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Abstract

Background—Platelets are critical cells for maintaining vascular hemostasis but their activities 

in other processes are becoming apparent. Specifically, the ability of platelets to recognize and 

respond to infectious agents is an important area of investigation. To understand the physiological 

roles of platelets in vivo, most researchers have used antibody-mediated platelet depletion, which 

has certain limitations.

Objective—To develop an optimal system to study the contribution of platelets to protection 

from S. aureus blood infection.

Methods—Here we describe a novel experimental model of conditional platelet depletion based 

on the Cre-recombinase cell ablation system. Using this technology, the simian diphtheria toxin 

receptor was expressed in platelet factor 4 (PF4) positive cells (megakaryocytes and platelets).

Results—Systemic administration of diphtheria toxin (DT) every 48 hours results in reduced 

platelet numbers that become undetectable after six days. While platelets are depleted, no other 

blood cells are affected. Using this newly-developed model, the functional contributions of 

platelets in protection against Staphylococcus aureus (S. aureus) bacteremia was examined. 

Platelet-depleted mice succumbed to infection more rapidly than wild-type (WT) mice and 

contained significantly higher bacterial burden in kidneys, increased serum markers of kidney 

damage and elevated levels of cytokines indicative of septic shock.

Conclusions—Here we illustrate a new mouse model for conditional platelet depletion and 

implicate platelets as important participants of the immune response to bacterial blood infections.
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Introduction

Platelets are the anucleate products of megakaryocytes, and have established roles in 

detection of endothelial damage leading to clot formation and maintenance of hemostasis 

(reviewed in [1]). In addition to activation by thrombotic stimuli such as fibrinogen 

(αIIbβ3), collagen (GPVI), ADP (P2Y12) and thrombin (PAR 1 & 4), platelets express a 

panel of receptors capable of recognizing pathogenic and immunologic molecules almost 

identical to those expressed by professional phagocytes [2]. For example, Toll-like receptors 

expressed by platelets trigger specific responses after ligation [3, 4]. Activated platelets 

release over 300 known secretory products, including the anti-microbial products β-defensin 

1, thrombocidins and kinocidins [5–7].

Platelets are now appreciated for their contributions to both innate and adaptive immunity 

[2, 8]. For instance, platelets participate in inflammatory conditions such as rheumatoid 

arthritis and virus-induced hepatitis in mice [9, 10]. Platelets also bind various pathogens 

including human immunodeficiency virus (HIV) and S. aureus [11]. Although not 

considered professional phagocytes, platelets are capable of internalizing targets resulting in 

killing of various bacterial species including E. coli and S. aureus [12–14]. In addition to 

their direct bactericidal activities, platelets can also affect both innate and adaptive immune 

responses through interactions with various types of leukocytes, most notably neutrophils 

[15–17]. Importantly, platelets induce the production of neutrophil extracellular traps, which 

is important for containing infection [18, 19]. Moreover, a recent report shows that platelets 

assist in clearing bacterial blood infections in mice via interaction with liver Kupffer cells 

[20] and platelets protect from LPS-induced septic shock by modulating macrophage-

induced inflammation [21].

One of the most studied platelet-pathogen interactions is between platelets and S. aureus. S. 

aureus infection ranges from mild skin infections to life threatening conditions such as 

infective endocarditis and sepsis [22–24]. Platelets can actively phagocytose S. aureus, 

release granule contents in response to S. aureus α-hemolysin, and form platelet-neutrophil 

aggregates (PNA) in response to S. aureus exposure [11, 25]. While this interaction has been 

widely observed, these results were studied only in vitro.

Due to the importance of platelets in vascular development, mutant mice incapable of 

forming platelets die from hemorrhage in utero or shortly after birth [26]. Therefore, 

understanding platelet functions in vivo has been elusive, resulting in most experiments 

performed in vitro. Recently, in vivo models of antibody-mediated depletion of platelets 

have been described. Although effective at clearing platelets through Fcγ receptors, certain 

limitations exist. For example, large amounts of foreign antibody (~80µg per animal) are 

typically needed to deplete platelets and multiple doses would need to be administered to 

maintain depletion. This could lead to adverse effects such as type III hypersensitivity 

reactions and other pathological responses to foreign proteins thus limiting the duration of 

depletion [27, 28].
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To better assess the biological activities of platelets under various pathological settings, we 

developed a transgenic mouse strain in which platelets can be conditionally depleted 

utilizing a Cre-recombinase-mediated cell ablation system. To this end, we created mice that 

express simian inducible diphtheria toxin receptor (iDTR) in PF4 positive cell populations 

(megakaryocytes and platelets)[27, 29]. Upon DT exposure, these cells are susceptible to 

DT-induced apoptosis leading to depletion of the specific cell type [27]. To test the 

usefulness of this new mouse strain, we examined the contribution of platelets in a well-

established model of S. aureus USA300 blood infection.

Our new findings indicate that platelets are selectively depleted in this new mouse strain, 

while numbers of all other hematopoietic cells remain unchanged. Furthermore, we show 

that platelets are essential for efficient control of S. aureus bacteremia and in preventing 

organ damage associated with these infections. These observations likely have implications 

in other blood-associated infections and our novel mouse model is a powerful tool that may 

be broadly useful in platelet research.

Materials and Methods

Animal Care and Maintenance

Two mouse strains were utilized to generate PF4-DTR mice. C57BL/6 mice transgenic for 

the simian iDTR containing a LoxP-flanked stop sequence inserted into the Gt(ROSA)26Sor 

locus (Jackson Laboratories, Bar Harbor, ME strain #007900) were crossed with C57BL/6 

mice expressing Cre recombinase under the control of the PF4 promoter (Jackson 

Laboratories strain #008535). PCR-based genotyping was performed on ear punch samples 

using primers corresponding to the Jackson Labs database (Figure 1A). All experiments 

were performed on male and female mice of 6–12 weeks of age. Wild-type (WT) C57BL/6 

mice along with mice positive for both the iDTR and PF4 transgenes (PF4-DTR) were then 

administered via i.p. injection with either 100µl phosphate buffered saline (PBS) (HyClone, 

Logan, UT) or 400ng/animal DT (Sigma Aldrich, St. Louis, MO) every 48h to induce 

platelet depletion. Platelet depletion was monitored by obtaining blood from the facial vein 

into EDTA-coated tubes (BD Biosciences, San Jose, CA) and complete blood count (CBC) 

analysis using an Abaxis VetScan HM2 (Abaxis, Union City, CA). To confirm CBC results, 

flow cytometric analysis of CD41+ cell populations was performed. Blood was incubated 

with anti-CD41-APC (BD Biosciences) diluted 1:400 for 30min on ice protected from light. 

Samples were analyzed using a FACSCalibur flow cytometer (BD Biosciences) using Cell 

Quest Pro (BD Biosciences) and interpreted with FlowJo (Tree Star, Ashland, OR). Animals 

were housed in microisolator cages, kept on a 12:12-h dark-light cycle and provided water 

and standard chow ad libitum. The Institutional Animal Care and Use Committee (IACUC) 

at the University of Toledo approved all procedures.

Purification of Platelets and Bone Marrow

Blood was drawn from facial vein as described above and purified as previously reported 

[30]. Platelets were either resuspended in Trizol reagent (Life Technologies, Grand Island, 

NY) and stored at −80°C until RNA extraction, or resuspended in buffer for functional 

assays as described [31]. For bone marrow extraction, mice were euthanized and femurs and 

Wuescher et al. Page 3

J Thromb Haemost. Author manuscript; available in PMC 2016 February 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



tibias were removed and bone marrow was flushed using 10ml of PBS. Bone marrow was 

disrupted by passing through a 25-guage needle and centrifuged at 1000×g for 10min. 

Supernatant was aspirated and erythrocytes were lysed using ACK lysing buffer (Life 

Technologies). Bone marrow cells were enumerated (hemocytometer) and either Trizol was 

added and stored at −80°C or samples were imaged using a Zeiss Axiovert 200 microscope 

(Carl Zeiss, Thornwood, NY). Metamorph software (Molecular Devices, Downingtown, 

PA) was used to acquire images which were then processed with ImageJ software [32] using 

the cell counter plugin..

RNA Isolation and cDNA Synthesis

Cell pellets were stored in 400µl Trizol reagent (Life Technologies) at −80°C then lysed 

using the freeze thaw method. RNA extraction was performed according to manufacturer 

instructions (Life Technologies). RNA was resuspended in DEPC water and quantified 

using Nanodrop 2000 (Thermo Scientific, Wilmington, DE). 1µg of RNA was used for 

cDNA synthesis using the SuperScriptIII reverse transcriptase system as instructed by the 

manufacturer (Life Technologies). cDNA was then diluted to a concentration of 100ng/µl for 

PCR analysis.

PCR Analysis

PCR was performed on 100ng of cDNA per sample using primers specific for the simian 

iDTR and mouse CD41 using Taq polymerase from Empirical Bioscience (Grand Rapids, 

MI).

iDTR-F: CACTGGTGACTGGCGAGAGC

iDTR-R: CGATTTTCCACTGGGAGGCT

CD41-F: TCCGTCTATGCAGGTCCCAAT

CD41-R: TGCTGTTGTCGTAGGTGAAGC

Platelet Activation Assay

Mice were treated with 2 doses of 400ng DT or PBS and platelets were purified as described 

above. Purified platelets (100µl aliquots) were placed in a 37°C water bath in the presence 

(0.1U/ml) or absence (0U/ml) of thrombin (Chronolog, Havertown, PA) for 15 minutes and 

prepared for flow cytometry as described [33].

S. aureus Infection

A derivative of a previously characterized clinical isolate of S. aureus USA300 [34] was 

provided by Dr. R.M. Blumenthal (University of Toledo, Toledo, OH). Bacteria were grown 

overnight at 37°C in tryptic soy broth (Becton Dickinson, Sparks, MD), centrifuged at 

10,000×g for 5 minutes, washed in PBS and enumerated via hemacytometer. Colony 

forming units (CFU) of the inoculum were measured by serial dilution on tryptic soy agar 

(TSA) plates.

Mice were infected with 108 CFUs S. aureus in 100µl of PBS via injection into the retro-

orbital sinus. Following infection, mice were monitored for signs of severe illness 
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characterized by scruffy fur, hunched posture, and inability to rear According to our IACUC 

protocol, mice exhibiting all the above signs of severe illness were euthanized via isoflurane 

inhalation and cervical dislocation. Euthanization due to severe illness was included as 

events in survival curves. Mice were monitored for 14 days after infection and percent 

survival was calculated using GraphPad Prism software (GraphPad Software, San Diego 

California USA).

Blood Chemistry and Plasma Cytokines

Blood chemistry was performed on whole blood samples collected from the facial vein 48 

hours post-infection with S. aureus. Briefly, 100µl of whole blood was collected and 

analyzed on the Abaxis VetScan VS2 using a Comprehensive Diagnostic Rotor (Abaxis, 

Union City, CA) to assess the protein levels and blood chemistry. Plasma cytokine levels 

were determined 48h post-infection. Blood was collected via transcutaneous cardiac 

puncture into a syringe containing acid citrate-dextrose (ACD) buffer. Blood samples were 

centrifuged at 500×g for 10min at 4°C. Plasma was then collected and used for cytokine 

analysis using the Bio-Plex Pro Mouse Cytokine TH1/TH2 Assay (BioRad, Hercules, CA) 

following manufacturer’s instructions. Samples were analyzed on a Luminex 200 (Luminex, 

Austin, TX) instrument using the Bio-Plex Manager standard edition software v4.1.1 

(BioRad, Hercules, CA). IL-6 was quantitated by ELISA (R & D Systems, Minneapolis, 

MN).

Bacterial Burden

Mice were euthanized 48h post-infection via i.p. injection of ketamine/xylazine (100mg/kg/

10mg/kg). Blood was collected via transcutaneous cardiac puncture into a syringe 

containing ACD buffer. Liver, kidney, spleen, and heart were removed aseptically, weighed 

and homogenized in 1–2ml of sterile PBS. Blood and tissue homogenates were plated, along 

with 10-fold serial dilutions on TSA plates, incubated at 37°C overnight and bacterial 

colonies were counted using an aCOLyte automated colony counter (Synbiosis, Frederick, 

MD).

Portions of tissues were fixed in formalin for histological analysis. Tissue sections were 

stained with hematoxylin and eosin and blindly examined by a pathologist.

Statistical Analysis

Values are reported as mean + standard error of the mean (SEM). Student’s t test and Log-

rank test for differences in Kaplan-Meier survival curves were performed using GraphPad 

Prism version 5.02 for Windows.

Results

DT-mediated depletion of platelets has no adverse effect on phenotype

To develop a mouse strain capable of conditional platelet depletion, we utilized the Cre 

recombinase-mediated cell ablation system. To do this, iDTR transgenic C57BL/6 mice 

containing a loxP-flanked stop sequence were mated with C57BL/6 mice expressing Cre 

recombinase under the control of PF4 promoter (PF4-Cre). Therefore, in cells expressing 
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PF4, the loxP-flanked stop sequence is removed resulting in expression of the DTR (PF4-

DTR). Offspring were tested for both DTR and PF4-Cre alleles (Figure 1A). Since PF4 

expression is limited to megakaryocytes and platelets [29], we expected that administration 

of DT would result in decreased platelet numbers. To test this, WT and PF4-DTR mice 

received a single systemic injection of either PBS or DT (400ng/mouse), a dose shown to be 

non-toxic to WT mice in previous reports [27, 35]. WT mice treated with PBS or 400ng DT 

showed no change in platelet numbers over a 25 day period (Figure 1B) as determined by 

CBC. As expected, PF4-DTR mice treated with PBS also displayed no change in platelet 

numbers over the same period. Importantly, PF4-DTR mice treated with 400ng DT showed 

a time-dependent reduction in in platelet numbers, reaching the lowest numbers 6 days post-

DT treatment (Figure 1B). When DT treatment is stopped, platelet numbers began to 

increase 14 days after the DT injection and platelet numbers recovered to normal by day 19 

(Figure 1B). To further quantify this decrease, three 400ng DT treatments were administered 

at 48h intervals and blood was obtained on day 6 and assessed for CD41+ platelets by flow 

cytometry. The CD41+ population was nearly undetectable (>99% reduced) in the DT-

treated PF4-DTR mice (Figure 1C). It should be noted that platelet-depleted mice 

maintained body weight similar to control mice (Figure 1D) and no hemorrhage was 

observed in the DT-treated mice when a veterinarian performed gross necropsy at the 

conclusion of the experiments. Additionally, no obvious bleeding phenotype was observed 

during bleeds from facial vein and we failed to detect any difference in bleeding time 

between PF4-DTR mice and WT mice using tail-snip technique.

Expression of iDTR in bone marrow but not platelets

The time-kinetics of platelet depletion suggests that DT induces apoptosis of DTR-

expressing megakaryocytes and that the resulting depletion of platelets takes place as 

senescent platelets are cleared naturally system without replenishment. This is consistent 

with the estimated 5-day lifespan of platelets [36, 37]. To investigate the mechanism(s) 

involved in platelet depletion, we sought to detect iDTR expression in PF4-DTR mice in 

platelets and megakaryocytes. Western blot and flow cytometry experiments were 

inconclusive due to the inability of commercially-available antibodies to discriminate 

between mouse and simian DTR (data not shown). Therefore, we designed primers to 

discriminate between mouse and simian DTR and performed PCR on mRNA collected from 

bone marrow and purified platelets. Figure 2A shows iDTR expression in PC3 cells (DTR 

positive) as well as bone marrow from PF4-DTR mice but not in bone marrow from WT 

mice or in Raji cells (DTR negative). Interestingly, no expression of DTR was detected in 

platelets collected from either WT or PF4-DTR mice. To confirm that mRNA could be 

amplified in platelet samples, we used PCR to assess CD41 which was detectible in bone 

marrow and platelets from both WT and PF4-DTR mice.

To investigate whether bone marrow megakaryocytes are being depleted by DT 

administration, and that megakaryocyte depletion is causative of the decrease in platelet 

numbers, bone marrow was isolated from both depleted and control mice and 

megakaryocytes enumerated. Megakaryocyte numbers were decreased by 76% in DT treated 

PF4-DTR mice (0.08%) compared to PBS treated PF4-DTR mice (0.32%) and we believe 

that megakaryocyte depletion is responsible for the reduced platelet numbers in the 
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periphery (Figure 2B, representative images). To investigate if platelet function was affected 

by DT administration, we administered 2 doses of PBS or DT (to ensure some platelets 

remained in the circulation) to WT and PF4-DTR mice and isolated platelets. Washed 

platelets were incubated with either 0 U/ml thrombin or 0.1 U/ml thrombin and surface P-

selectin levels were measured. Platelets from all mice responded normally to thrombin 

treatment (Figure 2C). Platelets from PF4-DTR mice receiving DT showed a statistically 

significant albeit modest increase in baseline P-selectin expression. One possible 

explanation is that the remaining platelets (four days old) are approaching the end of their 

circulating life and may be showing signs of senescence.

DT does not induce changes in blood cell populations in PF4-DTR mice

To investigate whether DT induced changes in other hematopoietic populations, complete 

blood counts were obtained on blood from WT and PF4-DTR mice before (Table 1) and 

after administration of DT or PBS (Table 2). As revealed in Tables 1 and 2, platelets are the 

only parameter significantly changed in PF4-DTR mice treated with DT. These data 

illustrate that DT-mediated platelet depletion in PF4-DTR mice does not affect other blood 

cell subtypes.

Loss of platelets significantly decreases survival in a S. aureus model of sepsis due to 
increased bacterial burden and kidney damage

To evaluate the role of platelets during infection in vivo, we proceeded to determine the role 

of platelets during S. aureus USA300 bacteremia using our newly developed model. The S. 

aureus USA300 strain was chosen for the sepsis model due to its frequency in human sepsis, 

ability to manipulate host hemostatic components by binding various coagulation factors, 

associating with platelets, and inducing thrombocytopenia [38, 39]. Based on data in Figure 

1B, WT or PF4-DTR mice were administered DT every 48h beginning on day −6 (Figure 

3A, arrowheads). On day 0 (Figure 3A, arrow), mice were infected with 108 CFU S. aureus 

USA300 in 100µl PBS retro-orbitally. Administration of DT was continued every 48 hours 

until mice succumbed to the infection or the experiment was terminated on day 14 (Figure 

3A). PF4-DTR mice treated with DT exhibited a marked decrease in survival (p<0.001) 

compared to DT treated WT mice (Figure 3A), suggesting that platelets provide protection 

from S. aureus bacteremia. However, both PF4-DTR and WT mice treated with DT lost 

similar amounts of body weight at a comparable rate (Figure 3B).

To elucidate the mechanisms behind the accelerated expiry of platelet-depleted mice, 

bacterial burdens in blood, heart, liver, spleen and kidney were assessed. Organs were 

harvested 48h after infection, homogenized, and CFUs were enumerated. The total number 

of CFUs recovered from PF4-DTR mice (3.95×108) was 10-fold greater than from WT mice 

(2.26×107) (Figure 3C). The kidney is known to be the major reservoir for S. aureus after 

intravenous infection and we observed that total CFUs recovered from kidney were 

significantly higher in PF4-DTR mice than WT mice (Figure 3D) and represented ~50% of 

the total CFU recovered from PF4-DTR mice. When CFUs were expressed per weight, we 

observed a >100-fold increase in bacterial burden in PF4-DTR mice compared to WT 

(Figure 3E).
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To determine if increased bacterial burden in kidney results in tissue damage, blood 

chemistry was examined for markers of kidney dysfunction 48 hours after S. aureus 

infection. Interestingly, both WT and PF4-DTR mice infected with S. aureus showed a 

significant increase in blood urea nitrogen (BUN) and phosphate (PHS) compared to 

uninfected mice (dashed line) indicative of kidney damage (Figure 3F). However, BUN was 

elevated >3-fold and both PHS and CRN levels in PF4-DTR mice were elevated 2-fold, 

compared to WT mice suggesting more severe kidney damage.

We next performed histological analysis on kidneys from DT-treated WT and PF4-DTR 

mice harvested 48 hours after infection. Consistent with bacterial burden data, substantial 

numbers of bacterial colonies were observed in kidney sections of platelet-depleted PF4-

DTR mice but not in WT mice under high-magnification (black arrows, Figure 3G). Overall, 

these findings reveal that platelet-depleted mice have increased bacterial loads in kidney and 

elevated markers of kidney failure. These results indicate that PF4-DTR mice suffer a 

greater degree of kidney damage than WT mice and suggests that the mechanism behind the 

observed increased mortality may be kidney failure; a main cause of death in sepsis [40, 41].

Platelet-depleted mice display elevated plasma cytokines

To examine the inflammatory response to S. aureus bactermia in the presence and absence 

of platelets, plasma from DT-treated WT and PF4-DTR mice was assessed for a number of 

cytokines associated with the “cytokine storm” [23, 42]. It is well established that IFN-γ, 

TNF-α and IL-10 are indicators of poor prognosis in sepsis patients and mouse models [43–

45]. We observed a striking increase in IFN-γ (>2-fold) and IL-10 (nearly 3-fold) in infected 

PF4-DTR mice compared to WT (Figure 4A). TNF-α was also significantly elevated in 

PF4-DTR mice compared to WT (Figure 4A). Furthermore, no differences were observed in 

IL-6, IL-12, GM-CSF, IL-5, IL-4 or IL-2 (Figure 4). These data suggest that a lack of 

circulating platelets results in an exacerbated septic shock during S. aureus blood infection 

leading to increased mortality.

Discussion

Platelets are classically described as essential components for maintaining vascular 

hemostasis and blood clotting. However, platelets have more recently been shown to exhibit 

immune function in the context of both viral and bacterial infections [11, 13, 19, 46]. 

Platelets can phagocytose and directly kill pathogens as assessed in vitro [14, 19]. However, 

little is known if these properties are important in vivo. Although antibody mediated 

depletion of platelets has been effective in short term studies of platelet contributions to 

regulation of pathogenesis, it has inherent problems when it comes to long term infection or 

chronic disease. For instance, the αIIbβ3 antibody, along with depleting platelets, has been 

reported to induce an anaphylactic response in mice [47]. Another antibody depletion 

method commonly used in vivo targets GP1bα in which significant recovery of platelets is 

observed by day 5 post injection with a dose as high as 4µg/g (80–100µg of antibody in one 

dose based on average weight of a mouse) and reported studies have not exceeded 7 days 

with two injections of antibody [20, 21, 48]. Genetic approaches have also been undertaken 

to chronically deplete platelets, such as the c-Mpl knockout mouse strain. These mice do not 
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express the receptor for thrombopoietin (TPO) and maintain a thrombocytopenic state 

(~90% platelet depletion), but the platelets that remain are functional [49, 50]. Since the 

knockout c-Mpl mouse is not a cell-targeted approach, there are also defects in other 

hematopoietic progenitor cells [50, 51]. Additionally, one study of the c-Mpl knockout mice 

reported increased mean platelet volume (MPV) [49], and another reported increased tail 

bleeding times along with anemia [52] neither of which was observed in the PF4-DTR mice.

In our PF4-DTR transgenic model, platelets are undetectable only after DT administration 

after six days. Because murine platelets circulate for 4–5 days before clearance, this time 

course is consistent with the rate of depletion of platelets in our transgenic mice. To 

determine the mechanism(s) of platelet depletion, we attempted to detect DTR protein on 

platelets and megakaryocytes but were unsuccessful by either flow cytometry or western 

blot using commercially-available antibodies from several sources. This is consistent with 

previous publications using the inducible DTR-mediated cell ablation system which have 

not shown expression of DTR on the target cell population. However, we successfully 

detected simian DTR mRNA in the bone marrow of PF4-DTR mice but not WT mice. 

Interestingly, simian DTR mRNA was not expressed in platelets from either WT or DTR 

mice, suggesting a lack of expression in platelets (Figure 2A). Thus, we believe that DT 

treatment depleted platelets by reducing megakaryocyte numbers (Figure 2B) [32, 33] 

without affecting other hematopoietic populations, illustrating the specificity of this model 

(Tables 1 and 2). Through this method of platelet depletion, we have achieved a >99% 

depletion of platelets (Figure 1C) that does not affect platelet function (Figure 2C) and can 

persist for an extended period of time with repeated doses of DT.

Using this new system, we have shown that platelets contribute to the host response against 

S. aureus USA300 bacteremia. Although both WT and PF4-DTR mice displayed signs of 

disease development (weight loss), PF4-DTR mice succumbed to infection much more 

rapidly than WT mice. It is apparent through blood chemistry analysis that PF4-DTR mice 

suffered from more extensive kidney damage than WT mice and this correlated with 

increased bacterial burden in kidney. Since acute kidney injury/failure contributes to the 

mortality of sepsis and septic shock [53, 54], we found it interesting that PF4-DTR had 

significantly more bacterial colonization compared to WT. It has been published that 

platelets can encapsulate bacteria and facilitates their transport to immune effector cells [11, 

20], and that platelets can internalize and kill bacteria [14]. Although these mechanisms 

would eventually lead to clearance of the bacteria, our data suggest alternative mechanisms 

including sequestering bacteria to the bloodstream not allowing passage into tissue. This 

hypothesis is supported by our data showing significantly lower CFUs in the blood of DT-

treated PF4-DTR mice compared to WT mice (Figure 3C). However, to our knowledge, 

there has been no direct evidence to date on how platelets contribute to bacterial 

dissemination during septic infection.

Another consequence of sepsis is the ensuing “cytokine storm”, which is caused via 

dysregulation of the immune response to pathogens [42]. We observed a significant increase 

in IFN-γ, TNFα, and IL-10; cytokines involved in sepsis lethality both in humans and mice 

[44, 45]. Unexpectedly, other pro-inflammatory cytokines IL-12,GM-CSF, and IL-6 were 

elevated to similar levels in WT and PF4-DTR mice suggesting that only certain cytokine 
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pathways may be regulated by platelets. Consistent with these findings, it has been shown 

that platelets can secrete different cytokines in response to different types of LPS in vitro 

which causes differential activation of peripheral blood mononuclear cells (PBMCs) [13]. In 

gram negative sepsis, platelets are important in regulation of macrophage responses and 

cytokine release [21]. Our data, along with previous reports suggest that platelets modulate 

plasma cytokines during sepsis by at least two mechanisms including direct platelet 

secretion of cytokines and modulation of cytokine production by leukocytes. These results 

indicate that platelets not only control bacterial localization, but that they also contribute to 

regulation of the host immune response to bacterial infection. Moreover, our results 

demonstrate the usefulness of this new research tool that can be applied to study the role of 

platelets in various disease conditions.
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Figure 1. Genotyping and platelet numbers in PF4-DTR mice
A) PCR products of iDTR and Cre alleles in WT and PF4-DTR mice. B) Platelet depletion 

and recovery in WT and PF4-DTR mice over 21 days after PBS or DT injection (N=3/group 

for PBS and N=5/group for DT). C) Representative flow cytometric analysis of blood 

samples obtained after three injections of PBS or DT and stained with anti-CD41 (n=5). D) 
Mouse weight monitored over a period of 25 days after DT administration (N=5, each line 

represents a mouse)
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Figure 2. DTR expression, megakaryocyte enumeration and platelet function in PF4-DTR mice
A) Expression of DTR and CD41 mRNA in control cell lines (PC3=DTR+,Raji=DTR-), 

bone marrow and platelets from PF4-DTR and WT mice. B) Representative images of bone 

marrow cell suspensions from PF4-DTR mice treated with PBS or DT. C) Platelets were 

obtained from facial vein of PF4-DTR or WT mice treated with two doses of PBS or DT. 

Platelets were purified, washed and treated with thrombin (0 or 0.1U/ml) for 15 minutes at 

37°C and levels of CD62P (P-selectin) were measured via flow cytometry. (N=3/group)
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Figure 3. Platelet-depleted mice rapidly die from S. aureus sepsis and display signs of severe 
organ damage
A) WT and PF4-DTR mice were treated with DT every 2 days (arrow heads) beginning on 

day −6 then infected with 1×108 CFUs S. aureus on day 0 (arrow). DT treatment continued 

every 2 days until the experiment was terminated and survival analysis of WT (N=7) and 

PF4-DTR (N=6) was analyzed. B) Change in body weight was assessed as a measure of 

disease development in WT and PF4-DTR mice treated as in A (N=10/group). C–E) WT 

(N=6) and PF4-DTR (N=4) mice received DT every 2 days beginning on day −6 then 
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infected with 1×108 CFUs S. aureus on day 0. Organs (kidney, liver, spleen, heart) and 

blood were collected 48 hours after infection and CFUs were enumerated and expressed as 

total CFUs recovered/animal (C), CFUs recovered per kidney (D) and CFUs per mg of 

kidney tissue (E). All measures are presented as means ± S.E.M. *p<0.05, **p<0.01. F) 
Blood urea nitrogen (BUN), phosphorus (PHS) and creatinine (CRN) levels were measured 

48h post-infection in WT (N=3) and PF4-DTR mice (N=4). Dashed lines represent levels of 

each metabolite in non-infected, DT-treated WT and PF4-DTR mice. All measures are 

presented as means ± S.E.M. *p<0.05**p<0.005. G) Histological analysis of kidney 

sections stained with hematoxylin and eosin and assessed for bacterial colonization (black 

arrows).
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Figure 4. Plasma cytokines in WT mice and PF4-DTR mice 48h post S. aureus infection
WT (N=8) and PF4-DTR (N=5) mice were administered DT every 48 hours for 6 days then 

either mock infected or infected with S. aureus. Forty-eight hours after infection, blood was 

collected and circulating levels of plasma IFN-γ, TNF-α, IL-10, IL-6, IL-12(p70), GM-CSF, 

IL-5, IL-4 and IL-2 were measured using luminex bead multiplex assay or ELISA (IL-6). 

All measures are presented as means ± S.E.M. *p<0.05, **<0.005
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Table 1

Complete blood analysis in WT and PF4-DTR mice before DT administeration

0 Injections

Parameter WT (N=15) PF4-DTR (N=15)

RBC (×1012/L) 8.3 + 0.15 8.0 + 0.09

WBC (×109/L) 9.8 + 0.74 10.5 + 1.1

LYM (×109/L) 9.0 + 0.70 9.6 + 1.0

MON (×109/L) 0.27 + 0.13 0.21 + 0.10

NEU (×109/L) 0.56 + 0.07 0.78 + 0.14

PLT (×109/L) 562 + 35 620 + 38

PCT (%) 0.36 + 0.03 0.42 + 0.02

MPV (fL) 6.5 + 0.07 6.7 + 0.15

PDWc (%) 29.6 + 0.37 30.7 + 0.47

HGB (g/dL) 13.6 + 0.26 13.0 + 0.26

HCT (%) 35.7 + 0.51 34.7 + 0.60

MCV (fL) 43.2 + 0.26 43.6 + 0.51

MCH (pg) 16.3 + 0.08 16.3 + 0.24

MCHC (g/dL) 37.9 + 0.26 37.4 + 0.33

RDWc (%) 18.9 + 0.29 19.6 + 0.5

WBC-white blood cells, LYM-lymphocytes, MON-monocytes, NEU-neutrophils, RBC-red blood cell, HGB-hemoglobin, HCT-hematocrit, MCV-
mean corpuscular volume, MCH-mean corpuscular hemoglobulin, MCHC-mean corpuscular hemoglobulin concentration, RDWc-red blood cell 
distribution width, PLT-platelet, PCT-platelet crit, MPV-mean platelet volume, PDWc-platelet distribution width.
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Table 2

Complete blood analysis in WT and PF4-DTR mice after 10 PBS or DT injections

10 Injections

Parameter WT + PBS
(N=5)

WT + DT
(N=5)

PF4-DTR + PBS
(N=4)

PF4-DTR + DT
(N=6)

RBC (×1012/L) 9.2 + 0.2 9.1 + 0.2 8.6 + 0.3 8.7 + 0.3

WBC (×109/L) 12.5 + 0.8 10.9 + 0.7 12.5 + 1.5 12.4 + 1.8

LYM (×109/L) 10.7 + 0.9 9.7 + 0.5 11.3 + 1.6 10.6 + 1.5

MON (×109/L) 0.22 + 0.1 0.18 + 0.02 0.65 + 0.3 0.22 + 0.1

NEU (×109/L) 1.2 + 0.2 1.0 + 0.2 1.4 + 0.2 1.6 + 0.3

PLT (×109/L) 605 + 27 655 + 12 620 + 32 45 + 14§

PCT (%) 0.4 + 0.03 0.42 + 0.01 0.41 + 0.03 0.03 + 0.01§

MPV (fL) 6.6 + 0.2 6.5 + 0.04 6.6 + 0.07 6.5 + 0.1

PDWc (%) 30.7 + 0.6 29.5 + 0.2 30.6 + 0.4 30.8 + 0.4

HGB (g/dL) 14.2 + 0.1 14.4 + 0.1 13.3 + 0.4 13.6 + 0.7

HCT (%) 39.4 + 0.5 39.1 + 0.5 37.5 + 1.2 38.3 + 1.5

MCV (fL) 42.6 + 0.3 43 + 0.5 43.6 + 0.8 43.8 + 0.7

MCH (pg) 15.4 + 0.2 15.9 + 0.2 15.4 + 0.2 15.6 + 0.3

MCHC (g/dL) 36.6 + 0.6 36.8 + 0.2 35.4 + 0.3 35.5 + 0.5

RDWc (%) 20.4 + 0.4 18.9 + 0.2 19.4 + 0.2 19.9 + 0.6

§
p<0.005 vs. WT PBS, WT DT and PF4-DTR PBS
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