintained its ability to induce cfB synthesis in both WT and 

TLR3- and TLR7-deficient macrophages. Finally, the effect of miR-146a seemed completely 

dependent on MyD88 signaling as it failed to induce cfB synthesis in MyD88−/− 

macrophages (Fig. 5G). As anticipated, Pam3cys (TLR2), but not poly (I:C) (TLR3), 

induced cfB production via MyD88-dependent mechanism.

miR-146a activates MAPKs and NF-κB via TLR7 signaling

To investigate the downstream signaling of miR-146a, we tested the intracellular MAP 

kinase and NF-κB pathways. WT macrophages were stimulated with 50 nM of miR-146a 

for a period of 60 min, 90 min, or 120 minutes. Immunoblotting of the cell lysates revealed a 

strong phosphorylation of p38, JNK and ERK1/2 with the peak effect seen between 90 – 120 

minutes (Fig. 6A). R837, a TLR7 ligand, but not the miR-146a mutant, induced a similar 

effect as miR-146a (Fig. 6B–D). The MAPK activation appeared to be mediated via TLR7 

as TLR7−/− macrophages failed to respond to miR-146a or R837 (Fig. 6B–D). Activation of 

NF-κB involves the phosphorylation and proteolysis of the IκB-α protein and subsequently 

nuclear translocation of the NF-κB factors. As shown in Fig. 6E, stimulation with miR-146a 

(not its mutant) of macrophages led to the degradation of IκB-α, suggesting an activation of 

NF-κB signaling in the miR-146a-treated cells. In contrast, the IκB-α protein level was 

maintained at the baseline level in TLR7−/− macrophages despite of miR-146a treatment.

Inhibition of MAP kinases and NF-κB signaling attenuates miR-146a-induced cfB 
production

To determine whether or not MAP kinases and NF-κB activation are involved in cfB de novo 
synthesis in response to miR-146a treatment, we treated cultured macrophages with specific 

inhibitors of p38, JNK, ERK1/2, or NF-κB. As shown in Fig. 7A, miR-146a induced a 

robust repsonse in cfB gene expression compared to its U→A mutant. Pretreatment of 

macrophages with the inhibitor of p38 or JNK markedly reduced the miR-146a-induced cfB 

gene expression. Bay 11-7082, an inhibitor of IκB-α kinase, completely blocked the cfB 

gene expression induced by miR-146a. In contrast, blocking of ERK signaling by MEK1/2 

inhibitor PD98059 or U0126, significantly enhanced the miR-146a-mediated cfB gene 

expression (Fig. 7B–C).

Splenic cfB expression is correlated with plasma RNA and miRNAs during polymicrobial 
infection

As shown in Fig. 8A, 24 h after CLP procedure, there was a significant increase in cfB gene 

expression in the spleen as compared to that of the sham-operated mice. To determine the 

relationshiop between the splenic cfB expression and the plasma RNA/miRNA levels, we 

plotted the two sets of data (splenic cfB vs. plasma RNA or miRNAs) from both sham and 

CLP groups. As shown in Fig. 8B–F, the splenic cfB expression was significantly correlated 

with the plasma RNA and miRNAs (miR-145, miR-122, miR-146a, miR-210) levels. The r 

values ranged between 0.49 – 0.73.
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RNA and miR-146a activate cfB production in vivo

To test whether or not in vivo administraton of RNA or miRNA mimics was able to induce 

cfB production, we injected tissue RNA or miR-146a into the peritoneal cavity. Twenty 

hours later, the peritioneal lavage was collected and tested for cfB protein level. As shown in 

Fig. 9, i.p. Injection of splenic RNA or miR-146a in WT mice induced a rise in cfB 

expression in the peritoneal cavity compared to the controls (lipofectamine and miR-146 

mutant, respectively). Somewhat similar to cfB production in RNA-treated macrophages in 

vitro, the RNA-induced cfB production in vivo was in part dependent on MyD88 as 

MyD88−/− mice had significantly lower peritoneal cfB expression as compared with WT 

mice (Fig. 9A). On the other hand, systemic deletion of TLR7 completely prevented the 

miR-146a-induced cfB production in vivo.

DISCUSSION

We have previously documented a critical role for cfB and complement AP activation in an 

animal model of polymicrobial sepsis (3). Peritoneal bacterial infection induces a marked 

systemic as well as local tissue expression of cfB and AP activation. Systemic cfB 

deficiency results in improved survival and organ functions in animals subjected to severe 

sepsis. However, the cellular and molecular mechanisms responsible for cfB up-regulation 

and AP activation in the context of bacterial sepsis remain largely unexplored. In the current 

study, we tested the hypothesis that severe sepsis leads to release of bacterial and host 

cellular RNA into the circulation and that cellular RNA such as miRNAs are capable of 

inducing cfB production and AP activation. We found a significant increase in bacterial as 

well as host RNA in the plasma of septic animals. The plasma RNA concentration was 

closely associated with sepsis severity. Also, the plasma RNA and selective miRNA levels 

were correlated with splenic cfB expression during polymicrobial sepsis. miRNA array 

identified and qRT-PCR confirmed multi-fold increase in the plasma level of four host 

miRNAs, i.e., miR-146a, miR-145, mi-122, and miR-210, in septic mice. Moreover, 

treatment of cardiomyocytes and macrophages with splenic RNAs or the synthetic miRNA 

mimics (miR-146a, -145, -122, -34a) induced a robust cfB production and the AP activation. 

In vivo, i.p. injection of RNA or miR-146a led to a significant rise in the peritoneal cfB 

expression. Loss-of-function experiments demonstrated that signaling via MyD88 was 

important for RNA-induced cfB production in macrophages and in intact animals, and that 

TLR7 signaling proved to be critical for the miR-146a-induced cfB production in vitro and 

in vivo. Finally, we showed that miR-146a mimic activated intracellular MAPKs and NF-κB 

signaling via TLR7 signaling and that inhibition of p38, JNK and NF-κB singling, but not 

ERK, led to a significant reduction in miRNA-146a-mediated cfB gene expression in 

macrophages.

Cell apoptosis and necrosis occur in severe sepsis and is associated with the mortality of 

septic animals (29, 30). The injured cells release danger-associated molecules such as 

nucleic acids, HMGB1, heat shock proteins, mitochondrial components, which trigger innate 

immune responses such as cytokine production, immune cell activation and recruitment, and 

free radical species production (31). In an effort to search for an endogenous mediator(s) for 

cfB production during polymicrobial sepsis, we hypothesize that cellular RNA released as 

Zou et al. Page 10

J Immunol. Author manuscript; available in PMC 2019 April 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



result of tissue injury during sepsis is capable of inducing cfB de novo synthesis. Our 

observations that systemic RNase administration attenuates myocardial cfB gene expression 

and that plasma RNA concentration is correlated with splenic cfB expression during 

bacterial infection are consistent with the notion that extracellular RNA is in part responsible 

for the cfB expression in the septic organs and provides us a clear rationale to test the ability 

of cellular RNA in activating cfB production. Indeed, our in vitro experiments demonstrate 

that tissue-derived RNA is capable of inducing a robust cfB production in and release from 

both cardiomyocyte and macrophage cultures. This effect is clearly RNA-mediated as 

RNase, not DNase, near completely inhibits the RNA-induced cfB production. To assess the 

biological activity of the de novo synthesized cfB, we tested the AP activation in the media 

derived from the macrophage cultures treated with splenic RNA in the presence of CVF (a 

C3b analog) and cfB-deficient serum containing complement factor D and supplemented 

with Mg2+. The increase in medium Ba fragment in the RNA-treated macrophage cultures 

demonstrates that the RNA-induced cfB can bind to CVF and actively participates in the 

complement AP activation. Of note, while splenic RNA was used in most of the experiments 

in the study, the ability of cellular RNA to trigger cfB production appears not organ/tissue-

specific as cellular RNA isolated from mouse heart exhibits a similar effect. Moreover, the 

ability of cellular RNA to activate cfB production was further demonstrated in vivo 

following i.p. injection of cardiac RNA. Finally, in a separate study, we have observed that 

cardiac cellular RNA from human, rat, and mouse, and extracellular RNA released from 

injured cardiomyocytes all exhibit an ability to induce various cytokine responses in 

cardiomyocytes and macrophages (18). Taken together, these data demonstrate that 

significant amount of cellular RNA is released during bacterial sepsis and that host cellular 

RNA is capable of activating cfB production and promoting the AP activation.

TLR3 and TLR7 are two important innate immune receptors reportedly sensing RNA of 

viral origins (32–34). TLR3 senses double-stranded (ds) RNA and signals primarily through 

Trif, whereas TLR7 senses single-stranded (ss) RNA and signals via MyD88 (35). The 

finding that several TLR ligands including pam3cys, poly (I:C), R837, and CL075 induce 

cfB production in cardiomyocytes and macrophages suggests that activation of TLR2, 

TLR3, TLR7, and TLR8 is probably sufficient to initiate cfB synthesis. However, when we 

tested the cfB production in macrophages of several KO mice and compared it with that in 

WT mice, we found that neither TLR3- nor TLR7-deficiency had any impact on the cellular 

RNA-induced complement synthesis. This was somewhat surprising since several previous 

studies have suggested the role of TLR3 in sensing endogenous RNA. Kariok, et al, report 

that in vitro transcribed mRNA elicits cytokine production via a TLR3-dependent 

mechanism in human dendritic cells (36). A recent study by Bernard, et al, shows that RNA 

from UVB-irradiated keratinocytes induces cytokine production in normal human epidermal 

keratinocytes via TLR3 (37). Moreover, in a stable-transfected human HEK 293 cell line, in 
vitro transcribed mRNA can induce cytokine production via TLR7- and TLR8-dependent 

manner (38). Moreover, we show that cardiac RNA elicits cytokine production in part via 
TLR7-dependent signaling (18). Nevertheless, the current study identified that MyD88 

deficiency abolished the effect of RNA in vitro and partially in vivo, suggesting the 

important role for MyD88 signaling to mediate the cellular RNA-induced cfB response. 

Several possibilities may explain these data. TLR8, which like TLR7, recognizes ssRNA, 
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could mediate the effect of splenic RNA via MyD88-dependent signaling. In human, TLR8, 

not TLR7, is responsible for ssRNA-induced cytokine response. HEK 293 cells expressing 

human TLR8, but not TLR3 or TLR7, respond to viral RNA40 (39) or human mitochondrial 

RNA (38). However, while TLR7 and TLR8 are closely phylogenetically related, mouse 

TLR8 was thought to be nonfunctional (34). Alternatively, splenic RNA may signal through 

all three RNA sensors, namely TLRs 3/7/8, to induce the complement response since both 

single- and double-stranded RNA may exist in the spleen. Lacking one of them may prove 

insufficient to impact on the final outcome (i.e., cfB production and AP activation) because 

of the shared and somewhat redundant signaling pathways among the three RNA sensors. 

Finally, it is also possible, although probably less likely, that different cell response to RNA 

may depend on different RNA sensors and that RNA from different tissues, e.g., splenic vs. 
cardiac RNA, may use different RNA sensors.

We employed miRNA array to identify the different expression of plasma miRNAs between 

the sham and CLP mice. Validated by qRT-PCR, we identified four miRNAs (miR-146a, 

miR-145, miR-122, and miR-210) that were significantly elevated in the septic mice 

compared to the sham control. The miRNA array was quite limited and contained only 68 

miRNAs. It is likely that the actual number of miRNAs being up-regulated during 

polymicrobial sepsis is higher. An excellent study by Wu, et al, used a similar approach and 

identified that out of more than 1000 miRNAs tested, 10 miRNAs were up-regulated in the 

whole blood and serum following CLP procedure (14). Interestingly, while it is well 

documented that TLR signaling (e.g., TLR2, TLR4, and TLR5) promotes miRNA 

biogenesis and miRNAs regulate TLR signaling (40–42), this study found that systemic 

deficiency of TLR2, TLR4, or NF-κB had no significant impact on the serum miRNA up-

regulation induced by CLP (14).

Expanding the miRNA array assays, we tested the biological activities of the identified 

miRNAs. We found that miR146a, miR-145, miR-122 and miR-34a induced a significant 

cfB production in macrophages. miRNA146a is an immediate early-response gene induced 

by various microbial components and pro-inflammatory mediators. It reportedly inhibits 

TLR and cytokine signaling by targeting IRAK-1 and TRAF-6 translation (40) and is widely 

known for its role in negative regulation of inflammation and endotoxin response (42–46). 

Different from these studies, the present study identified a novel role of miR-146a – 

promoting the innate immune complement response by stimulating cfB de novo synthesis 

and AP activation. Moreover, we found that the effect of miR-146a mimic was entirely 

dependent on TLR7→MyD88 signaling as either TLR7 or MyD88 deficiency completely 

blocked the miR146-induced cfB production in macrophages and in the peritoneum 

following i.p. injection.

Consistent with these findings, several previous studies have demonstrated the role of 

extracellular miRNA as a signal molecule via TLR7. Fabbri, et al. (47) report that miR-21 

and -29a secreted by tumor cells bind to TLR7 and activate the receptors in immune cells, 

leading to TLR-mediated NF-κB activation and secretion of prometastatic inflammatory 

cytokines. Another secreted extracellular miRNA, let-7, also reportedly activates TLR7 

signaling and mediates pain (48) or caused neurodegeneration (49). These data suggest that 

miRNA, similar to ssRNA from virus (39), can be recognized by TLR7 and induce 
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inflammatory response. Of note, we could not identify any consensus pattern of 

oligonucleotide sequences among the miRNAs that induce cfB production. However, all four 

miRNAs that exhibit the strong ability to activate cfB synthesis are rich in U nucleotides (7–

9 Us), accounting for 30–40% of their entire sequences. This is in consistent with the report 

by Heil, et al. that U-rich or U/G-rich oligonucleotides are essential for TLR7 recognition of 

ssRNA (39). Indeed, the U→A mutants of miR-146a abolished its ability to induce cfB 

synthesis in macrophages.

One of the major signaling families that participate in the intracellular transmission of 

extracellular signals is the group of mitogen-activated protein kinases (MAPKs). This group 

of MAPKs is composed of serine/threonine kinases that phosphorylate and activate each 

other (50, 51). ERK1/2, p38, JNK1/2 have been well studied in the context of innate 

immunity (52). Together with NF-κB signaling, these MAPKs participate in the regulation 

of cellular inflammatory response. The current finding that miRNA-146a, but not its U→A 

mutant, elicits phosphorylation of MAPKs and enhanced degradation of IκB-α suggests that 

miR-146a signals through these MAP kinases and activates NF-κB pathways. The data 

derived from WT and TLR7−/− macrophages demonstrate that miR146a induces these 

intracellular events exclusively via TLR7 sensing. Importantly, employing specific 

inhibitors, our data further demonstrate that miR-146a activates cfB production via p38-, 

JNK-, and NF-κB-dependent mechanism. Interestingly, the ERK inhibitor enhanced the cfB-

inducing effect of miR-146a suggesting that ERK may negatively regulate the cfB synthesis 

upon miR-146 stimulation.

In summary, the current study showed that polymicrobial sepsis induced a significant 

increase in the plasma RNA level, which included bacterial and host cellular RNA including 

several miRNA, e.g., miR-146a, miR-145, miR-122, and miR-210. Treatment with 

endogenous tissue RNA or the synthetic miRNA mimics such as miR-146a induces de novo 
cfB synthesis in and release from cultured cardiomyocytes and macrophages in vitro as well 

as in the peritoneal space when injected i.p. in vivo. Both RNA and miR-146a elicited the 

cfB production via similar and specific innate immune and intracellular MAPK signaling 

mechanisms. Thus, our study has identified a novel role of splenic/cardiac RNA and 

selective miRNAs in promoting the complement alternative pathway via specific innate 

immune signaling.
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Fig. 1. Polymicrobial sepsis leads to host and bacterial RNA release into the blood circulation
Twenty-four hours after sham or CLP surgery, mice were euthanized and blood was 

collected via inferior vena cava. RNA was extracted from plasma and quantified as described 

in Methods. A. Plasma total RNA concentrations in sham and CLP mice. * P < 0.05. n=8 in 

sham group, n=10 in CLP group. B-C. Association of plasma RNA concentration and sepsis 

severity score or core temperature, respectively. Sepsis severity score was monitored as 

detailed in the Methods. Rectal temperature was recorded as the core temperature. n=18 pair 

samples. D. Bacterial 16S rRNA in the plasma as measured by qRT-PCR. E. Host GAPDH 

mRNA in the plasma as measured by qRT-PCR, * P < 0.05. n=8 in sham group, n=10 in 

CLP group.
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Fig. 2. Role of RNA in cfB production in the heart and isolated cardiomyocytes
A. RNA digestion by serum RNase - Testing the efficacy of systemic administration of 

RNase. As detailed in the Methods, sera were prepared from mice injected with saline or 

RNase A, and incubated with 3 μg of purified RNA at 37°C for 2 hours. Lane 1: Untreated 

RNA; Lane 3–8: RNA treated with serum from the mice injected with saline; Lane 9–14: 

RNA treated with serum from the mice injected with RNase A. B–D. Effect of systemic 

RNase administration on cardiac gene expression of cfB, C3 and C5. RNase was 

administrated before and 12h after sham or CLP surgery. cfB/C3/C5 gene expression was 

detected in the heart 24h after surgery using qRT-PCR. n=4 in each group. # P < 0.05, δ P < 

0.001 vs. Sham-Saline; ** P < 0.01. E. Effect of RNase on RNA-induced cfB protein 

production. Cultured rat neonatal cardiomyocytes were treated lipofectamine alone (Lipo), 

or with cardiac RNA (10 μg/ml) for 24 hours. As indicated, in some treatment groups, RNA 

was first pretreated with RNase or DNase before applied to cardiomyocyte cultures. Medium 

cfB was detected by Western blot as described in the Methods. F. Effect of TLR ligands on 

cfB protein production in rat neonatal cardiomyocytes. Cardiomyocytes were treated with 

poly (I:C) (10 μg/ml), R837 (1 μg/ml), or CL075 (1 μg/ml) for 24 hours. Medium cfB was 

detected with Western blot.
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Fig. 3. Splenic RNA-induced cfB production was mediated via MyD88 signaling in macrophages
A. Complement gene expression in macrophages treated with splenic RNA. Mouse 

macrophages were treated with lipofectamine alone or splenic RNA (10 μg/ml) complexed 

with lipofectamine. Six hours later, C3, C4, C5, cfB mRNA was analyzed by qRT-PCR. *** 

P < 0.001, n=3 in each group. The experiments were repeated three times. B. cfB gene 

expression in macrophages isolated from WT, TLR7−/−, or TLR3−/− mice. Cells were treated 

with lipofectamine alone or RNA (10 μg/ml) for 6 hours. * P < 0.05, *** P < 0.001 vs. the 

corresponding lipofectamine control (Lipo). n=3 in each group. C. Splenic RNA- and TLR 

ligand-induced cfB protein production in WT, TLR7−/− or TLR3−/− macrophages. 

Macrophages were treated with lipofectamine, RNA (10 μg/ml), R837 (0.25 μg/ml), poly 

(I:C) (10 μg/ml) or pam3cys (1 μg/ml). Twenty-four hours later, medium cfB was analyzed. 

The experiment was repeated 3 times. D. Impact of MyD88 on RNA- and TLR ligand-

induced cfB production in the medium. The experiment was repeated twice. E. AP activity 
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assay. Macrophages were incubated in serum-free (complement-free) medium and treated 

with lipofectamine (lane 1–6) or 10 μg/ml RNA (lane 7–12) for 24 hours as indicated. At the 

end of treatment, media were collected and incubated in the presence of 2.5% cfB−/− mouse 

serum, 11 μg/ml of cobra venom factor (CVF) and 5 mM of MgCl2 at 37°C for 1 hour, and 

analyzed for cfB and Ba fragment by Western blot. The experiment was repeated twice. 

Lipo=lipofectamine.
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Fig. 4. Plasma miRNA profiling in septic mice
A. Heat map of miRNA array. Mice were subjected to Sham or CLP procedure. At 24 hours, 

plasma was collected and miRNAs were analyzed using Firefly microRNA array provided 

by Firefly BioWorks. Sham (n=4) and CLP (n=5) mice. The fluorescence intensity of 56 

miRNAs was expressed from low (green) to high (red). B. Fold change in the plasma 

miRNAs in the CLP compared to that of Sham mice (CLP/Sham) as measured by miRNA 

array. C. Mean fluorescent intensity of plasma miRNAs as measured by miRNA array in 

Sham and CLP mice. Six miRNAs (miR-145, miR-122, miR-192, miR-146a, miR-34a, 

miR-210) were significantly increased for more than 2-fold in the septic mice compared to 

the sham control. .* P < 0.05, ** P < 0.01, **** P < 0.001. n=4 in sham group, n=5 in CLP 

group. D. qRT-PCR validation of miRNAs. The 6 target miRNAs were tested using qRT-

PCR in a separate set of plasma. * P < 0.05, ** P < 0.01. n=8 in sham group, n=10 in CLP 

group.
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Fig. 5. miRNA-induced cfB production is via TLR7-MyD88 signaling in the macrophage
A. miRNA mimics induce cfB production. Macrophages were treated with 50 nM of 

miRNAs for 18 hours and media were analyzed for cfB expression. B. Effect of miR-146a 

on complement gene expression in macrophages. miR-146a mimic or miR-146a mutant (50 

nM) was incubated with WT macrophages. Six hours later, C3, C4, C5 and cfB mRNAs 

were measured using qRT-PCR. * P < 0.05, ** P < 0.01. n=3 in each group. The experiment 

was repeated twice. C. Effect of miR-146a and its U→A mutant on cfB protein production 

in the medium. D. AP activity assay. Macrophages were incubated in serum-free 

(complement-free) medium and treated with 50 nM of miR-146a mutant (lane 1–6) or 

miR-146a (lane 7–12) for 24 hours. At the end of treatment, media were collected and 

incubated in the absence (lane 1–3, 7–9) or presence (lane 4–6, 10–12) of 2.5% cfB−/− 

mouse serum, 11 μg/ml cobra venom factor (CVF) and 5 mM MgCl2 at 37°C for 1 hour, and 

analyzed for cfB and Ba fragment by Western blot. The experiment was repeated twice. E. 
Impact of TLR7 and TLR3 deletion on miR-146a-induced cfB gene expression. WT, 

TLR3−/− and TLR7−/− macrophages were treated with miR-146a (50 nM) or its mutant for 6 

hours. cfB mRNA was quantified by qRT-PCR. # P < 0.001 vs. the corresponding mutant 

control in each strain. *** P < 0.001, n=3 in each group. The experiment was repeated twice. 

F. Impact of TLR7 and TLR3 deletion on miR-146a-induced cfB protein production. 

Macrophages from WT, TLR3−/−, TLR7−/− mice were treated with lipofectamine, miR-146a 

(50 nM), R837 (0.25 μg/ml), poly (I:C) (10 μg/ml), or pam3cys (1 μg/ml) for 18 hours. 

Media were collected for cfB analysis. The experiment was repeated twice. G. Effect of 

MyD88 deletion on miR-146a-induced cfB protein production. Cells were treated with 

lipofectamine, miR-146a, pam3cys, or poly (I:C) for 18 hours and the culture media were 

tested for cfB expression. The experiment was repeated twice. Lipo=lipofectamine.
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Fig. 6. miR-146a activates MAPK and NF-κB signaling via TLR7
A. Immunoblotting of p38, JNK and ERK1/2. Macrophages were treated with 50 nM of 

miR-146a. At time 0, 60, 90, 120 min, cells were lysed and tested for phosphorylated and 

total p38, JNK, and ERK1/2. The difference was expressed as the ratio to time 0 as 

quantified by Image J. B–D. TLR7 deletion completely blocked miR-146a- or R837-induced 

phosphorylation of p38, JNK, and ERK1/2, respectively. WT and TLR7−/− macrophages 

were treated with miR-146a (50 nM) or R837 (0.25 μg/ml) for 90 minutes. Cell lysate 

extracted and analyzed for phosphorylation of p38, JNK and ERK1/2. Total MAP kinase 

expression was served as the internal control. # P < 0.001 vs. lipofectamine control (Lipo). 

*** P < 0.001, WT vs. TLR7−/− group. n=3 in each group. The difference was expressed as 

the ratio to lipofectamine control (Lipo) in each strain as quantified by Image J. E. TLR7 

deletion blocked miR-146a-induced IκB-α degradation. GAPDH served as the protein 

loading control. # P < 0.001 vs. lipofectamine control (Lipo). *** P < 0.001, WT vs. 

TLR7−/− group. n=3 in each group. The difference was expressed as the ratio to 

lipofectamine control (Lipo) in each strain as quantified by ImageJ.
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Fig. 7. Inhibition of JNK, p38, and NF-κB attenuates miR-146a-induced cfB gene expression
WT macrophages were pre-incubated with p38 inhibitor (SB203580, 20 μM), JNK inhibitor 

II (SP600125, 20 μM), ERK inhibitors (U0126, 10 μM; PD 98095, 20 μM), or NF-κB 

signaling inhibitor (Bay 11-7082,10 μM) for 1 hour prior to miR-146a (50 nM) or its U→A 

mutant treatment. cfB mRNA level was quantified by qRT-PCR 6 hours after treatment. * P 
< 0.05, δ P < 0.01, # P < 0.001, vs. corresponding mutant control. ** P < 0.01, *** P < 

0.001. n=3 in each group.
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Fig. 8. Splenic cfB gene expression is correlated with plasma RNA and miRNAs during 
polymicrobial sepsis
Mice were subjected to sham or CLP procedure. Twenty hours later, the plasma and spleens 

were collected and extracted for total RNA. The plasma RNA concentrations were measured 

and analyzed for miRNAs as indicated using qRT-PCR. Splenic RNA was measured for cfB 

mRNA. A. Splenic cfB mRNA expression. *** P < 0.001. n=8 in sham group, n=10 in CLP 

group. B. Association of the plasma RNA concentrations and splenic cfB mRNA expression. 

n=18 pair samples. C–F. Association of the plasma miR-145, miR-122, miR-146a, miR-210 

levels and the splenic cfB mRNA expression. n=18 pair samples.
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Fig. 9. Cellular RNA and miR-146a mimics stimulate cfB production in vivo via TLRs signaling
RNA (50 μg/mouse) or miR-146a (20 μg/mouse) complexed with lipofectamine was injected 

i.p. into WT, MyD88−/− or TLR7−/− mice with lipofectamine or mutant as the respective 

control. Twenty hours later, the peritoneal lavage was harvested and cfB protein expression 

was analyzed by Western blot. The cfB expression levels were quantitated by a NIH ImageJ 

software and expressed as fold change over Lipofectamine control (A) or no injection group 

(None, B) in WT mice. A. cfB expression in the peritoneal lavage after RNA injection. n=4 

per group, * P < 0.05, **** P < 0.0001. B. cfB expression in the peritoneal lavage after 

miRNA-146a injection. n=2–3 per group, **** P < 0.0001. None, no injection; Mutant, 

miR-146a-mutant.
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Table 1

Sequence of miRNA mimics

miRNA Sequence

mmu-miR-146a-5p 5′-UGAGAACUGAAUUCCAUGGGUU-3′

mmu-miR-145-5p 5′-GUCCAGUUUUCCCAGGAAUCCCU-3′

mmu-miR-122-5p 5′-UGGAGUGUGACAAUGGUGUUUG-3′

mmu-miR-34a-5p 5′-UGGCAGUGUCUUAGCUGGUUGU-3′

mmu-miR-210-3p 5′-CUGUGCGUGUGACAGCGGCUGA-3′

mmu-miR-192-5p 5′-CUGACCUAUGAAUUGACAGCC-3′
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Table 2

Primer sequence for qRT-PCR

Gene Primer Sequence

Mouse GAPDH Forward 5′-AACTTTGGCATTGTGGAAGG-3′
Reverse 5′-GGATGCAGGGATGATGTTCT-3′

Mouse C3 Forward 5′-GGCAAGACAGTCGTCATCCT-3′
Reverse 5′-CCAAGACAAAGGCAAGATGC-3′

Mouse C5 Forward 5′-TACCACAGAACCCAGGAGGA-3′
Reverse 5′-GCCATCCGCAGGTATGTTAG-3′

Mouse cfB Forward 5′-GAAACCCTGTCACTGTCATTC-3′
Reverse 5′-CCCCAAACACATACACATCC-3′

Bacterial 16S rRNA (27) Forward 5′-ATTAGATACCCTGGTAGTCCACGCC-3′
Reverse 5′-CGTCATCCCCACCTTCCTCC-3′
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