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Abstract

Activated protein C (APC) is an anticoagulant plasma serine protease which exhibits potent 

cytoprotective and antiinflammatory activities. Here, we studied protective effects of APC on 

the proinflammatory function of polyinosinic-polycytidylic acid [poly(I:C)], a synthetic analog 

of viral double-stranded RNA, in cellular and animal models. Poly(I:C) induced histone H3 

extranuclear translocation via interaction with Toll-like receptor 3 in two established endothelial 

cell lines. Furthermore, poly(I:C) induced histone H3 extranuclear translocation in J774A.1 

macrophages and human neutrophils and formation of macrophage (M) and neutrophil (N) 

extracellular traps (ET). Mechanistically, poly(I:C) was found to upregulate expression of 

peptidylarginine deiminase 4 and enhance its interaction with histone H3, thereby leading to 

increased histone citrullination and NET formation. Poly(I:C) elicited proinflammatory signaling 

responses by inducing NF-κB activation and disrupting endothelial cell permeability. In vivo, 

poly(I:C) enhanced cell surface expression of Mac-1 on neutrophils in mice and facilitated their 

infiltration to lung tissues. Poly(I:C) also downregulated thrombomodulin expression in mouse 

tissues and reduced its circulating soluble level in plasma. We demonstrate in this study that APC 

and a signaling-selective mutant of APC effectively inhibits proinflammatory signaling effects of 

poly(I:C) in both cellular and animal models. We further demonstrate that unlike the requirement 

for EPCR on endothelial cells, the integrin Mac-1 is involved in the PAR1-dependent APC 

inhibition of MET formation in J774A.1 cells. Taken together, these results support a key role for 

APC signaling in inhibiting the viral mimetic-induced proinflammatory signaling responses and 

histone translocation-associated formation of ETs by innate immune cells.
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Introduction

Activated protein C (APC) exerts its cytoprotective and antiinflammatory signaling 

function by endothelial protein C receptor (EPCR)-dependent activation of protease

activated receptor 1 (PAR1) on endothelial and most other cell types1–4. We recently 

demonstrated that APC inhibits bacterial endotoxin lipopolysaccharide (LPS)-induced 

cytoplasmic translocation and extracellular release of high mobility group box 1 (HMGB1) 

by modulating the acetylation status of the nuclear protein5. APC also inhibits extracellular 

HMGB1-mediated proinflammatory signaling6. Like HMGB1, histones function as damage

associated molecular patterns (DAMPs) when released from the nucleus to extracellular 

spaces by both damaged and activated cells (e.g., neutrophils and macrophages), exhibiting 

significant cytotoxic and proinflammatory activities as demonstrated by in vitro and in 

vivo studies7, 8. Extracellular histones bind to several cell surface receptors specific for 

DAMPs including Toll-like receptors (TLRs) and the receptor for advanced glycation 

end-products (RAGE), thereby triggering activation of multiple signaling pathways in 

a coordinated manner9, 10. HMGB1 and histones levels are elevated in animals and 

in patients with infection, inflammation and cancer, suggesting extracellular roles for 

these nuclear proteins in human diseases11. Circulating levels of HMGB1, histones and 

in particular the citrullinated form of histone H3 (H3Cit) have become reliable blood 

biomarkers for diagnosis and prognosis of a variety of inflammatory diseases12, 13. We 

and others have demonstrated a key cytoprotective role for APC in inhibiting the expression 

and/or inflammatory signaling function of nuclear proteins in both cellular and animal 

models5–8, 14, 15.

Activated neutrophils can release their nuclear content during infection by a process termed 

NETosis under which decondensed chromatin fibers consisting of DNA, histones, and 

granular content are used as extracellular traps (ETs) to kill invading microorganisms16, 17. 

Although the process was first discovered for neutrophils, later studies indicated that ETs are 

also released from activated monocytes and macrophages17–19. It has been demonstrated that 

citrullination of histones is catalyzed by the nuclear peptidylarginine deiminase 4 (PAD4), 

which results in chromatin decondensation and formation of NETs20–23. The expression of 

macrophage antigen-1 (Mac-1, CD11b/CD18), a β2 integrin expressed on neutrophils and 

macrophages, contributes to the formation of both macrophage ETs (METs) and neutrophil 

ETs (NETs) during infection24, 25. NETs are also generated during viral infection26–29 

and may be associated with the disease pathology in coronavirus 2019 (COVID-19) 

patients30, 31. APC is known to inhibit NETosis mediated by activated platelets and phorbol 

12-myristate 13-acetate32.

RNA viruses infect cells primarily through interaction with TLR3, TLR7 and TLR8 

transmembrane receptors, with TLR3 specifically recognizing double-stranded RNA 

(dsRNA) viruses33. Synthetic polyinosinic-polycytidylic acid [poly(I:C)], an analog of 

viral dsRNA, has been widely utilized as a mimetic to simulate viral infection and to 

understand the mechanism of TLR3-dependent infection by these viruses under different 

conditions34, 35. In addition to its TLR3-dependent potent inflammatory signaling function 

through activation of the transcription factors NF-κB and AP-1, and activation of mitogen 
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activated protein kinases33–36, poly(I:C) also induces TLR3-dependent NETs formation and 

acute lung injury in vivo37. In our present study, we investigated the proinflammatory 

signaling mechanism of poly(I:C) and the protective antiinflammatory effect of APC and its 

signaling-selective variant against the viral mimetic in both cellular and animal models. We 

demonstrate that APC exerts a PAR1-dependent antiinflammatory effect against poly(I:C) 

and PAD4-dependent citrullination and translocation of histone H3, thereby inhibiting 

inflammation and formation of ETs by innate immune cells.

Methods

Reagents and antibodies

Recombinant proteins including activated protein C (APC), the signaling-selective mutant 

of APC (APC-2Cys), were prepared as described38. Anti-histone H3 was a kind gift 

from Dr. Charles T. Esmon (Oklahoma Medical Research Foundation, OK). Poly(I:C) 

was from InvivoGen (San Diego, CA, USA). SYTOX® Green Nucleic Acid Stain was 

from Invitrogen (Carlsbad, CA, USA). Cell Death Detection ELISA kit (#11544675001) 

was from Roche (Indianapolis-Marion County, Indiana, USA). Anti-EPCR (#MABS1271, 

clone JRK1535) and anti-PAR1 (#MABF244, clone ATAP2) function-blocking antibodies 

were from Millipore (Burlington, MA, USA). Anti-Mac-1 (#550282, clone M1/70) function

blocking antibody was from BD Biosciences (San Jose, CA, USA). PE-conjugated Mac-1 

(#101208, clone M1/70) and FITC-conjugated Ly-6G (#127606, clone 1A8) antibodies 

were from BioLegend (San Diego, CA, USA). Anti-myeloperoxidase (#ab208670), anti

PAD4 (#ab50247), anti-histone H3 (citrulline R2 + R8 + R17) (#ab5103) and anti

TLR3 [TLR3.7] (#ab12085) antibodies were from Abcam (Boston, MA, USA). Anti-NF-

κB p65 (#8242), anti-Phospho-NF-κB p65 (Ser536) (#3033) and anti-β-actin (#4967) 

antibodies were from Cell Signaling Technology (Beverly, MA, USA). Anti-fibrin(ogen) 

antibody was from DAKO (Santa Clara, CA, USA). Anti-ICAM-1 (#107), anti-neutrophil 

elastase (#55548), anti-PAD4 (#166645) and anti-GAPDH (glyceraldehyde-3-phoshate 

dehydrogenase, #47724) were from Santa Cruz Biotechnologies Inc. (Santa Cruz, CA, 

USA). Anti-thrombomodulin (#MAB3894) was from R&D Systems (Minneapolis, MN, 

USA). FITC-conjugated ICAM-1 monoclonal antibody (MEM-111) (#MHCD5401), PE

conjugated VCAM-1 (#12–1069-42) and anti-VCAM-1 (#MA5–11447) antibodies were 

from Thermo Fisher Scientific (Waltham, MA, USA). Cy3-conjugated goat anti-rabbit 

IgG (#111–166-144) was from Jackson ImmunoResearch Laboratories (West Grove, PA, 

USA). Alexa Fluor 488-conjugated goat anti-mouse IgG (#A11029) and Alexa Fluor 488

conjugated goat anti-rabbit IgG (#A11008) were from Invitrogen Corporation (Carlsbad, 

CA, USA).

Cell lines and culture

Transformed HUVECs (EA.hy926 cells), human dermal microvascular endothelial cells 

immortalized with hTERT (immortalized HDMECs), HUVECs immortalized with hTERT 

(immortalized HUVEC) and J774A.1 cells were obtained from ATCC (Manassas, VA, 

USA). EA.hy926 cells were maintained in complete Dulbecco’s Modified Eagle’s Medium 

(DMEM) containing 10% FBS, 100 μg/mL penicillin, 100 μg/mL streptomycin, 1X HAT 

supplement (#25–046 from Mediatech Inc. (Manassas, VA, USA) and 2 mM L-glutamine. 
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Immortalized HDMECs and HUVECs were maintained in complete growth medium 

(#PCS-100–300) supplemented with endothelial cell growth components (#PCS-100–040), 

100 μg/mL penicillin and 100 μg/mL streptomycin. The murine macrophage cell line 

J774A.1 were maintained in complete DMEM containing 10% FBS, 100 μg/mL penicillin, 

100 μg/mL streptomycin and 2 mM L-glutamine. All cells were cultured at 37°C in a 

humidified incubator with 5% CO2.

Confocal imaging

Following treatments, all cell lines were fixed in 4% paraformaldehyde and permeabilized 

with 0.2% Triton X-100/PBS, followed by blocking for 1h with normal goat serum. For 

analysis of histone H3 translocation, cells were incubated with mouse or rabbit anti-histone 

H3 overnight at 4°C followed by incubation with Alexa Fluor 488-conjugated goat anti

mouse or anti-rabbit secondary antibody for 1h at room temperature in the dark. For co

localization of histone H3 with PAD4, cells were incubated with mouse anti-histone H3 and 

rabbit anti-PAD4 overnight at 4°C followed by incubation with Alexa Fluor 488-conjugated 

goat anti-mouse and fluorescent Cyanine 3 (Cy3, red)-conjugated goat anti-rabbit secondary 

antibodies for 1h at room temperature in the dark. Cells were then washed and stained 

with DAPI or Hoechst (1 μg/mL), and mounted with anti-fade mounting media (DAKO 

products, Santa Clara, CA, USA). For analysis of extracellular trap formation in neutrophils, 

cells were incubated with rabbit anti-Myeloperoxidase (MPO) and then incubated with Cy3

conjugated goat anti-rabbit secondary antibody, and stained with SYTOX® Green Nucleic 

Acid Stain, Photomicrographs were obtained using a Nikon C2 Confocal Microscope. For 

quantitative analysis of histone H3 translocation, cells with diffused histone H3 in the 

extranuclear space were defined as translocation-positive, and were counted in at least 10 

randomly selected fields from three independent samples. The translocation efficiency was 

calculated on the basis of the ratio of translocation-positive cells to total cells in these fields.

Extracellular traps analysis in neutrophils and macrophages

Blood was collected from healthy adult volunteers (following an approved institutional 

review board protocol) in EDTA buffer. Blood neutrophils were isolated according to 

the Polymorphprep™ (Alere Technologies AS, Oslo, Norway) protocol. Briefly, whole 

undiluted blood was carefully layered over an equal volume of Polymorphprep™ and 

centrifuged at 500g for 30 min at room temperature. The plasma and mononuclear cells 

(upper band of cells) were removed, and the lower band of PMNs containing neutrophils 

were harvested and washed with HBSS solution. Red blood cells were removed using 

a lysis buffer (Invitrogen; Carlsbad, CA, USA). Isolated neutrophils were suspended in 

RPMI1640 containing 0.5% BSA and plated on FBS-coated coverslips for 20 min at 37° 

C. Neutrophils were incubated along with poly(I:C) in either the presence or absence 

of APC or the signaling-selective mutant of APC (APC-2Cys). After 4 h of incubation, 

cells were fixed with 4% paraformaldehyde and processed for staining. For ETs analysis, 

neutrophils or macrophages were incubated with rabbit anti-Myeloperoxidase (MPO) or 

citrullinated histone H3 (H3Cit) or histone H3 and then incubated with Cy3-conjugated 

goat anti-rabbit secondary antibody, and stained with SYTOX® Green Nucleic Acid Stain, 

Photomicrographs were obtained using a Nikon C2 Confocal Microscope. ET-forming 
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(elongated or extruded chromatin fiber) cells in neutrophils or macrophages were counted 

and quantified from 10 randomly selected fields from three independent samples.

Histological examination and immunofluorescence analysis of mouse tissue

All animal studies were performed in compliance with institutional guidelines, and were 

approved by the Institutional Animal Care and Use Committee of Oklahoma Medical 

Research Foundation. Male C57BL/6J mice, aged 8–12 weeks were injected i.p. with either 

saline or poly(I:C) (110μg/mouse). In some experiments, mice were first injected i.p. with 

APC or APC-2Cys (1μg/g body weight) followed by i.p. injection of poly(I:C) after 1h. At 

indicated time points mice were sacrificed and blood was collected via heart puncture and 

whole body perfused with 30 mL of PBS-EDTA before collecting of the organs.

For histological analysis, mouse tissues were freshly harvested, fixed with 10% neutral 

buffered formalin (ThermoFisher Scientific), embedded in paraffin and sectioned. All 5 μm 

sections were stained with hematoxylin and eosin (H&E). Pictures were obtained with an 

Eclipse E1000 microscope (Nikon). Histologic severity of inflammation was assessed in 

a blinded fashion. For immunofluorescence, tissues were fixed with 4% paraformaldehyde 

overnight at 4°C. Tissue samples were washed in PBS, cryoprotected in 20% sucrose in 

PBS at 4°C overnight, embedded in 50% tissue freezing medium/50% OCT compound, and 

cryosectioned (5–10 μm sections).

Flow cytometry analysis

HDMECs and HUVECs were serum deprived when 90% confluent, and were then detached 

using HBSS containing 10 mM EDTA, washed and resuspended in HBSS containing 2 mM 

EDTA and 0.1% human serum albumin (HSA). Cells were stained using FITC-conjugated 

anti-ICAM-1 and PE-conjugated anti-VCAM-1 antibodies. Cell surface levels of ICAM-1 

and VCAM-1 were detected using a FACS Celesta flow cytometer and data analyzed using 

FlowJo software (BD Life Sciences). For detecting changes in Mac1 surface expression 

on blood neutrophils in mice, whole blood was incubated with FITC-conjugated Ly6G 

and PE-conjugated Mac-1 antibodies for 45 min on ice. Red blood cells were then lysed 

with 150 mM NH4Cl, 10 mM NaHCO3, and 1 mM EDTA, and cells were washed and 

resuspended in HBSS with EDTA and HSA and analyzed by flow cytometry.

Western blotting

Treated cells were lysed with RIPA buffer (1% Triton X-100, 0.1% SDS, 0.5% sodium 

deoxycholic acid, 5 mM tetrasodium pyrophosphate, 50 mM sodium fluoride, 5 mM EDTA, 

150 mM NaCl, 25 mM Tris-HCl (pH 7.5), 5 mM Na3VO4 and protease inhibitor cocktail). 

All lysate samples were boiled in loading buffer with 5% β-mercaptoethanol and resolved 

on 10–15% SDS-polyacrylamide gels. The resolved proteins were then electro-blotted 

onto a polyvinylidene difluoride (PVDF) membrane, blocked with 5% skim milk (wt/vol) 

and incubated with primary antibodies. The immunoblotted PVDF membranes were then 

incubated with the respective horseradish peroxidase-conjugated secondary antibody for 1h 

and bands were detected using enhanced chemiluminescence reagent. Protein bands were 

quantified using NIH Image J software.
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Cell permeability assay

Cell permeability in response to poly(I:C) was monitored by spectrophotometric analysis of 

the leakage of Evans blue-bound albumin across endothelial cell monolayer in a modified 

two-compartment chamber model. HDMECs and HUVECs (2 × 105 cells/well) were seeded 

on trans-well inserts (3.0 μm pore size) in complete growth medium and allowed to become 

confluent. Thereafter, cells were treated with APC (20 nM) in serum free DMEM media 

containing 0.5% BSA for 3h followed by stimulation of cells with poly(I:C) (10 μg/mL). 

After 4h, Evans blue dye (0.67 mg/mL) and BSA (4%) were added to the upper chamber. 

Permeability was measured by collecting media from the lower chamber and measuring the 

absorbance of the leaked Evans blue dye at 650 nm. Final values were plotted as fold change 

to untreated controls.

Statistical analysis

All data are presented as mean ± SE from ≥3 independent experiments. Data were analyzed 

by the Student t-test, and group data were analyzed using ANOVA followed by Bonferroni 

post hoc test using Graph Pad Prism7 (Graph Pad Prism, CA). A p value of <0.05 was 

considered statistically significant.

Results

Poly(I:C) induces histone extranuclear translocation via TLR3

To investigate whether viral infection can modulate subcellular localization/translocation of 

histones, we chose poly(I:C) as a synthetic analog of viral double-stranded RNA (dsRNA) 

and investigated its signaling effect on two endothelial cell lines: immortalized human 

dermal microvascular endothelial cells (HDMECs) and human umbilical vein endothelial 

cells (HUVECs). Poly(I:C) has been widely used to simulate dsRNA viral infection in 

cellular and animal models33–35. Since poly(I:C) enters cells primarily via interaction with 

TLR3, we first examined the basal cell surface expression level of this receptor. Flow 

cytometry analysis revealed both cell lines express TLR3 at considerable levels (Fig. 1A,B). 

Next, we monitored poly(I:C)-mediated subcellular localization/translocation of histone H3 

in both HDMECs and HUVECs. Confocal immunofluorescence (IF) analysis indicated that 

poly(I:C) induces translocation of histone H3 from the nucleus to the extranuclear space 

in HDMECs in a time-dependent manner and that a significant fraction of histone H3 

translocates to the extranuclear space after 1h (Suppl. Fig. S1). We used this treatment 

conditions and showed that the anti-TLR3 antibody effectively inhibits poly(I:C)-mediated 

translocation of histone H3 from the nucleus to the extranuclear space in both cell lines 

(Fig. 1C,D). For quantitative analysis, the translocation of histone H3 in poly(I:C)-treated 

cells was analyzed in randomly selected areas of the coverslips harboring 50 cells. Histone 

H3 translocation from the nucleus to the extranuclear space was detected in approximately 

60% of poly(I:C)-treated cells, which were effectively inhibited by the TLR3 neutralizing 

antibody in both HDMEC and HUVEC cell lines (Fig. 1E,F), suggesting that TLR3 is 

essential for poly(I:C)-induced histone H3 extranuclear translocation in endothelial cells.
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APC inhibits poly(I:C)-induced histone H3 translocation and citrullination

Confocal IF analysis of poly(I:C)-stimulated HDMECs and HUVECs in the absence and 

presence of APC showed that APC significantly inhibits poly(I:C)-induced histone H3 

extranuclear translocation in both cell lines (Fig. 2A–D). Because of its elevated plasma 

levels, citrullinated histone H3 (H3Cit) has been proposed as a possible blood biomarker 

in a number of inflammatory diseases including sepsis and cancer12, 13. Thus, we decided 

to determine whether histone H3 citrullination level is altered by the viral mimetic. By 

using an antibody specific to H3Cit in the Western blots, we discovered that poly(I:C) 

induces histone H3 citrullination in both HDMECs and HUVECs, which was effectively 

inhibited by APC (Fig. 2E,F). These results support a novel protective and antiinflammatory 

role for APC against viral mimetic-mediated proinflammatory effect through inhibition of 

extranuclear translocation and posttranslational modification of histone H3 in endothelial 

cells. As expected, the inhibitory effect of APC on histone H3 extranuclear translocation 

by poly(I:C) was mediated through EPCR-dependent activation of PAR1 since function

blocking antibodies to both receptors inhibited this protective signaling function of APC in 

endothelial cells (Suppl. Fig. S2).

APC inhibits poly(I:C)-induced histone translocation and extracellular trap formation in 
macrophages

Nuclear proteins may be actively released from activated innate immune cells (e.g., 

macrophages and neutrophils) as extracellular traps (ETs)16, 20. To determine whether 

poly(I:C) can induce histone extranuclear translocation in macrophagesm, we stimulated 

J774A.1 murine macrophages with poly(I:C) for 1h and then monitored histone H3 

translocation by confocal IF. Results showed that poly(I:C) induces histone H3 extranuclear 

translocation and APC significantly inhibits this response (Fig. 3A,B). Next, we extended 

the poly(I:C) treatment time for up to 4h and performed co-staining of histone H3 with 

Sytox Green nucleus DNA staining dye. Confocal IF analysis revealed that poly(I:C) 

triggers formation of ETs, displaying elongated chromatin fibers composed of DNA and 

histones and APC inhibited this process as well (Fig. 3C,D). APC exerts its cytoprotective 

and antiinflammatory effects through EPCR-dependent activation of PAR1 in endothelial 

cells1–4. Interestingly, analysis of ET formation in J774A.1 macrophages by the use of 

anti-PAR1, anti-Mac-1 or anti-EPCR function-blocking antibodies revealed that PAR1 

and Mac-1, but not EPCR, are involved in the APC’s inhibitory effect against poly(I:C)

mediated ET formation in macrophages (Fig. 4). This is consistent with previous results 

showing that APC exerts its protective effect through PAR1 and Mac-1 in human 

macrophages39.

Poly(I:C) induces extracellular trap formation in human neutrophils

Recent results have indicated that, similar to bacterial infection, viral infection can also 

induce NET formation26–29. To investigate the effect of poly(I:C) on human neutrophils, 

we isolated fresh human peripheral blood neutrophils and treated them with poly(I:C) at 

different concentrations (10, 25, 100 μg/mL) for 4h. Confocal IF analysis of co-staining 

for MPO, a neutrophil marker, and DNA revealed that poly(I:C) effectively induces NET 

formation in neutrophils (Fig. 5A).
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Poly(I:C) upregulates PAD4 and enhances its interaction with histone H3

Peptidylarginine deiminase 4 (PAD4) is known to citrullinate histone H3 and mediate NET 

formation21, 23. We discovered that poly(I:C) upregulates PAD4 expression and enhances 

its interaction with histone H3 during NET formation (Fig. 5B). Confocal IF analysis after 

co-staining of H3Cit with DNA revealed that poly(I:C) increased histone H3 citrullination 

during NET formation by human neutrophils (Fig. 5C). These data suggest that poly(I:C) 

induces NET formation most likely by upregulating PAD4 expression and promoting 

PAD4-mediated histone H3 citrullination. Confocal IF analysis showed that APC effectively 

inhibits poly(I:C)-induced NET formation by human neutrophils (Fig. 6A). The signaling

selective mutant of APC (APC-2Cys), which exhibits PAR1-dependent signaling activity but 

lacks an anticoagulant activity38, also inhibited NET formation by neutrophils (Fig. 6B).

Poly(I:C) activates NF-κB signaling to promote inflammation

Confocal IF and Western blot analyses revealed that poly(I:C) activates NF-κB signaling by 

inducing NF-κB p65 translocation to the nucleus in HDMECs (Fig. 7A). Flow cytometry 

assay further showed increased cell surface expression of adhesion molecules (ICAM-1 

and VCAM-1) in poly(I:C)-treated endothelial cells (Fig. 7B–E). In addition to enhanced 

expression of proinflammatory signaling molecules, a functional permeability assay revealed 

that poly(I:C) dose-dependently enhances cellular permeability in both endothelial cell lines 

(Fig. 7F).

Poly(I:C) promotes inflammation in vivo

Next, we examined if poly(I:C) induces proinflammatory signaling responses in vivo. Thus, 

mice were injected with saline or poly(I:C) intraperitoneally (i.p.). Analysis of blood 

samples, collected at different time points (3, 6, and 24h) and co-stained for Ly6G-FITC 

& Mac-1-PE by flow cytometry revealed that poly(I:C) upregulates cell surface expression 

of Mac-1 on mouse neutrophils (Fig. 7G; Suppl. Fig. S3), suggesting that neutrophils 

are activated by poly(I:C) for subsequent adhesion to the vascular endothelium. After 

3h, lung, liver and kidney tissues were collected and processed for histological analyses. 

Paraffin-embedded sections of lung tissue were stained with H&E. Data showed that 

poly(I:C) increased inflammatory foci in lungs (Fig. 7H) and confocal IF further revealed 

that poly(I:C) enhances leukocyte infiltration to the lung tissue (Fig. 7I).

Thrombomodulin (TM) exhibits a range of physiologically important antiinflammatory and 

anticoagulant properties40–42 and poly(I:C) is known to modulate TM expression43. We 

examined TM expression in the harvested tissues and found that poly(I:C) downregulates 

TM expression in liver, kidney and lung tissues (Suppl. Fig. S4). Western blot analysis 

of lung tissue lysates revealed a decreased TM expression level in poly(I:C)-treated mice 

(Fig. 7J). ELISA of the mouse plasma samples after 24h revealed that poly(I:C) reduces the 

circulating level of the soluble TM in the mouse plasma (Fig. 7K), which is likely due to 

a decreased level of cellular TM expression. We also examined EPCR expression in lung 

tissue lysates and did not observe significant changes after poly(I:C) treatment (Suppl. Fig. 

S5).
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APC inhibits poly(I:C)-induced proinflammatory signaling both in vitro and in vivo

Both confocal IF and Western blot analyses showed that APC significantly inhibits 

poly(I:C)-mediated NF-κB activation (Fig. 8A–D) and barrier-disruptive hyper-permeability 

responses in both endothelial cell lines (Fig. 8E,F). As expected this function of APC was 

mediated through EPCR-dependent activation of PAR1 since function-blocking antibodies 

inhibited the barrier-protective effect of APC in endothelial cells (Suppl. Fig. S6). 

Flow cytometry analysis further revealed that APC and its signaling-selective APC-2Cys 

mutant both attenuate poly(I:C)-mediated increase in cell surface expression of Mac-1 on 

neutrophils in mice (Fig. 8G). H&E staining of the lung tissue demonstrated that APC 

inhibits poly(I:C)-induced inflammatory cell infiltration (Fig. 8H). Western blot analysis 

of the lung tissue lysates showed that poly(I:C) increases the expression of the neutrophil 

markers, including MPO and neutrophil elastase (NE) (Fig. 8I). The expression of the 

endothelial cell activation marker, VCAM-1, and the NETosis marker H3Cit were also 

significantly increased in the lung tissue lysates (Fig. 8I) and APC significantly inhibited 

VCAM-1 upregulation and histone H3 citrullination (Fig. 8I). These results suggest that 

the protective signaling function of APC protects against poly(I:C)-mediated neutrophil 

infiltration, endothelial cell activation and ET formation in vivo.

Discussion

In this study, we used poly (I:C) as a surrogate for dsRNA viral infection and investigated 

the mechanism by which viral infection may induce inflammatory responses in cellular and 

animal models. Moreover, since there is an unmet need for new therapeutics against viral 

infection, we also evaluated the beneficial effect of the antiinflammatory serine protease 

APC in downregulating the pathogenic effects of the viral dsRNA mimetic poly(I:C). 

Our results support previous findings that poly(I:C) promotes both NETs formation and 

inflammation in vivo. Furthermore, our results for the first time demonstrate that poly(I:C) 

induces histone H3 citrullination and its extranuclear translocation in vascular endothelial 

cells and promotes formation of extracellular traps by both macrophages and neutrophils. 

Our results further demonstrate that APC effectively inhibits poly(I:C)-mediated histone 

translocation, ET formation and inflammation in both in vitro and in vivo systems.

Toll-like receptors (TLRs) are closely related members of the pattern recognition 

receptor (PRR) family, which are known to be widely expressed in endothelial cells, 

macrophages, neutrophils and other cell types9–11. Viral dsRNA and its mimetic poly(I:C) 

are primarily recognized by TLR3, however, they are also ligands for RIG-I-like receptors 

(RLRs) including melanoma differentiation-associated gene 5 (MDA5) and retinoic acid

inducible gene 1 (RIG-1)33. Through interaction with its receptors, poly(I:C) can activate 

transcriptional factors NF-κB and interferon regulatory factor 3 (IRF3) signaling pathways 

to induce expression of inflammatory cytokines33–35. Our results demonstrated that 

poly(I:C) through interaction with TLR3 induces NF-κB activation, enhances expression 

of cell adhesion molecules and disrupts barrier-permeability function of endothelial cells 

and APC effectively inhibits these inflammatory responses. More importantly, our results 

for the first time demonstrated that poly(I:C), through interaction with TLR3, induces 

extranuclear translocation of histone H3 in endothelial cells. Western blot analysis of poly 
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(I:C)-treated endothelial cell lysates detected higher levels of citrullinated histone H3 in 

both cell lines, suggesting that this mechanism of posttranslational modification of histones, 

which is known to be associated with chromatin decondensation20, 21, is responsible for the 

extranuclear histone translocation in these cells. APC effectively inhibited both processes 

of histone H3 citrullination and its extranuclear translocation in endothelial cells. The 

protective inhibitory function of APC was mediated through EPCR-dependent activation 

of PAR1. A crosstalk between PAR1 and TLR3 signaling has been reported during viral 

interaction33. Further studies will be required to determine whether APC, in addition to its 

inhibition of TLR3-dependent histone citrullination and translocation, can also downregulate 

expression of TLR3 in endothelial cells.

Another interesting observation of this study is the finding that poly(I:C) induces 

ET formation in both macrophages and neutrophils. The formation of ETs by innate 

immune cells is a natural defense mechanism in response to infection by pathogenic 

microorganisms16, 17. The process is initiated when inflammatory signaling through PRRs 

induces decondensation of the chromatin structure and release of the nuclear content as 

ETs into the extracellular spaces by activated innate immune cells, recruited to the site 

of infection7, 21, 44, 45. In addition to decondensed chromatin fibers, ETs are also rich 

in histones and proteases, like MPO and elastase which exhibit potent anti-bacterial and 

anti-viral activity20, thereby immobilizing and killing invading microorganisms. However, 

in addition to their essential role in fighting infection, excessive ET formation can also 

damage host tissue and are implicated in many human diseases if not regulated by 

physiological mechanisms18, 46–48. The observation that APC inhibited ET formation 

by innate immunes cells suggests that the APC pathway is possibly one such natural 

mechanism which is involved in regulating this process. Results of several studies have 

indicated that citrullination of histones regulates chromatin decondensation, thereby leading 

to ET formation21, 44. Our results suggest that poly(I:C) induces ET formation by 

citrullination of histones as evidenced by significantly elevated levels of citrullinated histone 

H3 both in freshly isolated human peripheral blood neutrophils. Results further suggest 

that APC effectively inhibits poly(I:C)-mediated extranuclear translocation of histones and 

MET formation in murine macrophages. Interestingly, unlike endothelial cells in which both 

EPCR and PAR1 receptors were required for the inhibition of histone H3 citrullination, 

results with function-blocking antibodies revealed that APC inhibits poly(I:C)-mediated 

histone H3 citrullination and subsequent macrophage ET formation through Mac-1 (CD11b/

CD18)-dependent but not EPCR-dependent activation of PAR1. This result is consistent with 

a previous report demonstrating that Mac-1, but not EPCR is the required receptor for the 

PAR1-dependent protective effect of APC on human macrophages39. The nuclear enzyme 

PAD4 is known to be responsible for catalyzing histone citrullination that leads to unfolding 

of the chromatin structure and formation of NETs by neutrophils during infection21, 44. 

Poly(I:C) markedly upregulated expression of PAD4 in human neutrophils and induced its 

co-localization with histone H3. We hypothesize that the PAR1-dependent signaling function 

of APC inhibits histone citrullination and its subsequent NET formation by downregulating 

nuclear PAD4 expression in neutrophils. Nevertheless, further studies will be required to 

validate this hypothesis. These findings are in line with other reports demonstrating a key 
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role for APC in downregulating inflammatory responses by epigenetic regulation of nuclear 

molecules5, 49.

Finally, the in vivo relevance of poly(I:C)-mediated inflammatory responses was 

investigated by the i.p. injection of the viral mimetic to mice with or without pre-injection 

with APC. Results suggest that poly(I:C) increases cell surface expression of Mac-1 on 

mouse neutrophils and their infiltration into the lung tissue. Interestingly, Western blot 

analysis of the lung tissue lysates revealed that poly(I:C) may induce NET formation 

in vivo as evidenced by markedly elevated levels of MPO, neutrophil elastase, VCAM1, 

citrullinated histone H3 and elevated expression of Mac-1 on neutrophils. In support of this 

hypothesis, it has been demonstrated in vivo that Mac-1 expression on neutrophils induces 

NET formation during hantavirus-induced inflammation50. APC effectively inhibited all of 

these inflammatory responses. The signaling function of APC was responsible for inhibiting 

NET formation since the signaling-selective APC-2Cys, similar to APC-WT, inhibited 

expression of Mac-1 on mice neutrophils. Taken together, these results suggest that the 

viral dsRNA mimetic promotes both inflammation in cellular and animal models and APC 

has a potent protective effect in both systems. Thus, the therapeutic potential of APC in 

protecting against different types of viral infection may warrant further investigation.
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What is known about this topic?

1. APC exerts its cytoprotective signaling function by EPCR-dependent 

activation of PAR1 on endothelial cells and most other cell types.

2. APC inhibits LPS-mediated cytoplasmic translocation and extracellular 

release of HMGB1 from the nucleus.

3. Poly(I:C) is a synthetic analog of viral dsRNA that induces characteristic 

inflammatory responses associated with the viral infection.

What does this paper add?

1. Poly(I:C) induces histone H3 extranuclear translocation via interaction with 

TLR3 in endothelial cells and promotes extracellular trap formation in 

macrophages and neutrophils.

2. APC inhibits poly(I:C)-mediated histone H3 translocation in a EPCR- and 

PAR1-dependent manner in endothelial cells.

3. APC inhibits poly(I:C)-induced extracellular trap formation in macrophages 

and neutrophils.

4. APC inhibits poly(I:C)-mediated inflammation in mice.
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Figure 1. Poly(I:C) induces histone extranuclear translocation via TLR3 in endothelial cells.
(A and B) Confluent HDMECs (A) or HUVECs (B) were stained with mouse anti-TLR3 

antibody and FITC-conjugated goat anti-mouse IgG. The cell surface level of TLR3 was 

measured by flow cytometry. (C and D) HDMECs (C) or HUVECs (D) were pretreated 

with anti-TLR3 antibody or a control antibody (5 μg/mL for 1h) followed by stimulation 

with poly(I:C) (10 μg/mL for 1h). Cells were fixed and permeabilized followed by staining 

for histone H3 with mouse anti-histone H3 antibody and Alexa Fluor 488-conjugated goat 

anti-mouse IgG. The nucleus was stained with DAPI. Immunofluorescence images were 

taken by confocal microscopy. Arrows indicate extranuclear translocation of histone H3. 

The magnified insets correspond to cells marked with yellow dashed boxes. (E and F) The 

quantitation of poly(I:C)-mediated translocated cells from the nucleus to the extranuclear 
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space for HDMECs (C) and HUVECs (D). Scale bar: 20 μm. Results are shown as means ± 

standard error from at least 3 independent experiments. **p < 0.01. Ctrl, control.
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Figure 2. APC inhibits poly(I:C)-induced citrullination and extranuclear translocation of histone 
H3 in endothelial cells.
(A and B) HDMECs (A) or HUVECs (B) were pretreated with APC (20 nM for 3h) 

followed by stimulation with poly(I:C) (10 μg/mL for 1h) (APC remained in the media 

after addition of poly(I:C)). Cells were fixed and permeabilized followed by staining for 

histone H3 with mouse anti-histone H3 antibody and Alexa Fluor 488-conjugated goat 

anti-mouse IgG. The nucleus was stained with DAPI. Immunofluorescence images were 

taken by confocal microscopy. Arrows indicate extranuclear translocation of histone H3. 

(C and D) The quantification of poly(I:C)-mediated translocated cells from the nucleus 

to the extranuclear space for HDMECs (A) and HUVECs (B). (E and F) HDMECs (C) 

or HUVECs (D) were pretreated with APC (20 nM for 3h) followed by stimulation with 

poly(I:C) (10 μg/mL for 1h). Cell lysates were immunoblotted and probed with an antibody 

Cai et al. Page 18

Thromb Haemost. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



specific for unmodified or citrullinated histone H3 (H3Cit). β-actin was used as a loading 

control. Scale bar: 20 μm. Results are shown as means ± standard error from at least 3 

independent experiments. **p < 0.01. Ctrl, control.

Cai et al. Page 19

Thromb Haemost. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. APC inhibits poly(I:C)-induced histone extranuclear translocation and extracellular 
trap formation in macrophages.
(A) J774A.1 macrophages were pretreated with APC (20 nM for 3h) followed by stimulation 

with poly(I:C) (10 μg/mL for 1h) (APC remained in the media after addition of poly(I:C)). 

Cells were fixed and permeabilized, followed by staining for histone H3 with mouse 

anti-histone H3 antibody and Alexa Fluor 488-conjugated goat anti-mouse IgG. The 

nucleus was stained with DAPI. Immunofluorescence images were taken by confocal 

microscopy. Arrows indicate extranuclear translocation of histone H3. (B) The quantification 

of poly(I:C)-mediated translocated cells from the nucleus to the extranuclear space for 

J774A.1 macrophages. (C) J774A.1 macrophages were pretreated with APC (20 nM for 

3h) followed by stimulation with poly(I:C) (10 μg/mL for 4h). Cells were fixed and 

permeabilized, followed by staining for histone H3 with mouse anti-histone H3 antibody 
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and Alexa Fluor 555-conjugated goat anti-mouse IgG. DNA was stained with Sytox Green. 

Immunofluorescence images were taken by confocal microscopy. Arrows indicate cells 

with extracellular trap formation. The inset boxes from each group are magnified. (D) The 

quantitation of ET-forming cells in (C). All experiments were repeated at least three times. 

**p < 0.01. Ctrl, control. Scale bar: 20 μm.
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Figure 4. Mac-1 and PAR1, but not EPCR, are required for APC inhibition of extracellular traps 
in macrophages.
J774A.1 macrophages were pretreated with PAR1, Mac-1 or EPCR function-blocking 

antibodies (15–20 μg/mL for 1h) followed by treatment with APC (20 nM for 3h) before 

stimulation with poly(I:C) (10 μg/mL for 4h) (APC remained in the media after addition 

of poly(I:C)). Cells were fixed and permeabilized, followed by staining for histone H3 

with mouse anti-histone H3 antibody and Alexa Fluor 555-conjugated goat anti-mouse IgG. 

DNA was stained with Sytox Green. Immunofluorescence images were taken by confocal 

microscopy. Arrows indicate cells with extracellular trap formation. The inset boxes from 

each group are magnified. Dot plot shows quantification of ET-forming cells. Experiments 

were repeated at least three times. **p < 0.01. Ctrl, control. Scale bar: 10 μm.
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Figure 5. Poly(I:C) induces NETs probably by increasing PAD4 expression and its interaction 
with histones.
(A) Human blood neutrophils were isolated, cultured and stimulated with poly(I:C) for 4h 

at designated concentrations (10, 25, 100 μg/mL). Cells were then fixed, permeabilized 

and Myeloperoxidase (MPO), a neutrophil marker, was stained with rabbit anti-MPO 

antibody and Alexa Fluor 555-conjugated goat anti-rabbit IgG. DNA was stained with Sytox 

Green. Immunofluorescence images were taken by confocal microscopy. Arrows indicate 

cells with extracellular trap formation. The inset boxes from each group are magnified. 

Dot plot shows quantification of NET-forming cells. (B) Human blood neutrophils were 

isolated, cultured and stimulated with poly(I:C) (10 μg/mL for 4h). Cells were then fixed, 

permeabilized and histone H3 was stained with mouse anti-histone H3 antibody and Alexa 

Fluor 488-conjugated goat anti-mouse IgG. Peptidylarginine deiminase 4 (PAD4) was 
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stained with rabbit anti-PAD4 antibody and Alexa Fluor 555-conjugated goat anti-rabbit 

IgG. Immunofluorescence images were taken by confocal microscopy. Arrows indicate the 

colocalization of PAD4 with histone H3. Dashed arrows indicate cells with NET formation. 

Dot plot shows quantitation of the relative expression levels of PAD4. (C) Human blood 

neutrophils were isolated, cultured and stimulated with poly(I:C) (10 μg/mL for 4h). Cells 

were then fixed, permeabilized and citrullinated histone H3 (H3Cit) was stained with rabbit 

anti-H3Cit antibody and Alexa Fluor 555-conjugated goat anti-rabbit IgG. DNA was stained 

with Sytox Green. Immunofluorescence images were taken by confocal microscopy. Arrows 

indicate cells with NET formation. The magnified insets correspond to the cells marked 

with white boxes. Dot plot shows quantitation of the relative expression levels of H3Cit. All 

experiments were repeated at least three times. **p < 0.01. Ctrl, control. Scale bar: 10 μm 

(B), 20 μm (A and C).
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Figure 6. APC inhibits poly(I:C)-induced extracellular traps in human neutrophils.
Human blood neutrophils were pretreated with APC (A) or a signaling-selective mutant of 

APC (APC-2Cys) (20 nM for 3h) (B), followed by stimulation with poly(I:C) (10 μg/mL 

for 4h) (APC remained in the media after addition of poly(I:C)). Cells were then fixed, 

permeabilized and Myeloperoxidase (MPO) was stained with rabbit anti-MPO antibody 

and Alexa Fluor 555-conjugated goat anti-rabbit IgG. DNA was stained with Sytox Green. 

Immunofluorescence images were taken by confocal microscopy. Arrows indicate cells with 

extracellular trap formation. The inset boxes from each group are magnified. Dot plot shows 

quantitation of NET-forming cells in (A) or (B). All experiments were repeated at least three 

times. **p < 0.01. Ctrl, control. Scale bar: 20 μm.
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Figure 7. Poly(I:C) activates NF-κB signaling to promote inflammation.
(A) HDMECs were stimulated with poly(I:C) (10 μg/mL for 1h). Cells were then 

fixed, permeabilized and NF-κB p65 was stained with rabbit anti-NF-κB antibody and 

Alexa Fluor 555-conjugated goat anti-rabbit IgG. The nucleus was stained with DAPI. 

Immunofluorescence images were taken by confocal microscopy. Arrows indicate nuclear 

translocation of NF-κB. (B-E) Confluent HDMECs (B and C) or HUVECs (D and E) 

were stimulated with poly(I:C) at 5, 50 or 200 μg/mL for 6h. The cell surface levels of 

ICAM-1 (B and D) or VCAM-1 (C and E) were measured by flow cytometry. (F) HDMECs 

or HUVECs were stimulated with poly(I:C) at designated concentrations (1, 2.5, 5, 10 

μg/mL) for 4h. The amount of Evans blue dye that leaked into the lower chamber in 

the Trans-well assay plates was measured. (G) Mice were injected i.p. with poly(I:C) for 

Cai et al. Page 26

Thromb Haemost. Author manuscript; available in PMC 2022 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3h and blood samples were collected and stained for Ly6G-FITC & Mac-1-PE. The cell 

surface expression of Mac-1 in Ly6G-FITC-positive neutrophil population was measured 

by flow cytometry. Representative data were obtained from 3–5 mice per group (n = 

3–5). (H) Mice were injected i.p. with poly(I:C) for 3h, and lung tissue was collected 

and processed for histological analyses. Paraffin-embedded sections of lung tissue were 

stained with H&E. Representative images were obtained from 5 mice per group (n = 

5). The inset boxes from each group are magnified. The arrows indicate inflammatory 

foci. (I) Mice were injected i.p. with poly(I:C) for 3h, and lung tissue was collected and 

processed. Cryosections of lung tissue were fixed and permeabilized. GR1 was stained 

with rat anti-GR-1 antibody and Alexa Fluor 488-conjugated goat anti-rat IgG. The nucleus 

was stained with DAPI. Immunofluorescence images were taken by confocal microscopy. 

Representative images were obtained from 3–5 mice per group (n = 3–5). (J) Mice were 

injected i.p. with poly(I:C) for 24h, and lung tissue was harvested for lysis. Tissue lysates 

were immunoblotted for thrombomodulin (TM) and β-actin. The relative expression levels 

of TM were quantified. (K) Soluble TM level in the plasma of saline control or poly(I:C)

injected mice was measured by ELISA according to the manufacturer’s instructions. Dot 

plot shows quantification of plasma TM levels from Ctrl mice (n = 4) and poly(I:C)-treated 

mice (n = 3). Scale bar: 10 μm (A), 200 μm (H) and 40 μm (I). All experiments were 

repeated at least three times. Results are shown as mean ± standard error. *p < 0.05, **p < 

0.01.
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Figure 8. APC inhibits poly(I:C)-induced proinflammatory signaling.
(A and B) HDMECs (A) or HUVECs (B) were pretreated with APC (20 nM for 3h) 

followed by stimulation with poly(I:C) (10 μg/mL for 1h) (APC remained in the media after 

addition of poly(I:C)). Cells were then fixed, permeabilized and NF-κB p65 was stained 

with rabbit anti-NF-κB antibody and Alexa Fluor 555-conjugated goat anti-rabbit IgG. 

The nucleus was stained with DAPI. Immunofluorescence images were taken by confocal 

microscopy. Arrows indicate nuclear translocation of NF-κB. (C and D) HDMECs (C) 

or HUVECs (D) were pretreated with APC (20 nM for 3h) followed by stimulation with 

poly(I:C) (10 μg/mL for 1h). Cell lysates were immunoblotted and probed with an antibody 

specific for phosphorylated NF-κB (p-NF-κB). β-actin was used as a loading control. (E 
and F) HDMECs (E) or HUVECs (F) were pretreated with APC (20 nM for 3h) followed by 
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stimulation with poly(I:C) (10 μg/mL for 4h). The amount of Evans blue dye that leaked into 

the lower chamber in the Trans-well assay plates was measured. (G) Mice were injected i.p. 

with APC or the signaling-selective mutant of APC (APC-2Cys) 1h prior to poly(I:C) i.p. 

injection for 3h and blood was collected and stained for Ly6G-FITC & Mac-1-PE. The cell 

surface expression of Mac-1 in Ly6G-FITC-positive neutrophil population was measured 

by flow cytometry. Representative data were obtained from 3–5 mice per group (n = 3–5). 

The mean fluorescence intensity was quantified. (H and I) Mice were pretreated with APC 

for 1h followed by i.p. injection with poly(I:C) for 3h, and lung tissue was collected and 

processed for histological analyses. Paraffin-embedded sections of lung tissue were stained 

with H&E (H). Representative images were obtained from 5 mice per group (n = 5). The 

inset boxes from each group are magnified. The arrows indicate inflammatory foci. The 

lung tissue was harvested for lysis. Tissue lysates were immunoblotted for myeloperoxidase 

(MPO), neutrophil elastase (NE), VCAM-1, citrullinated H3 (H3Cit) and β-actin. The 

relative expression levels of these proteins were quantified (I). Scale bar: 20 μm (A and 

B), 200 μm (H). All experiments were repeated at least three times. Results are shown as 

mean ± standard error. *p < 0.05, **p < 0.01.
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