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Abstract

Thrombocytopenia is a common complication in sepsis and is associated with higher mortality. 

Activated platelets express CD62P, which facilitates platelet-leukocyte aggregate (PLA) formation 

and contributes to thrombocytopenia in sepsis. We have reported that thrombocytopenia in murine 

sepsis is partly attributable to TLR7 signaling, but the underlying mechanism is unclear. In the 

current study, we tested the hypothesis that TLR7 mediates platelet activation and PLA formation 

during sepsis. In vitro, whole blood from WT mice treated with loxoribine, a TLR7 agonist, 

exhibited a dose-dependent increase in activated platelets compared to the control (PBS with 

0.05% DMSO) or loxoribine-treated TLR7−/− whole blood. In a murine model of sepsis, there 

was a significant increase in platelet activation and PLA formation 24 hours after cecal ligation 

and puncture (CLP) as evidenced by double positive expression of CD41+/CD62P+ and CD45+/

CD62P+, respectively. The sepsis-induced PLA formation was significantly attenuated in TLR7−/− 

mice. Finally, in ex-vivo experiments, plasma isolated from septic mice induced WT platelet 

activation, but such effect was significantly attenuated in platelets deficient of TLR7. These 

findings demonstrate a pivotal role of TLR7 signaling in platelet activation and PLA formation 

during bacterial sepsis.
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Introduction

Sepsis is defined as a dysregulated host response to infection resulting in systemic 

inflammation, coagulation activation, and organ failure. Sepsis-induced thrombocytopenia is 

a common complication in sepsis and is associated with poor prognosis and higher mortality 

[1,2]. Numerous studies have demonstrated the impact of platelet counts on morbidity in 

sepsis, and the degree of thrombocytopenia has been confirmed to be a predictor of sepsis 

mortality [3,4]. Platelets are known to be versatile effectors of coagulation functioning to 

localize and amplify the coagulation response at sites of vascular injury. It has become 

increasingly clear, however, that blood platelets are also a critical mediator of inflammation, 

and express innate immune pattern recognition Toll-like receptors (TLR), which play a 

pivotal role in inflammation-mediated coagulopathy during sepsis [5].

We have previously demonstrated [6] that sepsis-induced thrombocytopenia, systemic 

inflammation, and coagulopathy were partly attributable to TLR7, a single-stranded RNA 

sensor [7–9]. However, the mechanism by which TLR7 signaling mediates platelet activation 

and thrombocytopenia in bacterial sepsis remains unknown. Platelet alpha granules contain 

up to 300 different types of proteins and polypeptides, which serve to supplement thrombin 

generation and mediate inflammation [10]. Platelet activation and alpha degranulation 

will lead to the translocation of CD62P (P-selectin), a cell adhesion molecule, to the 

platelet membrane to facilitate platelet-leukocyte aggregate (PLA) formation [10]. This is 

followed by a rapid sequestration of activated platelets from circulation and contributes 

to thrombocytopenia [5,11]. In the current study, we tested the hypothesis that TLR7 

stimulation is sufficient to induce platelet activation and mediates PLA formation during 

bacterial sepsis.

Materials and methods

Animals

All animal experiments were approved by the Institutional Animal Use and Care Committee 

of the University of Maryland and performed using Wild-type (WT) C57BL/6 J and Toll-like 

receptor 7 deficient (TLR7−/−) male mice aged between 10 and 18 weeks. TLR7−/− mice 

(Tlr7tm1Flv/J, stock No. 008380) on the C57BL/6 N background were originally purchased 

from Jackson laboratory and cross-bred with C57BL/6 J mice for at least 10 generations. 

C57BL/6 J mice have a naturally occurring five exon deletion that results in the absence 

of Nnt (Nicotinamide (NAD) nucleotide transhydrogenase) gene and differentiates it from 

C57BL/6 N mice [12]. Our TLR7−/− mice also had a separate natural deletion of the Nnt 

gene, which verified their C57BL/6 J background (data not shown). All mice were housed 

in the pathogen-free animal care facility for at least one week prior to experimentation 

and all received the same pathogen-free diet with free access to water. Mice were kept in 

temperature-controlled rooms with 12-hour light–dark cycles.
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Cecal ligation and puncture model of polymicrobial sepsis

Polymicrobial sepsis was induced using the cecal ligation and puncture technique as 

previously described [6,13]. Briefly, mice were anesthetized with ketamine (100 mg/kg) 

and xylazine (4 mg/kg) solution. A laparotomy was performed, and the cecum was ligated 

below the ileocecal valve at 1.5 cm from the cecal tip. A through and through puncture of 

the cecum was made using an 18-gauge needle and 2–3 mm of fecal matter was extruded 

before placing the cecum back into the abdomen and closing the peritoneum and skin. Sham 

mice underwent laparotomy only. All sham and CLP mice received post-operative 0.03 

ml/g of prewarmed normal saline and single administrations of incisional and subcutaneous 

bupivacaine (3 mg/kg) and buprenorphine (1 mg/kg), respectively. Rectal temperatures were 

measured at 4 or 24 hours later. Of note, simple randomization was used to assign animals, 

and the operators (B.W., J. Z.) were blinded to the strain information.

Blood and plasma collection

At 4- or 24-hour post-surgery, whole blood was collected via cardiac puncture and 

transferred to microcentrifuge tubes containing 100 μL of 3.2% sodium citrate anticoagulant 

at a volume ratio of 1:8 (anticoagulant: blood). Complete blood counts were performed 

using the Coulter Ac●T diff2 Hematology Analyzer (Beckman Coulter). For select 

experiments, blood from WT mice 24-hour post-surgery was processed into plasma via 

centrifugation. Blood was first spun at 1000 x g at room temperature for 10 minutes and 

supernatants transferred to new Eppendorf tube and centrifuged at 1000 x g at 4°C for 10 

minutes. Supernatants were transferred to new Eppendorf tube and finally centrifuged at 

10,000 x g at 4°C for 10 minutes and resultant plasma was stored at −80° C for future 

experiments.

Platelet isolation from whole blood

Whole blood was mixed gently with 100 μL of 3.2% sodium citrate at a ratio of 1:8 

(anticoagulant: blood). Two-hundred microliters of CGS-EDTA buffer (100 mM NaCl, 8.5 

mM Tris, 8.5 mM Dextrose, 1 mM EDTA) was added to the sample, mixed gently, and 

the blood was centrifuged at room temperature for 8 minutes at 50 g. The supernatant plus 

200 uL of the top layer of red blood cells were transferred into new microcentrifuge tube 

and centrifuged at 100 g for 5 minutes. Without touching the sedimented red cell layer, the 

platelet-rich plasma (PRP) layer was collected and pooled from two to three mice into a 

new microcentrifuge tube. The PRP was centrifuged at 800 g for 8 minutes, after which the 

supernatant was removed, and the platelet pellet was washed gently once with CGS-EDTA 

buffer. Platelets were then resuspended in Tyrode’s buffer (134 mM NaCl, 12 mM NaHCO3, 

2.9 mM KCl, 0.34 Na2HPO4, 10 mM HEPES, 1 mM MgCl2, 5 mM Dextrose and 3 mg/ml 

of bovine serum albumin (BSA)) to a concentration of approximately 2 × 105 platelets/μL. 

To determine the purity of platelet preparation, isolated mouse platelets were stained with 

PE-anti-CD41 (BD Biosciences PMG-561850; Clone MWReg30) antibody for platelets and 

PerCpCy5.5-anti-CD45 (BioLegend BLD-103131; Clone 30-F11) antibody for leukocytes. 

Leukocyte contamination in isolated platelet suspension as compared to unstained sample 

was found to be approximately 1 in every 10,000 cells or 0.01% (data not shown).
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TLR7 expression in circulating blood cells

To evaluate the intracellular expression of TLR7 in peripheral blood cells, whole blood was 

collected from age-matched WT and TLR7−/− male mice. Red blood cells were lysed with 

RBC lysis buffer (150 mM ammonium chloride, 10 mM potassium carbonate, and 0.1 mM 

EDTA) prior to viability dye (BioLegend Zombie NIR™) staining and treatment with an Fc 

receptor blocking agent. To identify specific blood cell populations, we performed surface 

staining with PerCP Cy5.5-anti-CD45 for leukocytes and FITC-anti-CD41 (BD Biosciences 

PMG-553848; Clone MWReg30) for platelets. Cells were then fixed and permeabilized 

using Invitrogen™ eBioscience™ Intracellular Fixation & Permeabilization buffer set, 

and then incubated with PE-anti-TLR7 (monoclonal antibody (mAB) BD Biosciences 

PMG-565557; Clone A94B10). The percentage of cells positive for TLR7 was analyzed 

using BD LSR II Flow Cytometer and FlowJo V10.8 software.

The efficiency of intracellular protein staining was validated by AF647 anti-beta actin 

(BLD-643810; Clone 2F1-1) (a highly conserved cytoskeletal protein) staining in blood 

cells with and without permeabilization. Further, to test the performance and ensure the 

specificity of the TLR7 antibody, bone marrow cells from both WT and TLR7−/− mice were 

first stained with PerCP CY5.5-anti-CD45 and AF647-anti-CD19 (BLD-115522; Clone 

6D5) to identify the leukocyte and B-cell populations, fixed and permeabilized, and finally 

stained with PE-anti-TLR7. To assess the nonspecific background staining of the anti-TLR7 

antibody with and without permeabilization, blood cells collected from WT mice first 

underwent surface staining, fixation, and permeabilization as above, and then stained with 

either PE-anti-TLR7 or PE IgG1, κ isotype control (BD Biosciences 554680). In each of the 

above experiments, the percentage of cells positive for TLR7 was analyzed using BD LSR II 

Flow Cytometer and FlowJo V10.8 software (Fig. S1–S3).

Detecting platelet activation and PLA formation

Blood was collected from WT and/or TLR7−/− mice at 4- or 24-hour post-sham or CLP 

surgery. Whole blood or isolated platelets from WT and/or TLR7−/− mice were treated 

with 0.05% DMSO in PBS, 10 μg/ml of the TLR2 agonist Pam3CSK4 (P3C-Enzo Life 

Sciences ALX-165-066-M002), or the TLR7 agonist loxoribine (InvivoGen tlrl-lox) at the 

indicated concentrations for 15 minutes at 37°C. Loxoribine supplied as a lyophilized 

powder was reconstituted with 50% DMSO in PBS and then diluted with PBS to 100x 

working solution containing 5% DMSO. After adding to the platelet suspension, the final 

DMSO concentration became 0.05% in both ligand and control (w/o loxoribine) groups. 

Isolated platelets from WT and TLR7−/− mice were treated with pooled plasma from 

WT sham or CLP mice at the indicated concentrations. In this experiment, the operator 

(B.W.) was blinded to strain information. In each of the above, platelet activation and PLA 

formation were tested with flow cytometry as stated below.

Blood was stained with PerCP CY5.5-anti-CD45, PE-anti-CD41, and AF647-anti-CD62P 

(BD Biosciences PMG-563674; Clone Rb40.34), and then treated with BD Phosflow™ 

Lyse/Fix Buffer. Platelets were stained with anti-CD41 and anti-CD62P antibodies and then 

treated with 2% paraformaldehyde in 1:1 v/v ratio for fixation. Data were recorded in the 

BD LSR II Flow Cytometer and analyzed with FlowJo V10.8 software. Leukocytes were 
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identified as CD45 positive events and platelets as CD41 positive events. The activation 

status of platelets was determined by the increased expression of CD62P. Platelet activation 

and activated PLA were determined based on forward (FSC) and side (SSC) scatter 

properties and double positive expression of CD41+/CD62P+ and CD45+/CD62P+ cells, 

respectively. Gating strategies are shown in the supplemental figures: in vitro whole blood 

(Fig. S4), in vivo whole blood (Fig. S5), and in vitro/ex vivo isolated platelets (Fig. S6).

Statistical analysis

GraphPad Prism 9 software was used for statistical analysis. All data are presented as mean 

± SD. Data were tested for Gaussian distribution and parametric or non-parametric tests 

were applied accordingly. For comparison between two groups, unpaired Student’s t-test or 

Mann–Whitney test was used according to data distribution. For comparison among more 

than two groups, statistical significance was determined with one-way ANOVA or with 

Brown-Forsythe and Welch ANOVA according to data distribution with post-hoc Dunnett 
or Sidak for multiple comparison test. P values <.05 were considered to be statistically 

significant.

Results

Quantification of platelet TLR7 expression by flow cytometry

Peripheral blood cells from WT mice underwent intracellular staining with anti-TLR7 to 

quantitate protein expression. The TLR7 antibody demonstrated both reliable performance 

and strong specificity in a series of quality control experiments (Fig. S1–S3). Using 

flow cytometry, blood cells were gated on CD41+CD45− for platelets, CD45+CD41− for 

leukocytes, and double positive CD41+CD45+ for spontaneous PLA (Figure 1a). TLR7 

expressing leukocytes served as an internal positive control. Compared to TLR7−/− mice, 

WT mice exhibited TLR7-expressing leukocytes (2.4 ± 3.8% vs 17.5 ± 6.9%, p = .03) 

and platelets (1.3 ± 0.7% vs 3.7 ± 1.1%, p = .0040) (Figure 1b,c). Spontaneous PLA 

formation is a common consequence of whole blood processing and handling [14]. Gating 

for double positive cells CD45+CD41+ revealed population of PLA which demonstrated a 

higher percentage of TLR7 protein expression compared to leukocytes and platelets and was 

significantly higher than TLR7−/− mice (3.6 ± 5.5% vs 29.3 ± 11.4% p = .0019) (Figure 1c). 

These results quantify the extent to which circulating murine platelets express TLR7 protein 

under basal conditions as detected by flow cytometry and reaffirm prior studies that have 

reported on platelet TLR7 expression [15,16].

TLR7 agonist loxoribine induces platelet activation and PLA formation in vitro

We next evaluated whether stimulation with known TLR7 agonist loxoribine induced 

platelet activation as measured by surface CD62P (P-selectin) expression. CD62P is a 

marker of activated platelets and is rapidly mobilized to the surface to facilitate platelet 

binding with leukocytes. WT blood cells treated with loxoribine demonstrated a dose-

dependent increase in CD62P-positive platelets (CD41+CD62P+) (Figure 2a) and PLA 

(CD45+CD62P+) (Figure 2b). In order to determine the extent of platelet activation in 

the absence of leukocytes, we treated isolated WT platelets with 1 mM of loxoribine or 

10 μ/ml of P3C and demonstrated a statistically significant increase in CD62P+ platelets 
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compared to control (0.05% DMSO in PBS) (Figure 2c), indicating direct effect of the TLR 

ligands on platelet activation. To determine the necessity of TLR7 in loxoribine-induced 

platelet activation and PLA formation, we treated blood cells of TLR7−/− mice. As shown in 

Figure 2d,e, blood cells from TLR7−/− mice treated with loxoribine showed no differences 

in platelet activation or PLA formation when compared to controls (Figure 2d,e). Of note, 

WT blood treated with loxoribine showed a significant increase in CD62P+ platelets (30.7 

± 10.8% vs 43.8 ± 2.4%, p = .003) and CD62P+ leukocytes (30.9 ± 4.4% vs 39.5 ± 2.4%, 

p = .001) above that of TLR7−/− samples (Figure 2d,e). These data not only confirmed 

a previous study [15] that TLR7 agonist loxoribine can induce PLA formation in whole 

blood but also demonstrated that loxoribine induced platelet CD62P expression via TLR7 

signaling in whole blood and in isolated platelets.

In vivo platelet activation and PLA formation in sepsis

Platelets form heterotypic aggregates with leukocytes (PLA) via engagement of CD62P of 

activated platelets with leukocyte P-selectin glycoprotein ligand-1 (PSGL-1). In sepsis, the 

ongoing formation of PLA may contribute to reduced platelet number due to adhesion of 

platelets with leukocytes and peripheral sequestration within the microvasculature [17]. 

Consistent with our previous work [6], wild-type septic mice exhibited hypothermia, 

leukopenia, and a decrease in platelet counts at 4 and 24 hours after CLP, although the 

decrease in platelet counts did not reach statistical significance until 24 hours (Figure 3a). 

Whole blood was collected and stained with antibodies against platelet CD41, platelet 

activation marker CD62P and leukocyte marker CD45, as noted above. At 4 hours, flow 

cytometry revealed an increase in circulating CD62P+ platelets (6.4 ± 4.2% vs 2.3 ± 1.1%, 

p = .0071) with concomitant increase in average mean fluorescence intensity (MFI) for 

CD62P in septic mice compared to sham mice (2365 ± 744 vs 1621 ± 332, p= .0017; data 

not shown). The increase in circulating CD62P+ platelets in CLP mice compared to sham 

mice persisted at 24 hours, although the results did not achieve statistical significance (3.1 

± 2.2% vs 1.6 ± 0.8%, p = .1309) (Figure 3b,c). Further, at 24 hours circulating CD62P 

positive platelets quantified by flow cytometry were significantly lower compared to the 

early 4-hour time point in CLP mice. The platelet count determined by automated cell 

counter decreased by 26% from 4 to 24 hours post CLP procedure (798.7 x103/μL vs 587.6 

x103/μL, Figure 3a). Interestingly, circulating PLA in CLP mice remained significantly 

higher than sham mice at both 4 (8.9 ± 4.7% vs 3.5 ± 1.9%, p= .0021) and 24 hours (8.6 ± 

6.8% vs 2.6 ± 1.5%, p= .0296) (Figure 3d,e). Taken together, these data suggest that early 

platelet activation is followed by PLA formation and the decrease in systemic platelet counts 

at 24 hours may in part reflect continued PLA formation.

Impact of TLR7 signaling on PLA formation in sepsis

To determine the impact of TLR7 signaling on sepsis-induced thrombocytopenia and PLA 

formation, we collected whole blood from WT and TLR7−/− mice at 4 and 24 h after CLP 

and examined activated platelets and PLA by flow cytometry. There was no difference in 

activated platelets at 4 hours between TLR7−/− and WT septic mice (Figure 4a). There was 

no significant difference in temperatures (31.7 ± 1.6 °C vs 30.5 ± 1.02 °C, p= .054) or 

platelet counts (761.8 ± 138 x103/μL vs 795.3 ± 95.3 x103/μL, p= .495) (Figure 4b) between 

TLR7−/− and WT septic mice at 4 hours. At 24 hours, compared to WT mice, TLR7−/− 
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mice had significantly higher temperatures (33.9 ± 2.04 °C vs 29.2 ± 4.97 °C, p= .043), and 

platelet counts were overall better preserved in TLR7−/− mice although the difference did not 

achieve statistical significance (750 ± 164.3 x103/μL vs 593.5 ± 247.7 x103/μL, p= .2002) 

(Figure 4c). Importantly, TLR7−/− septic mice demonstrated decreased circulating PLA at 

both 4 hours (5.7 ± 1.9% vs 9.99 ± 4.9%, p = .0093) and 24 hours (4.8 ± 1.5% vs 7.5 ± 

2.6%, p = .0412) compared to WT mice (Figure 4d,e). These data indicate that the loss of 

TLR7 signaling results in attenuated PLA formation in bacterial sepsis.

Septic plasma induces platelet activation via TLR7 signaling

Sepsis is characterized by systemic inflammation driven by mediators derived from 

pathogens (i.e., PAMPs) or injured host cells (i.e., DAMPs). We tested the hypothesis 

that plasma from septic mice induces platelet activation via a TLR7-dependent mechanism. 

Plasma was pooled from sham and CLP WT mice for each experimental set. Isolated WT 

platelets treated with WT septic plasma demonstrated a dose-dependent increase in CD62P+ 

platelets above that of platelets treated with sham plasma (Figure 5a,b). Notably, TLR7−/− 

platelets treated with 40% septic plasma had a significantly lower response compared to 

WT platelets (7.3 ± 2.04% vs 10.8 ± 2.2%, p < .0001) (Figure 5c,d) indicating that the 

septic plasma-induced CD62P expression was partially dependent on TLR7 signaling in 

platelets. In contrast, P3C, a TLR2 ligand known to activate platelets [18], induced CD62P 

expression to the same degree in WT and TLR7−/− platelets (Figure 5c,d). These data 

support the premise of circulating plasma mediator(s) that signals in part via platelet-TLR7 

and contributes to platelet CD62P expression in murine sepsis (Figure 5e).

Discussion

We made several notable key findings in the study. Direct treatment with TLR7 ligand in 

whole blood or isolated platelets was sufficient to activate platelets as determined by CD62P 

expression in vitro. In vivo, compared to WT mice, TLR7−/− mice had attenuated PLA 

formation following CLP. Finally, the treatment of isolated platelets with WT septic plasma 

induced a dose-dependent increase in CD62P+ platelets and this effect was attenuated in 

TLR7−/− platelets. Together, these data suggest an important role of TLR7 signaling in 

platelet activation and PLA formation in bacterial sepsis.

Studies have previously reported on TLR7 gene expression and semi-quantitative TLR7 

protein expression in platelets using Western blotting or immunofluorescence microscopy 

[15,16]. Employing WT and TLR7−/− mice and flow cytometry, our study specifically 

quantified TLR7 protein expression in circulating platelets of whole blood. A few other 

studies have used intracellular staining and flow cytometry to detect endosomal-based 

TLR protein expression in platelets [19–21]. Evaluation of TLR3 expression in human 

platelets demonstrated a small percentage of platelets expressing surface (7.97% ± 2.27) 

and intracellular (15.85% ± 7.01) TLR3 protein under basal conditions [19]. We did not 

detect any significant cell surface expression of TLR7 protein (Fig. S3), and this supports 

prior reports that TLR7 protein is confined to the intracellular endosomal compartment of 

isolated platelets [15,16]. We did, however, detect that approximately 3–5% of circulating 

platelets express TLR7 protein under basal conditions, much lower than the 15–20% in 
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leukocytes. Platelets are anucleate fragments of megakaryocytes and contain only a fraction 

of intracellular material from their parent cells, and therefore this result was not completely 

unexpected. Importantly, we utilized TLR7−/− mice to assure the specificity of the TLR7 

antibody and the resultant signal; this is especially critical given the low frequency of 

TLR7 positive platelets detected and the nonspecific binding that may be associated with 

commercially available antibodies. TLR7−/− mice showed minimal levels of nonspecific 

staining across PLA, leukocytes, and platelets. Using this approach, our study quantifies 

TLR7 protein expression in a small fraction of circulating platelets and reaffirms prior 

reporting on platelet-TLR7 expression.

Our data further demonstrate an important role of TLR7 in platelet activation by mediating 

platelet CD62P expression and PLA formation during bacterial sepsis. Treatment with the 

TLR7 agonist loxoribine induced PLA formation in a TLR7-dependent manner reaffirming 

prior studies that evaluated PLA formation based on platelet marker CD41 [15]. Moreover, 

we further demonstrated the impact of TLR7 signaling on CD62P expression both on 

platelets and within PLA following loxoribine treatment. CD41 or glycoprotein (GP) 

IIb is constitutively expressed on the platelet surface, whereas CD62P is a glycoprotein 

stored within platelet alpha (α) granules and translocated to the surface only upon platelet 

activation. Platelet CD62P then facilitates platelet–leukocyte interactions via P-selectin 

glycoprotein ligand-1 (PSGL-1). In our study, it’s presence on the platelet surface indicates 

its release from alpha granules following stimulation with TLR7 agonist loxoribine and 

further demonstrates the functionality of platelet-TLR7.

Leukocyte contribution to platelet activation and CD62P expression is a confounder when 

using whole blood to assess platelet activation. Prior work showed that loxoribine-treated 

platelets mixed with untreated neutrophils resulted in PLA formation [15]. The study 

concluded that the activation of platelet-TLR7 was the primary signaling event as no PLA 

formation occurred when mixing loxoribine treated neutrophils with untreated platelets, 

implying that it was the activation of platelet-TLR7 that drove PLA formation [15]. In 

our study, we demonstrated TLR7 agonist loxoribine induced CD62P protein expression in 

isolated platelets. Notably, the fold increase in CD62P+ platelets above the control samples 

was similar for both whole blood and isolated platelets (approximate 1.5-fold increase), 

although the absolute values differed by approximately 20%. This observed difference may 

be due to centrifugation leading to spontaneous activation of platelets and release of CD62P 

or the impact of reduced platelet numbers in isolates versus whole blood. However, taken 

together, these data do suggest that loxoribine is sufficient to activate TLR7 in platelet 

isolates as determined by CD62P expression in vitro.

We noted an early but small increase in circulating CD62P+ platelets in WT septic mice 

at 4 hours, but by 24 hours we no longer detected a difference when compared to sham. 

Prior work demonstrated that IP injection of S. pyogenes into female Balb/c mice neither 

induced an early (5 hours) or late (18 hours) change in CD62P positivity on platelets [22]. 

Our early detection of CD62P+ platelets may be secondary to differences in sepsis model 

(i.e., single bolus and exogenous source versus indolent and endogenous infection) which 

could contribute to different in vivo responses and platelet activation kinetics. Furthermore, 

our increased PLA seen at 4 hours, with concurrent increase in CD62P+ platelets, may 
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be indicative of the rapid interactions between activated platelets and leukocytes in vivo. 

For instance, a prior study was able to detect large PLAs just 1 hour after IP injection 

with loxoribine, and by 2 hours, the vast majority of platelets within the sample were 

associated with neutrophils as PLA [15]. In our studies, we were no longer able to detect 

circulating CD62P+ platelets at 24 hours, but PLA formation persisted even at 24 hours 

indicating that as sepsis progresses, platelets and leukocytes will invariably continue to form 

PLA. Taken together, the data suggest that early platelet activation and CD62P expression 

is followed rapidly by platelet–leukocyte interactions and PLA formation. We speculate 

that the reduction in platelet counts by 24 hours in septic mice is in part the result of 

sequestration of platelets via formation of PLA.

TLR7 signaling plays a role in thrombocytopenia in bacterial sepsis, as we recently 

reported [6], but the underlying mechanism is not clear. In the current study, we found 

that TLR7−/− septic mice had attenuated PLA formation at both early and late time 

points compared with WT septic mice. We speculate the reduced PLA formation in part 

contributes to better preserved platelet counts in TLR7−/− septic mice. A similar role in 

PLA formation has been demonstrated for TLR2 following infection with P. gingivalis [23]. 

Interestingly, the intraperitoneal injection of lipopolysaccharide, a TLR4 agonist, resulted in 

thrombocytopenia and increased fibrinogen adhesion, but failed to induce platelet CD62P 

expression in vitro [24]. It is likely that multiple TLR signaling pathways synergistically 

contribute to platelet activation and subsequent PLA formation through various modulations 

of platelet functions. Notably, our study found that WT platelets, upon exposure to septic 

plasma, demonstrated an increased surface expression of CD62P, while TLR7−/− platelets 

exhibited an attenuated response. Treatment with TLR2 ligand induced similar responses 

in both WT and TLR7−/− platelets indicating the attenuation was specific to the absence 

of TLR7. Taken together, these data suggest that circulating plasma mediator(s) in septic 

mice activate platelets in part via a TLR7-dependent mechanism and that TLR7 signaling 

mediates PLA formation in sepsis.

Sepsis is characterized by an increase in proinflammatory mediators known as DAMPs 

(danger associated molecular patterns), endogenous biomolecules released from injured 

tissues and cells capable of triggering host inflammation [25]. One such DAMP is 

extracellular RNA. In a binding study using TLR7 crystal structure and synthetic short 

single-stranded (ss) RNA, Zhang, et al., found that TLR7 activation involves synergistic 

binding of guanosine and ssRNA [26]. Further, in our prior studies, endogenous circulating 

RNA is increased in the plasma of both septic humans and animals, and approximately 70% 

was identified as micro(mi)RNA [27]. miRNAs are short, single stranded (ss), non-coding 

RNAs involved in post-transcriptional regulation but have been shown capable of triggering 

release of procoagulant and inflammatory factors in a TLR7-dependent manner [6,27,28]. 

Exogenous human miRNA precursor mimics have also been shown to induce platelet 

activation, resulting in a six-fold increase in CD62P expression compared to controls and 

stimulating platelet aggregation in the presence of low-dose thrombin in vitro [29]. Based on 

these and the findings of our current study, we speculate on a potential role for guanosine 

and circulating miRNAs as endogenous TLR7 activators driving platelet activation and PLA 

formation in bacterial sepsis.
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There are a few limitations in the current study. First, platelet activation following septic 

plasma treatment was only partially abolished in TLR7-deficient platelets given that other 

mediators (e.g., serotonin, ADP, thromboxane) in septic plasma may contribute to platelet 

activation via alternative signaling pathways. However, the use of TLR7-deficient mice 

did allow us to determine whether the activation response induced by septic plasma was 

mediated in part by TLR7. Further, a low level of leukocyte contamination was present in 

isolated platelet preparations, and therefore a minor contribution from leukocyte-mediated 

platelet activation cannot be ruled out. However, we speculate that the level of such effect 

is minimal given leukocytes represented <0.02% of the cell population in isolated platelets. 

Second, we did not identify the plasma effectors in sepsis that trigger platelet activation 

via TLR7-dependent pathway. TLR7 is a sensor for guanosine and single-stranded RNA 

[7,26]. The natural candidates would be plasma RNA such as miRNAs. These plasma RNA 

in septic mice are biologically active and capable of activating host innate immune response 

[27,28,30,31]. In addition, our study was limited to male animal samples only. Given known 

sex differences in human sepsis outcomes [32,33], future study of sex difference in murine 

sepsis models will be needed. Finally, we only used CD62P expression to define platelet 

activation. There exist several different markers of platelet activation such as integrin αIIbβ3 

(Glycoprotein (GP)2b3a) or platelet factor 4 to evaluate platelet activities that would be 

important for our future studies.

In summary, TLR expression in circulating blood platelets offers new avenues for 

understanding the bridge between inflammation and coagulation responses in sepsis and the 

high incidence of associated thrombocytopenia. As illustrated in Figure 5e, the current study 

demonstrates that circulating platelets in mice express functional TLR7 that impacts platelet 

activation in sepsis. Our data highlight the importance of platelet-TLR7 signaling and offer 

a novel mechanism for platelet activation in bacterial sepsis. A clearer understanding of 

the mechanism behind platelet depletion in sepsis is essential for disease management and 

targeted therapeutic interventions.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Circulating platelets express TLR7. TLR7 expression was tested in both blood leukocyte 

and platelets. (a) Representative gating strategy of platelets (CD41+), leukocytes (CD45+), 

and platelet-leukocyte aggregates-PLA (CD45+CD41+) populations. (b) Representative 

histograms of TLR7 expression in WT (blue) and TLR7−/− (gray) leukocytes, platelets, 

and PLA. (c) Percentage of TLR7 positive population. Each bar represents mean ± SD of 

5 mice/group of the percentage of TLR7-positive leukocytes (left panel), platelets (middle 

panel), and PLA (right panel) in circulation. T7KO = TLR7-deficient mice. *p< .05, **p< 

.01.
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Figure 2. 
Loxoribine activates platelets in a dose dependent manner and response is dependent on 

TLR7. Whole blood from WT mice were treated with loxoribine at concentrations of 0.04, 

0.2, and 1 mM at 37°C for 15 minutes or platelets from mice were treated with 1 mM of 

loxoribine under the same conditions. Activated platelets or PLA formation were analyzed 

by flow cytometry. Activated platelets were defined as the percentage of CD62P positive 

platelets over total platelets (CD62P+CD41+/CD41+x100%). Activated PLA was defined as 

the percentage of CD62P positive leukocytes over leukocytes double positive for CD45 and 

CD41 (CD62P+CD45+/CD45+CD41+x100%). (a) TLR7 activation led to increased platelet 

activation and (b) PLA formation in WT blood cells in a dose-dependent manner. (c) Mouse 

platelets treated with 1 mM of loxoribine had increased CD62P+ platelets compared to 

control. P3C was used as a positive control. (d-e) Blood from WT mice or T7KO mice 

were treated with 1 mM of loxoribine and analyzed as above. (d) Absence of TLR7 reduced 
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activated platelets (d) and PLA formation (e). P3C = Pam3CSK4, T7KO = TLR7 deficient 

mice. Bars represent the mean ± SD of 2 replicate experiments run with triplicate samples: 

*p< .05, **p< .01, ****p< .0001.
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Figure 3. 
Septic wild type (WT) mice have early increase in circulating platelet-leukocyte aggregates 

that persists at 24 hours. WT sham or CLP surgery was performed, and blood samples 

collected at 4 (early) and 24 (late) hours. Activated platelets were defined as the percentage 

of CD62P positive platelets over total platelets (CD62P+CD41+/CD41+x100%). Platelet-

leukocyte aggregates were defined as the percentage of CD62P positive leukocytes over total 

leukocytes (CD62P+CD45+/CD45+x100%). (a) At both the early and late time points, septic 

mice had decreased temperatures and WBC counts compared to sham mice. Platelets in 

septic mice were lower at 4 hours, but this difference did not achieve statistical significance 

until 24 hours post CLP. (b) and (c) Circulating platelets were activated at the early stage 

(4 hours) of CLP. (b) Representative flow cytometry dot plots in sham and CLP mice. 

(c) Percent of CD62P+ platelets in sham and CLP mice at 4 and 24 hours. (d) and (e) 

Platelet-leukocyte aggregates were formed at 4 hours in septic mice and persisted at 24 

hours indicating continuous formation of activated PLA (d) Representative flow cytometry 

dot plots in sham and CLP mice. (e) Percent of CD62P+ leukocytes in sham and CLP mice 

at 4 and 24 hours. *p< .05, **p< .01, ***p< .001, ****p< .0001.
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Figure 4. 
TLR7 deficiency in sepsis attenuates early and late PLA formation. WT and T7KO mice 

underwent CLP surgery. Whole blood was collected at 4 and 24 hours later and cell 

counts were performed using automated cell counter. Activated platelets were analyzed 

using flow cytometry and defined as the percentage of CD62P positive platelets over 

total platelets (CD62P+CD41+/CD41+x100%). Platelet-leukocyte aggregates was defined 

as the percentage of CD62P positive leukocytes over total leukocytes (CD62P+CD45+/

CD45+x100%). (a) Deficiency of TLR7 did not impact the percentage of activated platelets 

by CLP at 4 hours. Left panel is the representative flow cytometry histograms. (b) There was 

no difference in temperature, platelet counts, or WBC counts between WT and T7KO mice 

at 4 hours; (c) Temperatures were significantly lower in WT mice at 24 hours after CLP vs 

T7KO mice. (d) Absence of TLR7 reduced PLA at 4 hours after CLP; representative flow 

cytometry dot plots and corresponding bar graph shown. (e) Absence of TLR7 reduced PLA 

at 24 hours post CLP; representative flow cytometry dot plots and corresponding bar graph 

shown. T7KO = TLR7 deficient mice. *p< .05, **p< .01.
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Figure 5. 
Septic plasma activates platelets and response is attenuated in platelets deficient of TLR7. 

Mice underwent sham (n = 2) or CLP surgery (n = 4) and 24 hours later whole blood 

was collected and processed to plasma. Platelets (n = 2) were isolated from whole blood 

of WT mice and treated with 10% or 40% (v/v) sham or CLP plasma. In the control 

group, same volume of Tyrode’s buffer was added. Activated platelets were analyzed 

using flow cytometry and defined as the percent of CD62P+ platelets over total platelets 

(CD62P+CD41+/CD41+x100%). (a) Representative flow cytometry histograms in WT 

platelets and (b) Corresponding bar graphs. Platelets isolated from whole blood of WT 

(n = 2) and T7KO (n = 2) mice were treated with 40% WT CLP plasma (n = 4) and 

CD62P+ platelets were quantified as above. In the control group, same volume of Tyrode’s 

buffer was added. (c) Representative flow cytometry histograms in WT and T7KO platelets 

treated with CLP plasma; (d) CLP plasma induced platelet activation in WT platelets and the 

response was attenuated in T7KO platelets. Samples treated with P3C (10 μg/ml) served as a 

positive control. (e) In sepsis, microbial infection leads to release of PAMPs and/or DAMPs 

that signals via platelet-TLR7 and contributes to downstream platelet activation and PLA 

formation. Created with BioRender.com. P3C = Pam3CSK4, T7KO = TLR7 deficient mice. 

WT = Wild-type. Bars represent the mean ± SD of 2 replicate experiments run with triplicate 

samples, **p< .01, ****p< .0001.
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