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Figure S4: Klebsiella growth in anticoagulated blood is restricted compared to growth in medium.                   
Medium, citrated blood or recalcified  hirudin anticoagulated blood  was incubated with viable K. pneumoniae (104  

CFU). Bacterial counts were quantified after 0 and 2 hour incubation at 37oC. N= 6 duplicates per condition. Data are 
expressed as box-and whisker plots depicting the smallest observation, lower quartile, median, upper quartile, and 
largest observation 

 

 

 

 

 
 
Figure S5: Dabigatran exilate does not directly influence Klebsiella growth in the absence of human whole blood 
Medium with or without Dabigatran (o,5ug/mL and 50ug/mL) was incubated with viable K. pneumoniae (104  CFU). 
Bacterial counts were quantified after 0 and 2 hour incubation at 37oC. N= 6 duplicates per condition. Data are 
expressed as box-and whisker plots depicting the smallest observation, lower quartile, median, upper quartile, and 
largest observation.  
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Figure S6: PAR1 expression on human platelets and neutrophils 
Platelets(A) and neutrophils(B) in human whole blood were assessed for expression of PAR1. FL2-H signal shows PAR1 
expression on cells. Data shows representative dot plot. Experiment was performed in 2 independent donors. 
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Although platelets have historically been viewed as hemostatic cells, research in the past decade 

has identified multiple other systems in which platelets play a role.  

In this thesis we have investigated the role of platelets in host defense during (pneumonia and) 

sepsis. We have done so in murine models of pneumonia derived sepsis, using both gram-positive 

and gram-negative bacteria. Moreover, we have tried to translate these findings to the human 

situation, by experiments with human cells and an observational cohort study in sepsis patients. 

In our murine model of pneumonia derived sepsis mice are infected intranasally with a low dose of 

highly virulent bacteria. These bacteria gradually multiply and disseminate throughout the body. 

This model mimics the human setting and is therefore more clinically relevant than several other 

animal sepsis models, such as endotoxemia. We used various types of bacteria to investigate the 

effect of platelets on host defense. Streptoccocus (S.) pneumoniae and Klebsiella (K.) pneumoniae 

are important causative agents of respectively community-acquired and hospital-acquired 

pneumonia in the Western world1-3. Burkholderia (B.) pseudomallei is an important cause of sepsis 

in Southeast Asia4.  In most chapters, findings in mice were translated to the human setting by 

experiments with human blood cells. Herein, inhibition or stimulation of platelets, platelet 

receptors or the coagulation cascade was used to assess interactions between platelets, bacteria 

and immune cells.  

 

Platelets modulate host defense and inflammation during sepsis 

To investigate the effect of platelets on the immune system in human sepsis patients, we studied 

the association of platelet counts with outcome and immune responses in critically ill sepsis 

patients in Chapter 2. In a prospective cohort study of 931 sepsis patients, platelet counts, 

immune response biomarkers and clinical characteristics were collected. Previous studies had 

shown an independent correlation between platelet counts and mortality in ICU patients and 

sepsis patients5,6. We confirmed this independent association, as patients with <100*109/L 

platelets had increased mortality after correction for multiple confounders. We furthermore 

confirmed5,6 that sepsis patients with low platelet counts have a higher disease severity, e.g. as 

reflected by higher APACHE IV and SOFA scores, as compared to patients with normal platelet 

counts. 
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 To be able to investigate immune responses without confounding effects (e.g. disease severity), 

we applied propensity score matching. Using this method, we were able to generate four groups 

with different platelet counts, and similar baseline clinical characteristics and disease severities. In 

this matched cohort, we observed increased cytokine levels, decreased vascular integrity and 

decreased leukocyte diapedesis signalling in thrombocytopenic patients (platelet counts 

<50*109/L) compared to sepsis patients with normal platelet counts. These data suggest that 

platelets directly influence the dysregulated host response seen in sepsis patients. 

Also in Chapter 3 we investigated the association between platelet counts and outcome, now in 

patients with melioidosis (sepsis caused by the gram-negative bacterium B. pseudomallei). In line 

with findings in chapter 2 and a previous report7, we observed that thrombocytopenia 

independently associated with mortality in human melioidosis patients. As human studies are 

limited in their capacity to show causality, we also studied mice infected with B. pseudomallei. 

Infected mice developed thrombocytopenia and depletion of platelets was associated with a 

higher mortality. Moreover, platelet depletion impaired antimicrobial defense against B. 

pseudomallei, with higher bacterial loads in mice depleted of platelets to various extents. These 

results indicate that platelets are necessary for adequate host defense during B. pseudomallei 

pneumosepsis. 

In contrast to their effects on host defense against bacteria, platelets reduced cytokine production 

during sepsis, as platelet depletion increased cytokine levels (independent of bacterial loads). 

These findings are in line with other murine sepsis studies8-10 and our findings in human sepsis 

patients (Chapter 2). Also in Chapter 4, platelet glycoprotein (GP)VI activation decreased 

(Klebsiella induced) cytokine production. It appears that platelets on the one hand contribute to 

host defense against bacteria, but on the other hand downregulate cytokine responses during 

sepsis. In any case, as decreased cytokine levels do not improve bacterial clearance, cytokine 

production is not the mechanism by which platelets aid host defense during sepsis. 

To study how platelets influence host defense and inflammatory responses during sepsis, we 

studied several platelet receptors and granules.   
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In contrast to their effects on host defense against bacteria, platelets reduced cytokine production 
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production is not the mechanism by which platelets aid host defense during sepsis. 
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Platelets receptors are involved in host defense and inflammation during sepsis 

In Chapters 4-8 we investigated the role of platelet receptors GPVI, C-type lectin-like receptor 

(CLEC-2) and Toll-like receptors (TLR) during murine pneumosepsis. 

In Chapter 4, we show that GPVI supports host defense during Klebsiella pneumosepsis. The 

platelet receptor GPVI, which can bind to collagen11, fibrin12 and histones13, aided in bacterial 

growth inhibition locally in the lung. In mice lacking the GPVI receptor, less platelet-leukocyte 

complex formation was observed, which possibly contributes to the role of GPVI in antimicrobial 

defense. Moreover using human cells, we found that GPVI stimulation in whole blood increased 

Klebsiella phagocytosis by leukocytes. In contrast, GPVI activation decreased cytokine production, 

indicating that platelet GPVI both aids host defense and downregulates cytokine levels. It however 

appears that the effect of platelet GPVI on inflammatory responses is influenced by setting and 

stimulus, as during non-infectious skin inflammation, GPVI increased cytokine release14,15. Unlike 

GPVI, platelet receptor CLEC-2 did not influence bacterial loads, platelet-leukocyte complexes or 

cytokine levels during Klebsiella pneumonia, arguing against a role in immunity during infection.  

In contrast, during acute respiratory syndrome (ARDS) CLEC-2 does play a role in that it reduced 

pro-inflammatory chemokines in the bronchoalveolar space16, again hinting at distinct functions of 

platelet receptors in different conditions.  

Platelet GPVI and CLEC2 both use Bruton’s Tyrosine Kinase (Btk) as a downstream signalling 

protein11. We therefore studied mice lacking BTK in their platelets during Klebsiella pneumosepsis 

(Chapter 5). These mice showed no difference in host defense or inflammation compared to 

control mice. This indicates that the protective effect of GPVI is independent of Btk. This could 

mean multiple things; either the multiple receptors that signal via Btk (CLEC2, GPVI, Toll-like 

receptors (TLRs), GPIb) have opposite effects, or TEC, another downstream signalling protein, 

substitutes BTK function. The latter has been shown for GPVI activation17. Alternatively, GPVI 

mediated binding and not signalling mediates the protective effect of platelet GPVI during sepsis. 

In line with this, a recent study showed that CLEC-2 influences hemostasis independent of 

downstream signalling18. Notably, previous murine studies investigating inflammation induced 

bleeding, also showed that Btk inhibition is not similar to GPVI defiency19.  
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In Chapters 6, 7 and 8 we assessed the role of platelet TLRs in immune responses in humans and 

mice.  As TLRs are immune receptors, the presence of TLRs on platelets alone already suggests 

that platelets are immune cells. Other groups have found contradicting results on classical platelet 

activation after platelet TLR stimulation (such as P-selectin expression)20-23, but did find a role for 

platelet TLRs in platelet-leukocyte interactions and host defense24,25. We also assessed platelet 

activation by TLR ligands (including bacteria) but found no evidence for classical platelet activation 

(Chapters 7 and 8). Platelet metabolism was however increased after TLR4 stimulation, indicating 

that platelet TLR4 stimulation does influence platelets (Chapter 8). Moreover, in line with previous 

studies25,26, we observed altered cytokine responses due to platelet TLR signalling. This however 

did not impair host defense during gram-positive or gram-negative pneumonia and sepsis 

(Chapters 6 and 7). Previous reports had also suggested that platelet activation and sepsis could 

directly influence platelet TLR expression20,27,28. To assess this, we compared platelet TLR 

expression after platelet stimulation and between healthy volunteers and sepsis patients. In line 

with previous studies27,28, we found that  platelet activation modulates TLR expression, with 

increased TLR5 and TLR9. However, sepsis patients had unaltered TLR expression compared to 

healthy volunteers (Chapter 8). Together, Chapters 6-8 indicate that platelet TLR signalling may 

influence inflammation, but does not play a major role during murine pneumonia and sepsis. 

 

Role of platelets granule components during sepsis 

Platelets have multiple types of granules, which they release upon activation. Granule 

components can stimulate other platelets, but also endothelial cells, leukocytes and blood 

coagulation29. To investigate the contribution of platelet granules to host defense, we investigated 

mice lacking alpha granules (Chapter 9) or dense granules (Chapter 10) during pneumosepsis. In 

Chapter 9 we studied Nbeal2-/- mice, which lack alpha granules and represent a model of human 

gray platelet syndrome (GPS). We found that Nbeal2 deficiency also results in reduced leukocyte 

granules and increased neutrophil granule degranulation. These findings coincide with two case 

reports of human GPS, which also reported leukocyte abnormalities30,31. To be able to study the 

role of platelet alpha granules in the absence of these leukocyte changes, we transfused Nbeal2-/- 

and control platelets in platelet depleted mice and assessed outcome during gram-negative 

pneumosepsis. Alpha granule deficient mice showed a similar phenotype during Klebsiella 
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pneumosepsis as control mice, indicating that platelet alpha granules are not important for host 

defense. In Chapter 10 we investigated mice lacking dense granules (HSP3coa mice), which 

represent a model of the human Hermansky Pudlak syndrome. Similar to our findings in alpha 

granule deficient mice, HSP3coa mice had unimpaired host defense during gram-negative 

pneumosepsis compared to control mice. Dense granules did influence sepsis induced 

thrombocytopenia. We also investigated the role of dense granules in a setting of low platelet 

counts (depleting platelet to 10%), as this would result in increased importance of platelet 

function of the remaining platelets. In the setting of reduced platelet counts, we found that dense 

granules also mediate sepsis induced thrombocytopenia and could thereby impair host defense. 

These data indicate that alpha and dense granules do not directly mediate an effect on host 

defense and that dense granules play a role in sepsis induced thrombocytopenia. 

 

Platelets prevent bleeding during infection 

Previous reports have shown that platelets prevent bleeding via different pathways depending on 

whether vessels are damaged by vessel injury or by inflammation32. Traumatic vessel injury results 

in platelet binding of GPIba-IX-V to Von Willebrand Factor, resulting in platelet adhesion, release 

of Adenine di-Phosphate,Thromboxane A2 and granules, and activation of other platelets29. This 

positive feedback loop results in platelet aggregation and a platelet plug29 (classical platelet 

hemostasis). During sterile inflammation, platelets also prevent bleeding, and mice with low 

platelet counts bleed at the site of inflammation.14,33,34 In contrast, mice with low platelet counts 

without an inflammatory stimulus, do not show any hemorrhage.10,34 In contrast to classical 

platelet hemostasis, aggregation is not important for prevention of bleeding during sterile 

inflammation, but GPVI and CLEC-2 signalling are14,33. Neutrophil mediated damage to the vessels 

results in exposure of GPVI ligands, and prevention of bleeding is only possible if platelets and 

platelet GPVI are present14. In sepsis – which is associated with infection-induced inflammation - 

we also observed bleeding at the site of infection in thrombocytopenic mice, but not at distant 

body sites or in uninfected mice (Chapter 3 and 4). During Klebsiella sepsis, GPVI (but not CLEC2) 

deficiency only led to a minor trend of bleeding, indicating that other receptors prevent the 

bleeding seen in thrombocytopenic mice (Chapter 4). Signalling protein Btk (downstream of GPVI) 

was not involved in protection against bleeding during Klebsiella pneumosepsis, but was involved 
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during gram positive pneumosepsis by S. pneumoniae.  We also excluded several other receptors 

(including platelet P-selectin and TLRs (Chapter 7)) and platelet dense granules (Chapter 10) as 

mediators of the vasculoprotective effect of platelets. Platelet alpha granules do influence 

protection against bleeding during gram negative sepsis (Chapter 9), but only in settings of 

reduced platelet counts. More research is needed to establish how platelets prevent bleeding 

during sepsis; possibly also platelet GPIb or protease-activated receptors play a role. Nonetheless, 

it is clear that vascular integrity is differentially regulated during traumatic injury, sterile 

inflammation and infection. In line with this, while neutrophils importantly contribute to 

hemorrhage during sterile inflammation14, neutrophil depletion did not reduce bleeding in 

infected thrombocytopenic mice (Chapter 4).   

 

Interaction of platelets with other components of immunity  

Platelets are at close interplay with other cells, including neutrophils, and can influence their 

activation state24. Moreover platelets can activate the coagulation system, which also contributes 

to immunity35. In Chapter 11 we assess the role of peptidylarginine deiminase-4 (PAD4) in the 

formation of neutrophil extracellular traps (NETs) in sepsis. Activated neutrophils release NETs - 

which are composed of DNA strands, histones and neutrophil granules36. NETs are at close 

interplay with platelets; lipopolysaccharide-activated platelets can induce NETs24, and in turn NETs 

can induce platelet activation36-38. PAD4 is reported to be crucial for NET formation, as it regulates 

citrullination of histones39. Once citrullinated, histones allow the unwinding of DNA, which can 

then be released outside the cell39. Although previous reports had assessed the role of PAD4 in 

sepsis40, the importance of PAD4 mediated NETosis in pneumonia was not known. Moreover, the 

importance of PAD4 in NETosis had started to be questioned41,42. We found that although PAD4 

activation (measured by citrullination of histone 3) co-localized with NETs during murine 

pneumosepsis, in PAD4-/-  mice NET formation was still possible. Also, PAD4 deficiency did not 

impair host defense during gram-negative pneumonia. During  abdominal sepsis caused by cecal 

ligation and puncture model40 PAD4 deficiency also did not influence outcome. However, after 

injection of high doses of bacteria or lipopolysaccharide PAD4 was important for outcome40,43. It 

seems that the importance of PAD4 (mediated NET formation) may be dependent on specific 

stimuli or settings.  
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In Chapter 12 we investigated the role of the crucial coagulation protein thrombin in host defense 

during pneumosepsis. Thrombin formation is indispensable for coagulation, mediating the 

conversion of fibrinogen to fibrin44, positively reinforcing the coagulation cascade and potently 

activating platelets45,46. Using the direct thrombin inhibitor dabigatran47, we showed that 

thrombin aids in protective immunity. The effects were most pronounced when bacteria started 

disseminating, indicating that thrombin can limit bacterial spread from the lung to the blood, a 

concept referred to as immunthrombosis35. Further in vivo and in vitro experiments identified that 

thrombin mediated this protective effect via fibrin formation and enhanced platelet-neutrophil 

interactions, which both have been described to be crucial for immunothrombosis35.  

 

General discussion and future perspectives 

Platelets influence immunity by a multitude of interactions and the course of sepsis in multiple 

ways. They can aid bacterial clearance by stimulating leukocyte functions24 and prevent bleeding10 

during sepsis. Platelets are also able to reduce cytokine responses9,10, which can be beneficial 

when a dysregulated (and disproportional) immune response is ongoing9, but theoretically can 

also impair host defense (although the latter has not been shown).  Moreover, platelets and 

platelet-leukocyte interactions contribute to microvascular thrombosis and organ damage43,48,49, 

which can influence sepsis mortality. Other studies however showed that platelets can also reduce 

lung damage50. This complicates the ability to directly use platelet related interventions during 

sepsis. Moreover, sepsis patients are heterogeneous and not all patients develop 

thrombocytopenia. In line with this, studies that retrospectively assessed the effect of platelet-

inhibiting drugs have found conflicting results, reporting either protective or no effects49. 

However, a recent meta-analysis of multiple studies did show that aspirin use was associated with 

increased survival during sepsis51. Exciting times are ahead, as these observations are being tested 

in multiple randomized clinical trials that are currently ongoing. These trials investigate the effect 

of aspirin treatment on sepsis outcome or organ failure49. Ideally, further research would identify 

how best to intervene in the negative effects of platelets on organ failure, without affecting their 

(positive) regulation of hemostasis and cytokines responses.  
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Conclusion 

Using both murine and human studies we have shown that platelets can modulate immune 

responses during pneumonia and sepsis. The effects of platelets on immunity are versatile, as they 

can both potentiate host defense against bacteria and leukocyte functions, and at the same time 

decrease inflammatory cytokine production and prevent infection induced bleeding. From our 

results it has become clear that platelets are not solely hemostatic cells.   
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