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The significance of developing host-modulating personalized therapies to counteract the growing 

threat of antimicrobial resistance is well-recognized because such resistance cannot be overcome 

using microbe-centered strategies alone. Immune host defenses must be finely controlled during 

infection to balance pathogen clearance with unwanted inflammation-induced tissue damage. 

Thus, an ideal antimicrobial treatment would enhance bactericidal activity while preventing 

neutrophilic inflammation, which can induce tissue damage. We report that disrupting the inositol 

hexakisphosphate kinase 1 (Ip6k1) gene or pharmacologically inhibiting IP6K1 activity using the 

specific inhibitor TNP [N2-(m-(trifluoromethyl)benzyl) N6-(p-nitrobenzyl)purine] efficiently and 

effectively enhanced host bacterial killing but reduced pulmonary neutrophil accumulation, 

minimizing the lung damage caused by both Gram-positive and Gram-negative bacterial 

pneumonia. IP6K1-mediated inorganic polyphosphate (polyP) production by platelets was 

essential for infection-induced neutrophil-platelet aggregate (NPA) formation and facilitated 

neutrophil accumulation in alveolar spaces during bacterial pneumonia. IP6K1 inhibition reduced 

serum polyP levels, which regulated NPAs by triggering the bradykinin pathway and bradykinin-

mediated neutrophil activation. Thus, we identified a mechanism that enhances host defenses 

while simultaneously suppressing neutrophil-mediated pulmonary damage in bacterial pneumonia. 

IP6K1 is, therefore, a legitimate therapeutic target for such disease.

INTRODUCTION

We recently investigated the role of higher inositol pyrophosphates, which are ubiquitous 

and have diverse cellular functions, in neutrophils (1). We revealed that diphosphoinositol 

pentakisphosphate (IP7) inhibits PtdIns(3,4,5)P3-mediated plasma membrane translocation 

of pleckstrin homology domain–containing proteins. Through this mechanism, IP7 acts as a 

key modulator of PtdIns(3,4,5)P3-mediated neutrophil functions such as phagocytosis, 

reduced form of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase–mediated 

reactive oxygen species (ROS) production, and bacterial killing. Inositol hexakisphosphate 

kinase 1 (IP6K1) appears to be the main enzyme responsible for IP7 production in 

neutrophils; as a result, IP6K1-deficient neutrophils exhibit increased PtdIns(3,4,5)P3 

signaling, enhanced phagocytic and bactericidal capacity, and elevated NADPH oxidase–

mediated superoxide production.

Here, we further investigated IP6K1’s role in neutrophil function in bacterial pneumonia 

models. We found that IP6K1 expression in platelets was required for lipopolysaccharide 

(LPS)–induced formation of the neutrophil-platelet aggregates (NPAs) and essential for 

neutrophil accumulation in the alveolar spaces during bacterial pneumonia (2–6). IP6K1 

function in NPA formation was mainly mediated by inorganic polyphosphate (polyP), which 

regulated NPA by triggering the bradykinin pathway and bradykinin-mediated neutrophil 

activation.
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RESULTS

IP6K1 disruption leads to enhanced bacterial killing, reduced neutrophil accumulation, and 
alleviates lung damage in bacterial pneumonia

Disruption of IP6K1 in neutrophils up-regulates PtdIns(3,4,5)P3 signaling in a mouse 

bacteria-induced peritonitis model, enhancing bacterial killing by the host (1). Similarly, 

bacterial clearance was also enhanced in IP6K1-deficient mice in a bacteria-induced 

pneumonia model (Fig. 1). Bacterial pneumonia was induced by intratracheal instillation of 

Escherichia coli, a common Gram-negative pathogen. The lung bacterial burden, as 

measured by colony-forming units (CFU), was reduced by up to 1 log10 CFU per lung 

compared to wild-type (WT) mice at each time point examined (Fig. 1A). We assessed the 

number of alveolar macrophages in unchallenged mice and the amount of surfactant protein 

A, surfactant protein B, cathelin-related antimicrobial peptide, and β-defensin 2 in the lungs 

after the infection (fig. S1, A and B). No significant differences were detected between WT 

and IP6K1-deficient mice, consistent with the notion that the elevated bacterial killing 

observed in IP6K1-deficient mice may be mainly mediated by neutrophils.

Although IP6K1 did not regulate neutrophil recruitment in the peritonitis model (1), IP6K1 

deficiency led to a reduction in pulmonary neutrophil accumulation in the pneumonia model 

(Fig. 1B). During bacterial pneumonia, the number of neutrophils in the bronchoalveolar 

lavage fluid (BALF) increased gradually, reaching more than 6 × 106 cells per lung 24 hours 

after bacterial instillation. Bacteria-induced neutrophil accumulation was substantially lower 

in IP6K1-deficient mice, with only 4 × 106 neutrophils recruited to each inflamed lung 24 

hours after bacterial instillation (Fig. 1B). The number of emigrated neutrophils in alveolar 

spaces was also assessed by morphometry of lung tissue sections (7): Very few neutrophils 

were present in the alveolar air spaces of mice challenged with phosphate-buffered saline 

(PBS), but bacterial infection induced substantial neutrophil accumulation in alveolar air 

spaces (Fig. 1, C and D), with IP6K1 disruption decreasing the number of neutrophils in the 

alveolar air spaces in bacteria-challenged mice (Fig. 1, C and D). Similar to the peritonitis 

model (1), IP6K1 disruption did not alter the rate of apoptosis of recruited neutrophils (fig. 

S1, C and D), suggesting that apoptosis was not responsible for reduced neutrophil 

accumulation. In addition, the levels of proinflammatory cytokines/chemokines, including 

interleukin-1 (IL-1), IL-6, tumor necrosis factor–α, keratinocyte-derived chemokine, and 

macrophage inflammatory protein 2 (MIP2), in the BALF were the same between IP6K1-

deficient and WT mice in bacterial pneumonia (fig. S2).

We next investigated whether enhanced bacterial killing and reduced neutrophil 

accumulation in IP6K1-deficient mice alleviated lung damage. Pulmonary edema is a well-

characterized sign of lung inflammation and can be directly detected and measured in lung 

sections by microscopy and quantified by morphometry. Disrupting IP6K1 improved the 

histologic integrity of the lungs and reduced lung edema formation (Fig. 1E). Consistent 

with reduced edema formation, total protein levels in the BALF of IP6K1-deficient mice 

were much lower than in WT mice at each time point examined (Fig. 1F). In addition, the 

lung wet-to-dry ratio, which also measures the change in the capillary permeability, was 

reduced in infected IP6K1-deficient mice compared to WT mice (Fig. 1G). IP6K1 
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deficiency also increased the survival rate of bacteria-challenged mice in a more severe 

pneumonia model induced by a higher dose of live E. coli (Fig. 1H). Together, these results 

suggest that disrupting IP6K1 protects mice from bacterial infection–induced lung damage.

Neutrophils are key players in host defense and inflammation-elicited lung injury. 

Consistently, neutrophil depletion impaired host defense against E. coli infection (Fig. 1, I to 

K, and fig. S3, A to E); bacteria kept proliferating in neutropenic mice (Fig. 1J). Although 

peripheral blood neutrophil count was reduced to a similar level in neutrophil-depleted WT 

and IP6K1-deficient mice (fig. S3C), a reduction of neutrophil accumulation in the inflamed 

lungs was still detected in the IP6K1-deficient mice (Fig. 1I). Nevertheless, the difference in 

bacteria clearance (Fig. 1J), E. coli–elicited lung damage (Fig. 1, K and L, and fig. S3D), 

and the related death (fig. S3E) could not be detected between neutrophil-depleted WT and 

IP6K1KO mice anymore, suggesting that the lung damage in neutropenic mice was mainly 

mediated by a neutrophil-independent mechanism.

Numerous studies showed that platelets have the capacity to promote neutrophil 

accumulation (8–11). As previously reported (2–6), platelet depletion substantially reduced 

E. coli–induced neutrophil presence in the inflamed lungs (Fig. 1I). The reduced number of 

neutrophils observed in IP6K1-deficient mice was diminished in platelet-depleted mice, 

indicating that platelets contributed to IP6K1 function in E. coli–elicited pulmonary 

inflammation (Fig. 1I). Noticeably, although a similar number of neutrophils were recruited 

to the lungs of platelet-depleted IP6K1 knockout (KO) mice as platelet-depleted WT mice, 

the bacterial killing capability was elevated in these mice compared to platelet-depleted WT 

mice (Fig. 1J). This is in agreement with our previous observation that IP6K1-deficient 

neutrophils exhibit increased PtdIns(3,4,5)P3 signaling, enhanced phagocytic and 

bactericidal capacity, and elevated NADPH oxidase–mediated superoxide production (1). 

Consistently, E. coli–elicited lung damage (Fig. 1, K to L, and fig. S3D) and the related 

death (fig. S3E) were also reduced in platelet-depleted IP6K1-deficient mice. Together, our 

results demonstrate that both neutrophils and platelets contributed to IP6K1 function in E. 
coli–elicited bacterial pneumonia.

IP6K1 disruption alleviates lung damage in pneumonia induced by Gram-positive bacteria 
Staphylococcus aureus

NPA formation facilitates neutrophil accumulation in alveolar spaces in various types of 

acute lung inflammation, not just in E. coli–induced lung inflammation (2–5). Thus, we next 

explored whether IP6K1 disruption can also alleviate lung damage in pneumonia induced by 

Gram-positive bacteria. Pneumonia was induced by intratracheal instillation of S. aureus, a 

commonly used and clinically relevant Gram-positive coccal bacterium. Similar to what was 

observed in E. coli–induced pneumonia, the clearance of S. aureus was also enhanced in 

IP6K1-deficient mice (fig. S4). The lung bacterial burden was substantially reduced 

compared to WT mice 24 hours after bacterial instillation (fig. S4A). IP6K1 deficiency also 

led to a reduction in pulmonary neutrophil accumulation in the inflamed lungs (fig. S4B). 

Consistently, pneumonia-induced vascular leakage and lung damage, measured as total 

protein levels in the BALF and lung wet-to-dry ratio, in IP6K1-deficient mice was much less 

severe than in WT mice (fig. S4, C and D). In addition, the pneumonia-related mortality was 
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reduced in the IP6K1-deficient mice (fig. S4E). Together, these results reveal that disrupting 

IP6K1 protects hosts from infection-induced lung damage in both Gram-negative and Gram-

positive bacterial pneumonia.

IP6K1 disruption reduces neutrophil accumulation and alleviates lung damage in LPS-
induced lung inflammation

To directly assess whether IP6K1 disruption can reduce neutrophil accumulation 

independent of bacterial clearance, we examined neutrophils in an LPS-induced acute lung 

injury (ALI) model. IP6K1 disruption similarly diminished LPS-induced neutrophil 

accumulation in the inflamed lung as assessed by both quantification of BALF neutrophil 

numbers (Fig. 2, A and B). As expected, reduced neutrophil accumulation in the lungs 

substantially alleviated inflammation-induced lung damage. The total BALF protein level 

(Fig. 2C) and edema formation (Fig. 2, D and F) decreased in the lungs of IP6K1-deficient 

mice compared to WT mice. Finally, we directly assessed vascular permeability by using 

Evans blue, an albumin-binding dye (Fig. 2G), and by measuring lung wet-to-dry ratio (Fig. 

2H). Infection-induced increases in pulmonary vascular permeability were partially 

suppressed in IP6K1-deficient mice. Consistently, ALI-related mortality was reduced in 

these mice (Fig. 2I). Thus, disrupting IP6K1 reduced neutrophil accumulation and alleviated 

lung injury independent of increased bactericidal effects.

We next explored whether the reduced neutrophil accumulation in IP6K1-deficient mice is 

due to IP6K1 disruption in neutrophils. In IP6K1-deficient mice, IP6K1 expression is 

ablated in all cell types including endothelial cells, lymphocytes, platelets, and macrophages. 

Therefore, IP6K1 disruption may alter the overall inflammatory environment in the lungs to 

affect neutrophil function and accumulation indirectly. To circumvent this problem, we used 

an adoptive transfer assay to directly explore neutrophil trafficking (Fig. 2J). Purified Ip6k1-

null neutrophils were labeled with green fluorescent dye 5-(and 6-) carboxyfluorescein 

diacetate succinimidyl esters (CFSEs), and WT neutrophils were labeled with a red 

fluorescent dye 5- (and 6-) chloromethyl SNARF-1 acetate or vice versa.

To increase the relative frequency of adoptively transferred neutrophils and improve 

detection sensitivity, we reduced numbers of endogenous neutrophils by treating recipients 

with cyclophosphamide, a chemotherapeutic drug, or a Ly6G antibody before challenging 

recipients with LPS (12). In this setup, the WT and KO neutrophils were isolated and 

prepared using an identical procedure before being mixed and studied in parallel such that 

accumulation of WT and KO neutrophils would occur under exactly the same conditions. 

The relative accumulation of neutrophils was calculated as the ratio of CFSE+ to Snarf-1+ 

cells in the BALF normalized to the ratio of these two populations in the peripheral blood. 

IP6K1 disruption did not alter neutrophil half-life in the peripheral blood, as shown by the 

CFSE+–to–Snarf-1+ cell ratio being similar to the input control (1:1). This ratio was also 

unaltered in the BALF, indicating that these two populations were similarly recruited to the 

lungs (Fig. 2, K and L). Adoptively transferred neutrophil presence in the inflamed lungs 

after LPS installation was also independent of the neutrophil staining method (Fig. 2L). 

Therefore, the reduced neutrophil accumulation observed in the IP6K1-deficient mice was 

not simply due to an intrinsic migration defect elicited by IP6K1 disruption in neutrophils. 
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The experiments were conducted in both WT and IP6K1 KO recipient mice, and we 

observed essentially the same results (Fig. 2L).

IP6K1 in platelets is essential for efficient neutrophil-platelet aggregation

A recent study showed that IP6K1 critically regulates mammalian hemostasis by controlling 

inorganic polyP production in platelets: IP6K1-deficient platelets produced less polyP, 

slowing platelet aggregation and impairing platelet-mediated plasma clotting (13). Because 

reduced neutrophil accumulation in IP6K1-deficient mice was not caused by IP6K1 

disruption in neutrophils, we hypothesized that IP6K1 regulates neutrophil presence in the 

inflamed lungs indirectly by controlling platelet function.

During lung inflammation, both neutrophils and platelets are sequestered in the pulmonary 

vasculature. Disruption of IP6K1 reduced not only neutrophil but also platelet accumulation 

in the lungs in LPS-induced lung inflammation (Fig. 3, A and B). The reduced number of 

CD41+ platelets was not caused by a decrease in surface expression of CD41 because Ip6k1-

null platelets expressed the same amount of the platelet markers CD41 and CD61 (fig. S5, A 

and B). We next quantified NPAs in lung sections stained with Gr1 and CD41 antibodies. 

LPS-induced NPA formation was substantially lower in IP6K1-deficient mice compared to 

WT mice (Fig. 3, C and D). We also quantified NPAs in the peripheral blood in live animals. 

The percentage of NPA in the blood of LPS-challenged mice increased compared to that in 

untreated mice, but such increase was attenuated in the IP6K1-deficient mice (Fig. 3E).

To directly assess the role of IP6K1 in NPA formation, we used an ex vivo system in which 

purified neutrophils and purified platelets underwent heterotypic aggregation in the presence 

of serum components before detection by fluorescence-activated cell sorting (Fig. 3F and 

fig. S6). Consistent with the in vivo data, LPS treatment increased NPA formation by nearly 

100% (Fig. 3G). However, LPS-induced NPA formation did not occur between IP6K1-

deficient neutrophils and IP6K1-deficient platelets, regardless of the LPS used (LPS from E. 
coli O111:B4 or LPS from E. coli O157:H7; fig. S7).

LPS-induced NPAs were completely abolished when WT neutrophils and Ip6k1-null 

platelets were incubated together but could still be formed when Ip6k1-null neutrophils and 

WT platelets were used (Fig. 3H). LPS-elicited NPA formation appeared to be specific; 

MIP2, a common proinflammatory cytokine, failed to induce the same NPA formation (Fig. 

3I). We next assessed the number of platelets in each LPS-induced NPA by immunostaining 

and found that the number of platelets was reduced when platelet IP6K1 was disrupted (Fig. 

3, I and J). Collectively, these findings demonstrate that platelet IP6K1 expression was 

essential for LPS-induced NPA formation in the inflamed lungs, suggesting that reduced 

neutrophil presence in the lungs observed in IP6K1-deficient mice may be due to IP6K1 

disruption in platelets rather than in neutrophils. (1). We also assessed the bactericidal 

activity of neutrophil-platelet cocultures. Disruption of IP6K1 in neutrophils, but not in 

platelets, substantially diminished the bacterial killing capability (fig. S8), indicating that the 

elevated bactericidal activity in the IP6K1-deficient mice may be mediated by neutrophils.
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IP6K1-mediated polyP production by platelets plays a critical role in LPS-induced 
formation of NPAs

Upon stimulation, activated platelets release polyP into the extra-cellular space to regulate 

mammalian hemostasis (14–16). Consistent with a previous study (13), we found that IP6K1 

could control platelet polyP production and that polyP levels were reduced in IP6K1-

deficient platelets (Fig. 4A). LPS stimulation also augmented the level of secreted 

extracellular polyP in platelet-neutrophil coculture. IP6K1 disruption in platelets, but not in 

neutrophils, substantially suppressed LPS-induced polyP secretion (Fig. 4B). Accordingly, 

we hypothesized that the defective NPA formation observed in Ip6k1-null mice was due to 

impaired platelet polyP production. Confirming this hypothesis, the defective NPA 

formation between IP6K1-deficient platelets and WT or IP6K1-deficient neutrophils was 

rescued by the addition of polyP in the in vitro NPA-forming assay (Fig. 4C). The defective 

LPS-induced NPA formation was, therefore, likely to be mainly caused by reduced polyP 

levels in a system in which most of polyP was produced by platelets. Notably, polyP-

mediated NPA formation still relied on LPS stimulation; polyP alone did not elicit NPA 

formation, suggesting that other LPS-induced signals were also required for efficient NPA 

formation. Furthermore, IP6K1 disruption only affected the amount of polyP produced by 

platelets with the granular localization of polyP remaining unaltered (Fig. 4D).

Consistent with the in vitro results, injection of polyP into IP6K1-deficient mice restored 

LPS-induced NPA formation in the peripheral blood (Fig. 4E) and pulmonary neutrophil 

numbers (Fig. 4, F, H, and I) to the same as that in WT mice. PolyP treatment also increased 

pulmonary vascular permeability and neutrophils in Ip6k1-KO mice. The difference between 

the WT and KO mice was diminished when polyP was applied (Fig. 4, F to I). Consistent 

with this, polyP-treated IP6K1-deficient mice displayed the same amount of LPS-induced 

lung damage as polyP-treated WT mice (Fig. 4, J and K). Therefore, IP6K1-mediated polyP 

production by platelets appears to play a critical role in LPS-induced NPA formation. 

Reduced polyP production contributed to the decreased neutrophil accumulation and 

alleviated the lung damage observed in IP6K1-deficient mice. Noticeably, PolyP treatment 

could still enhance neutrophil presence in the absence of NPA, indicating the existence of an 

NPA-independent mechanism (fig. S9).

PolyP regulates bradykinin pathway and bradykinin-mediated neutrophil activation

We next explored the mechanism by which polyP regulates NPA formation. It has previously 

been shown that platelet-derived polyP can trigger the plasma protease factor XII–dependent 

contact activation system to drive inflammatory reactions (14, 15, 17). PolyP directly binds 

to and activates factor XII, leading to proteolysis of high–molecular weight kininogen 

(HMWK) by kallikrein and the release of the inflammatory mediator bradykinin and cleaved 

HMWK (HKa; Fig. 5A). Both HKa and bradykinin were required for LPS-induced NPA 

formation. Neither bradykinin (Fig. 5B) nor HKa alone (Fig. 5C) rescued the defective NPA 

formation elicited by IP6K1 disruption in platelets. When both bradykinin and HKa were 

applied exogenously, the LPS-induced NPA between IP6K1-deficient platelets and WT or 

IP6K1-deficient neutrophils was restored (Fig. 5D).
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Bradykinin exerts its function via G protein–coupled bradykinin receptors. There are two 

bradykinin receptors, B1 and B2; bradykinin is the major B2 receptor agonist, whereas the 

B1 receptor is mainly activated by des-Arg9-BK, a bradykinin metabolite. B1 receptor 

expression is known to be up-regulated under inflammatory conditions and to mediate 

neutrophil migration elicited by cytokines such as IL-1β (18, 19). However, treatment of a 

neutrophil-platelet mixture with HKa and the B1 receptor–specific agonist Lys-BK could not 

restore NPA formation between IP6K1-deficient platelets and neutrophils (Fig. 5E), 

suggesting that the B1 receptor may not be critical for LPS-induced NPA formation. To 

definitively determine the receptor type mediating NPA formation, we treated neutrophil-

platelet mixtures with specific B1 and B2 receptor antagonists. HOE140, a B2 receptor 

antagonist, inhibited LPS-induced NPA formation (Fig. 5F), whereas R715, a B1 receptor 

antagonist, failed to do so (Fig. 5G), confirming that bradykinin’s effect on NPA formation 

was mediated via B2 receptors. As a well-known proinflammatory factor and neutrophil 

activator, bradykinin specifically increases surface expression of the CD11b and CD18 

adhesion molecules on neutrophils (20). The same effect was also detected in polyP-

stimulated neutrophil and platelet cell mixtures (Fig. 5H and fig. S10). HKa can also 

promote platelet-neutrophil interactions by bridging CD11b on neutrophils and its receptor 

glycoprotein Ib (GPIb) on platelets (21), thus providing a potential mechanism for LPS-

induced and polyP-mediated NPA formation.

Treatment with the IP6K1 inhibitor TNP alleviates pulmonary inflammation and bacterial 
pneumonia–associated lung damage

IP6K1 facilitates NPA formation by maintaining high polyP levels in platelets, thereby 

providing a mechanism to control neutrophil accumulation during lung infection and 

inflammation. It also suggests that IP6K1 could be a legitimate therapeutic target in 

infection and inflammation-induced lung injury, as shown by the Ip6k1-KO mouse model. 

Thus, we next investigated whether a specific IP6K1 inhibitor TNP [N2-(m-

(trifluoromethyl)benzyl) N6-(p-nitrobenzyl)purine] (22) could also alleviate lung damage in 

a mouse bacterial pneumonia model. We found that both mouse and human neutrophils 

treated with TNP showed substantially enhanced PtdIns(3,4,5)P3 signaling and elevated 

PtdIns(3,4,5)P3-mediated cellular functions [fig. S11 (1)].

TNP treatment efficiently reduced polyP production in platelets, with platelets isolated from 

TNP-treated mice displaying reduced intracellular polyP levels and LPS-elicited polyP 

secretion compared to those isolated from dimethyl sulfoxide–treated controls (Fig. 6, A and 

B). As a result, LPS-induced ex vivo NPA formation and infection-induced NPA formation 

in the lungs of live mice were inhibited by TNP treatment (Fig. 6, C and D). Consistent with 

the results observed in IP6K1-deficient mice, TNP-treated mice exhibited much improved 

bactericidal activity (Fig. 6E), and neutrophil accumulation in the inflamed lungs was 

suppressed as assessed by both BALF neutrophil counts (Fig. 6F) and morphometric 

analysis of lung sections (Fig. 6, G and H). Consequently, TNP treatment alleviated 

inflammation-induced lung damage: There was less edema formation (Fig. 6I), and the total 

BALF protein levels were decreased (Fig. 6J) in TNP-treated mice compared to those treated 

with PBS alone. Finally, the measurement of lung wet-to-dry ratio directly confirmed a 

reduction in pulmonary vascular permeability in TNP-treated mice (Fig. 6K). Thus, 
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inhibiting IP6K1 with TNP efficiently and effectively reduced neutrophil accumulation and 

alleviated lung injury.

To examine whether inhibition of IP6 kinase can alter LPS-induced NPA formation between 

human primary neutrophils and platelets, we treated human platelets and/or neutrophils with 

the IP6K-selective inhibitor TNP. Consistent with the results observed in mice, human 

platelets treated with TNP exhibited reduced polyP levels (Fig. 6L). Consequently, LPS-

induced NPA formation was suppressed between human primary neutrophils and platelets 

treated with TNP. This effect was mainly mediated by IP6K inhibition in platelets because 

NPA formation between TNP-treated neutrophils and untreated platelets was unaltered (Fig. 

6M). These results suggest that IP6K also plays a role in regulating NPA formation between 

human neutrophils and platelets.

DISCUSSION

By producing IP7, IP6K1 negatively regulates PtdIns(3,4,5)P3 signaling. Thus, IP6K1 

disruption in mouse neutrophils elevates PtdIns(3,4,5)P3 signaling and enhances various 

PtdIns(3,4,5)P3-mediated neutrophil functions such as phagocytosis and ROS production 

(1). Because up-regulated PtdIns(3,4,5)P3 signaling also augments neutrophil accumulation 

(23, 24), the fact that IP6K1 disruption suppressed neutrophil migration to inflamed lungs in 

the pneumonia model is somewhat surprising. We show that this effect is mediated by a 

platelet-mediated but PtdIns(3,4,5)P3 signaling–independent mechanism. Numerous studies 

showed that platelets have the capacity to promote neutrophil accumulation (8–11). 

Neutrophil accumulation in inflamed lungs is controlled by a unique mechanism that 

critically involves platelets (25). NPA formation promotes neutrophil accumulation in the 

alveolar spaces during acute lung inflammation. In addition, endovascular NPAs may 

directly damage the pulmonary capillary endothelium, exaggerating lung injury. In a mouse 

transfusion-related acute lung injury model (2) and a mouse LPS-induced (3) or acid-

induced acute respiratory distress syndrome (4, 5) model, both neutrophils and platelets 

sequester in the pulmonary vasculature. Platelet depletion or treatments that disrupt NPAs 

can substantially reduce inflammation-induced lung damage (2–6). A recent study showed 

that IP6K1 is a novel regulator of mammalian hemostasis via the control of inorganic polyP 

production by platelets. IP6K1-deficient mice have reduced platelet polyP levels, slower 

platelet aggregation, and impaired platelet-mediated plasma clotting (13). Here, we 

demonstrate that the defective neutrophil accumulation in the lungs in IP6K1-deficient mice 

is mainly caused by IP6K1 disruption in platelets but not in neutrophils.

IP6K1 disruption leads to reduced neutrophil accumulation in the lungs in bacterial 

pneumonia. One obvious explanation for reduced neutrophil accumulation is that the 

augmented neutrophil killing and resulting bacterial clearance accelerates the resolution of 

pulmonary inflammation, in turn causing fewer neutrophils. However, the amount of 

proinflammatory cytokines in the inflamed lungs is unaltered in the IP6K1-deficient mice. In 

addition, disruption of IP6K1 does not alter neutrophil apoptosis during lung inflammation; 

thus, the reduced neutrophil accumulation is not due to accelerated death. We conducted an 

adoptive transfer assay to directly explore neutrophil trafficking and accumulation. 

Adoptively transferred WT and IP6K1-deficient neutrophils were recruited to the inflamed 
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lung at a similar rate, suggesting that the reduced neutrophil accumulation observed in the 

IP6K1-deficient mice was not simply due to an intrinsic migration defect elicited by IP6K1 

disruption in neutrophils. As previously reported, platelet depletion could reduce LPS-

induced lung damage. The reduced neutrophil accumulation and lung injury observed in the 

IP6K1-deficient mice was diminished in platelet-depleted mice, indicating that platelets 

contributed to IP6K1 function in LPS-elicited pulmonary inflammation and injury. The 

reduced neutrophil accumulation in IP6K1-deficient mice is likely due to decreased polyP 

production by IP6K1-deficient platelets because this defect can be rescued by polyP 

treatment. Consistent with this, polyP-treated IP6K1-deficient mice displayed the same 

amount of LPS-induced lung damage as that of polyP-treated WT mice. Therefore, IP6K1-

mediated polyP production by platelets appears to play a critical role in lung inflammation. 

We further demonstrate that polyP regulates neutrophil accumulation by triggering the 

bradykinin pathway and bradykinin-mediated neutrophil activation.

PolyP treatment rescued impaired LPS-induced NPA formation between IP6K1-deficient 

platelets and neutrophils, suggesting that IP6K1’s function in NPA formation is mediated by 

polyP. Consistently, treatment of IP6K1-deficient mice with polyP restored LPS-induced 

pulmonary neutrophil accumulation to the same levels as that of WT mice. However, 

treatment with polyP was not sufficient for NPA formation; LPS stimulation was required 

for this IP6K1-mediated process. Thus, other LPS-dependent factors are also involved in 

NPA formation. One mechanism by which polyP regulates NPA formation is through factor 

XII activation and the subsequent generation of bradykinin and HKa. Here, both HKa and 

bradykinin were required for LPS-induced NPA formation, with bradykinin specifically 

increasing surface expression of adhesion molecule Mac-I on neutrophils and HKa 

presumably promoting NPAs by bridging Mac-1 (CD11b/CD18) on neutrophils to its 

receptor GPIb on platelets (21). HKa is also reported to be able to interact with Mac-1 and 

block Mac-1–dependent leukocyte adhesion to endothelial cells (26, 27).

IP6K1 facilitates NPA formation by maintaining high polyP levels in platelets. Here, we 

hypothesize that the reduced polyP production contributed to the decreased NPA formation, 

diminished neutrophil accumulation, and alleviated lung damage observed in IP6K1-

deficient mice. However, although the concept of NPA has been around for over a decade, 

there is still no direct evidence showing that NPAs mediate neutrophil accumulation. Some 

studies show that there is no preferential pulmonary sequestration of NPA in local (28) or 

systemic (29) inflammation. Here, we demonstrate that polyP produced by platelets is 

essential for neutrophil accumulation. PolyP regulates neutrophil accumulation by triggering 

the bradykinin pathway. As a well-known proinflammatory factor and neutrophil activator, 

bradykinin specifically increases surface expression of the CD11b and CD18 adhesion 

molecules on neutrophils (20) and thus may enhance neutrophil accumulation independent 

of NPA. A previous report by Asaduzzaman et al. (29) also showed that platelets play a key 

role in regulating neutrophil infiltration in the lung via up-regulation of Mac-1 (CD11b/

CD18) in sepsis induced by cecal ligation and puncture. In platelet-depleted mice, LPS-

induced NPA formation was suppressed with no difference detected between WT and 

IP6K1-deficient mice. However, polyP treatment could still enhance neutrophil 

accumulation in the absence of NPA, indicating existence of an NPA-independent 

mechanism.
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MATERIALS AND METHODS

Study design

The research objective of our study was to determine how IP6K1, through polyP production 

by platelets, regulates neutrophil accumulation in bacterial pneumonia. To achieve this 

objective, we undertook various approaches, including measurement of BALF neutrophil 

count, bacterial killing assay, hematoxylin and eosin staining, and assessment of pulmonary 

edema formation, to analyze neutrophil accumulation, host defense, and neutrophil-mediated 

pulmonary damage in bacterial pneumonia. For animal studies, 10- to 14-week-old mice 

were used. The Children’s Hospital Animal Care and Use Committee approved and 

monitored all animal procedures. The effect of IP6K1 disruption or the specific IP6K 

inhibitor TNP on phenotype was assessed by investigators who were blind for genotype and 

treatment. To perform reliable statistical analysis, at least three independent experiments 

were conducted for each data shown in the manuscript, unless differently indicated in the 

figure legends. These numbers were chosen based on power analyses and previous 

experience in our laboratory. Primary data are located in table S1.

Neutrophil depletion with Ly6G antibody

Neutrophil depletion with Ly6G antibody was carried out as previously described (30). 

Briefly, WT and IP6K1-deficient mice were intraperitoneally injected with a single dose of 

anti-mouse Ly6G antibody (400 μg/kg; clone 1A8, BioLegend). The antibody was 

administered intraperitoneally to obtain a sustained depletion over the first 48 hours of the 

experiment. Differential white blood cell count using Wright-Giemsa staining was 

performed to confirm that the neutrophil depletion was successful (peripheral blood 

neutrophil count was reduced by >85%) (30).

Platelet depletion in WT and IP6K1-deficient mice

Mice were intravenously injected with a single dose of platelet-depleting antibody (2 μg/g 

bodyweight, diluted in 100 μl of sterile PBS; anti-GPIb/CD42b, Emfret Analytics). The 

peripheral blood platelet counts were assessed at indicated time points.

Neutrophil-platelet aggregation

Mouse and human neutrophils were isolated and purified as previously described (31). 

Whole blood was collected into acid citrate dextrose tubes and platelet-rich plasma was 

isolated by centrifuging twice at 100g for 5 min. Neutrophils (0.5 × 106) and platelets (5 × 

106) were incubated for 2 hours at 37°C with LPS in 1 ml of Tyrode’s buffer (Sigma) 

supplemented with 1% bovine serum albumin. After incubation, mouse neutrophils and 

platelets were stained with CD11b, CD41, and Ly6G and analyzed by flow cytometry to 

detect NPAs. Human neutrophils and platelets were stained with CD66, CD16, and CD41. 

NPA% was calculated as the percentage of CD66+, CD16+, and CD41 triple-positive cells 

(NPAs) among all CD66+ and CD16+ cells.
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Statistical analysis

Survival rates were analyzed using the Kaplan-Meier survival curves and log-rank test. 

Other values were compared using Student’s t test. Data were presented as means (±SD). 

Statistical significance was determined using a two-tailed paired t test for Figs. 5H and 6L, 

and a two-tailed unpaired t test was used for other comparisons. All calculations were 

performed using GraphPad Prism 6.0 software for Windows (GraphPad Software). Most 

experiments were repeated at least three times, and the data were pooled and analyzed 

together. Differences were considered significant when the P value was < 0.05.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Disrupting IP6K1 enhances bacterial killing and reduces lung damage in bacterial 
pneumonia.
Mice were intratracheally instilled with 2 × 106 colony-forming units (CFU) of E. coli and 

euthanized at indicated time points. (A) Bacterial killing in inflamed lungs. Live bacteria 

were quantified as CFU per lung. The experiment was repeated three times, and the data 

were pooled and analyzed together. Data are means ± SEM (n ≥ 5 mice per group). (B) The 

numbers of recruited neutrophils in bronchoalveolar lavage fluid (BALF). All data are 

means ± SEM (n ≥ 5 mice per group). (C) Representative hematoxylin and eosin (H&E)–

stained images of lung tissues show emigrated neutrophils and polymerized fibrin (arrows) 

in the pulmonary parenchyma. (D) Recruited neutrophils in alveolar spaces were quantified 

as volume fraction of the alveolar spaces using standard point-counting morphometry. Data 

are means ± SEM (n ≥ 5 mice per group). (E) Pulmonary edema formation was quantified as 
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the percentage of edema area in the total parenchymal region. Data are means ± SEM (n ≥ 5 

mice per group). (F) BALF total protein level. Data are means ± SEM (n = 5 mice per 

group). (G) Lung wet-to-dry ratio was measured at 24 hours after E. coli instillation. Data 

are means ± SEM (n = 5 mice per group). (H) Survival rates of E. coli–challenged wild-type 

(WT) and inositol hexakisphosphate kinase 1 (IP6K1)–deficient mice. Mice were 

intratracheally challenged with 5 × 106 live E. coli. Survival rates were analyzed using the 

Kaplan-Meier survival curves and log-rank test. (I) The numbers of recruited neutrophils in 

BALF were measured at 24 hours after E. coli instillation. In untreated and platelet-depleted 

groups, mice were intratracheally instilled with 2 × 106 CFU of E. coli. In the neutrophil-

depleted group, mice were intratracheally instilled with 2 × 105 CFU. Data are means ± SD 

(n = 5 mice per group). n.s., not significant. (J) Bacterial killing in inflamed lungs. Data are 

means ± SD (n = 5 mice per group). (K) Lung wet-to-dry ratio. Values are means ± SD (n = 

5 mice per group). (L) Lung vascular permeability was evaluated by using Evans blue (EB) 

dye. Data are means ± SD (n = 5 mice per group). *P < 0.05 versus WT mice. Statistical 

analysis was performed using Student’s t test unless differently indicated.
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Fig. 2. Disrupting IP6K1 inhibits neutrophil accumulation and reduces lung damage in LPS-
induced lung inflammation.
Mice were intratracheally instilled with lipopolysaccharide (LPS; 5 mg/kg; E. coli O111:B4) 

and euthanized at the indicated time points. (A) Total cells in BALF were stained with a 

modified Wright-Giemsa stain. (B) The number of pulmonary neutrophils was counted using 

cytospin preparations. Data are means ± SD (n = 4 mice per group). (C) BALF total protein 

levels. Data are means ± SD (n = 4 mice per group). (D) Representative H&E staining of 

LPS-treated lung tissues. (E) Quantification of recruited neutrophils in alveolar spaces. Data 

are means ± SEM (n ≥ 5 mice per group). (F) Pulmonary edema formation quantified as the 

percentage of edema area in the total parenchymal region. Data are means ± SEM (n = 5 

mice per group). (G) Lung vascular permeability was evaluated by using EB dye. Data are 
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means ± SD (n = 5 mice per group). (H) Lung wet weight–to–dry weight ratio was measured 

at 24 hours after E. coli instillation. Data are means ± SD (n = 4 mice per group). (I) 

Survival rates of LPS-challenged WT and IP6K1-deficient mice. Mice were intratracheally 

challenged with LPS (10 mg/kg body weight). Survival rates were analyzed using the 

Kaplan-Meier survival curves and log-rank test. (J) Schematic of the neutrophil-adoptive 

transfer assay. (K) Purified WT and IP6K1-deficient neutrophil mixture for adoptive transfer 

(input) and adoptively transferred circulating neutrophils. (L) Relative accumulation rates 

were quantified as ratios of adoptively transplanted IP6K1-null neutrophils to WT 

neutrophils in BALF. Data are means ± SD (n = 4 mice per group). *P < 0.05 versus WT 

mice. Statistical analysis was performed using Student’s t test unless differently indicated.
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Fig. 3. Disruption of IP6K1 in platelets suppresses NPA formation both ex vivo and in vivo in 
LPS-induced lung inflammation.
(A) Platelet accumulation in the lungs after intratracheal LPS challenge (5 mg/kg body 

weight). Lung sections were stained with CD41 antibody. Hoechst was used as a nuclear 

counterstain. (B) The platelet index in lung sections was expressed as the number of 

platelets (CD41+ cells) per field of view. At least five fields of view were randomly picked 

for each experiment, and the averages were used for the calculation. Data are means ± SEM 

(n = 10 mice total, data are pooled from three experiments). (C) Neutrophil-platelet 

aggregates (NPAs) in the inflamed lungs. The lung sections were costained with Ly6G and 

CD41 antibodies. The colocalization of neutrophils (Ly6G+) and platelets (CD41+) indicated 

NPA formation. The right panel is an inset of the left. (D) NPA % was calculated as the 

percentage of Ly6G and CD41 double-positive cells (NPAs) among all Ly6G+ cells. Data are 

means ± SEM (n = 10 mice). (E) Fluorescence-activated cell sorting (FACS) analysis of 

NPA formation in peripheral blood. Data are means ± SEM (n = 4 mice). *P < 0.05 versus 

WT mice. (F) FACS analysis of ex vivo NPA formation. WT neutrophils and platelets were 

incubated with LPS (1 μg/ml) for 2 hours at 37°C. After incubation, cell mixtures were 

stained with CD11b, CD41, and Ly6G. The NPAs were CD41 and Ly6G double-positive on 

FACS. (G) NPA formation was calculated at the indicated LPS concentrations. Data are 

means ± SEM of four experiments. (H) NPA formation between WT or Ip6k1 knockout 

(KO) neutrophils and platelets. WT (WN) or Ip6k1-KO (KN) neutrophils and WT (WP) or 

Ip6k1-KO (KP) platelets were incubated in the presence of LPS (5 μg/ml) or macrophage 
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inflammatory protein 2 (MIP2; 1 nM). Data are means ± SEM of ≥4 experiments. (I) NPA 

formation between fluorescently labeled neutrophils and platelets. Neutrophils were stained 

with calcein AM (5 μg/ml) for 10 min. Platelets were isolated from whole blood and stained 

with calcein red AM (5 μg/ml) for 10 min. The labeled neutrophils and platelets were 

incubated with LPS (5 μg/ml) for 2 hours at 37°C. Shown are representative images. (J) The 

number of platelets in each NPA. The experiment was repeated three times, and the data 

were pooled and analyzed together. Data are means ± SEM (n = 10 samples). *P < 0.05 

versus WN + WP. Statistical analysis was performed using Student’s t test.
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Fig. 4. IP6K1-mediated polyP production by platelets plays a critical role in LPS-induced NPA 
formation.
(A) Polyphosphate (polyP) levels in WT and Ip6k1−/− platelets. *P < 0.05 versus WT 

platelets. (B) LPS-induced polyP secretion in neutrophil-platelet cocultures. WT or Ip6k1-

KO neutrophils (5 × 106) and WT or Ip6k1-KO platelets (1 × 109) were incubated in the 

presence of LPS (5 μg/ml) for 2 hours at 37°C. PolyP levels in the supernatants were 

measured. Data are means ± SEM of four experiments. (C) NPA formation in the presence 

of polyP analyzed as described in Fig. 3F. Data are means ± SEM of five experiments. *P < 

0.05 versus cells treated with phosphate-buffered saline (PBS). (D) Subcellular localization 

of polyP in unstimulated platelets. PolyP was stained with 4′,6-diamidino-2-phenylindole 

(DAPI). DAPI-polyP fluoresces yellow when viewed under ultraviolet light. (E) FACS 

analysis of NPA formation in peripheral blood. Shown are percentages of neutrophils (Ly6G
+) forming NPAs in whole blood. Data are means ± SEM (n = 5 mice per group). *P < 0.05 

versus WT mice. (F) Neutrophil accumulation to the inflamed lungs in polyP-treated mice. 

Data are means ± SEM (n = 5 mice per group). (G) BALF total protein levels. Data are 

means ± SEM (n ≥ 5 mice per group). (H) H&E staining of lung tissues. The right panels are 

insets of left panels. (I) Recruited neutrophils in alveolar spaces were quantified as volume 

fraction of the alveolar spaces using standard point-counting morphometry. Data are means 

± SEM (n ≥ 5 mice per group). (J) Pulmonary edema formation was quantified as the 

percentage of edema area in the total parenchymal region. Data are means ± SEM (n ≥ 5 

mice per group). *P < 0.05 versus WT mice. (K) Lung wet weight–to–dry weight ratio was 

measured at 24 hours after LPS instillation. Data are means ± SEM (n = 4 mice per group). 

*P < 0.05 versus WT mice. Statistical analysis was performed using Student’s t test.
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Fig. 5. PolyP regulates NPA formation through the bradykinin pathway.
(A) Schematic of polyP activation in the bradykinin pathway. HMWK (or HK) high–

molecular weight kininogen; BK, bradykinin; HKa, cleaved HMWK. (B) NPA formation in 

the presences or absence of bradykinin (20 μM). Neutrophils were pretreated with 

bradykinin for 5 min and then incubated with WT or IP6K1-deficient platelets. Data are 

means ± SD of three experiments. *P < 0.05 versus cells treated with PBS. (C) NPA 

formation in the presence or absence of HKa (1 μg/ml). Data are means ± SEM of ≥3 

experiments. (D) NPA formation in the presence or absence of both bradykinin and HKa. 

Data are means ± SEM of three experiments. (E) NPA formation in the presence or absence 

of HKa and Lys-BK (1 μM), a B1 receptor agonist. Data are means ± SEM of four 

experiments. (F) NPA formation in the presence or absence of a BK1 receptor inhibitor. 

Neutrophils were pretreated with BK2 receptor inhibitor R715 (8 μM) for 5 min. Data are 

means ± SEM of four experiments. (G) NPA formation in the presence or absence BK2 

receptor inhibitor. Neutrophils were pretreated with BK2 receptor inhibitor HOE140 (150 

nM) for 5 min. Data are means ± SEM of four experiments. (H) Surface expression of 

adhesion molecule CD11b on neutrophils. WT neutrophils and platelets were treated with 

polyP for 2 hours, and CD11b surface levels were detected by FACS. *P < 0.05 versus cells 
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treated with LPS alone (n = 10 mice per group). Statistical analysis was performed using 

Student’s t test.
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Fig. 6. Treatment with IP6K1 inhibitor TNP alleviates pulmonary inflammation and lung 
damage associated with bacterial pneumonia.
(A) PolyP abundance in platelets. Mice were treated with TNP [N2-(m-

(trifluoromethyl)benzyl) N6-(p-nitrobenzyl)purine] or dimethyl sulfoxide (DMSO) alone for 

10 days (20 mg/kg body weight, once a day). The experiment was repeated three times, and 

the data were pooled and analyzed together. Data are means ± SEM (n = 7 mice per group). 

(B) LPS-induced polyP secretion in neutrophil-platelet cocultures. Neutrophils (5 × 106) 

isolated from DMSO (N-DMSO)– or TNP (N-TNP)–treated mice and platelets (1 × 109) 

isolated from DMSO (P-DMSO)– or TNP (P-TNP)–treated mice were incubated in the 

presence of LPS (5 μg/ml) for 2 hours at 37°C. Data are means ± SEM of four experiments. 

(C) LPS-induced NPA formation. Neutrophils and platelets were isolated from DMSO 

(untreated) and TNP-treated mice and incubated with LPS (1 μg/ml) for 2 hours at 37°C. 

Data are means ± SEM of five experiments. (D) Percentage of NPAs in whole blood. 

DMSO- and TNP-treated mice were intratracheally instilled with LPS (5 mg/kg). NPA 

formation was analyzed at 24 hours after the LPS instillation. Data are means ± SEM (n = 4 

mice per group). (E) Bacterial killing in inflamed lungs. Data are means ± SEM (n ≥ 5 mice 

per group). (F) Neutrophil accumulation in the inflamed lungs. Data are means ± SEM (n ≥ 

5 mice per group). (G) Representative H&E staining of lung tissues. (H) Recruited 

neutrophils in alveolar spaces were quantified as volume fraction of the alveolar space using 

standard point-counting morphometry. Data are means ± SEM (n = 9 mice per group). (I) 

Pulmonary edema formation was quantified as the percentage of edema area in the total 

parenchymal region using. Data are means ± SEM (n = 9 mice per group). (J) Lung vascular 

permeability was evaluated by BALF total protein level. Data are means ± SEM (n ≥ 5 mice 

per group). (K) Lung wet weight–to– dry weight ratio was measured at 24 hours after E. coli 
instillation. Data are means ± SD (n = 4 mice per group). (L) PolyP levels in human 
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platelets. Human platelets were treated with TNP (20 μM) at room temperature for 4 days. 

Data are means ± SEM (n = 8 donors per group). (M) NPA formation between human 

neutrophils and platelets. NPA% was calculated as the percentage of CD66+, CD16+, and 

CD41 triple-positive cells (NPAs) among all CD66+ and CD16+ cells. Data are means ± 

SEM of five experiments. *P < 0.05. Statistical analysis was performed using Student’s t 
test.
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