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Abstract

Bacterial infections and sepsis are leading causes of morbidity and mortality in critically ill 

patients. Currently, there are no effective treatments available to improve clinical outcome in 

sepsis. Here, we elucidated a mechanism by which E. coli bacteria impair neutrophil (PMN) 

chemotaxis and we studied whether this mechanism can be therapeutically targeted to improve 

chemotaxis and antimicrobial host defense. PMNs detect bacteria with formyl peptide receptors 

(FPR). FPR stimulation triggers mitochondrial ATP production and release. Autocrine stimulation 

of purinergic receptors exerts excitatory and inhibitory downstream signals that induce cell 

polarization and cell shape changes needed for chemotaxis. Here we show that the bacterial cell 

wall product lipopolysaccharide (LPS) dose-dependently impairs PMN chemotaxis. Exposure of 

human PMNs to LPS triggered excessive mitochondrial ATP production and disorganized 

intracellular trafficking of mitochondria, resulting in global ATP release that disrupted purinergic 

signaling, cell polarization, and chemotaxis. In mice infected intraperitoneally with E. coli, LPS 

treatment increased the spread of bacteria at the infection site and throughout the systemic 

circulation. Removal of excessive systemic ATP with apyrase improved chemotaxis of LPS-treated 

human PMNs in vitro and enhanced the clearance of E. coli in infected and LPS-treated mice. We 

conclude that systemic ATP accumulation in response to LPS is a potential therapeutic target to 

restore PMN chemotaxis and to boost the antimicrobial host immune defense in sepsis.

Summary sentence: LPS causes dysregulated ATP release, which interferes with autocrine 

purinergic signaling mechanisms needed for neutrophil chemotaxis and antimicrobial host 

defense.
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INTRODUCTION

Adenosine triphosphate (ATP) is an energy carrier that fuels virtually all cellular processes. 

Damaged and dying cells release ATP into the extracellular space, where ATP acts as a 

“danger signal” that promotes inflammation and regulates immune responses.1,2 Elevated 

plasma ATP levels in the peripheral circulation of trauma and critical care patients may 

contribute to the systemic inflammatory response and multiple-organ dysfunction syndrome 

that are the hallmarks of sepsis.3–5

However, ATP can also be released from intact cells. Under these circumstances, ATP acts as 

a messenger molecule that regulates cell functions and facilitates intercellular 

communications by binding to specific purinergic receptors.6 The nineteen known purinergic 

receptor members comprise the P2X, P2Y, and P1 (adenosine) receptor families. The seven 

known P2X receptors act as ATP-gated cation channels, while the eight different P2Y 

receptors are G protein-coupled receptors (GPCRs) that respond to ATP, ADP, UTP, UDP, or 

UDP-glucose. All four known P1 receptors (A1, A2a, A2b, A3) recognize adenosine and are 

also members of the GPCRs.6,7

Purinergic receptors have important roles in the regulation of immune cell responses.6,8–10 

Our previous work has shown that cellular ATP release fuels autocrine feedback 

mechanisms that involve P2Y2 and A2a receptors, which are the most abundant purinergic 

receptor subtypes expressed by human polymorphonuclear neutrophils (PMNs). We found 

that these purinergic receptors regulate various processes involved in PMN chemotaxis.11 

Chemoattractant receptors such as the formyl peptide receptors (FPRs) induce rapid ATP 

release from PMNs that triggers autocrine stimulation of adjacent P2Y2 receptors on the cell 

surface.12 This autocrine purinergic feedback mechanism amplifies FPR signals, which 

increases the sensitivity of PMNs to formylated bacterial peptides that are the primary 

ligands of FPRs. FPRs and P2Y2 receptors activate mitochondria to produce ATP that is 

released through pannexin-1 channels, which colocalize with FPRs and P2Y2 receptors on 

the cell surface of PMNs.12,13 We found that localized mitochondrial activation, ATP 

release, and P2Y2 receptor stimulation induces cell polarization and initiates and directs 

PMN migration towards chemoattractant sources, that is bacteria that release formylated 
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peptides.11–13 While the excitatory autocrine signaling mechanisms that involve P2Y2 

receptors promote pseudopod protrusions at the front, we found that conversion of ATP to 

adenosine and stimulation of inhibitory A2a adenosine receptors promotes uropod retraction 

at the back of migrating cells.8,14,15

PMNs rely on these opposing purinergic signaling mechanisms to detect, pursue, and kill 

invading bacteria. However, because purinergic signaling takes place on the cell surface, 

these signaling events are vulnerable to interference by external factors such as the systemic 

ATP that accumulates in the plasma of patients as a result of inflammation, trauma, and 

tissue damage.16 In the current study, we show that E. coli bacteria exploit this vulnerability 

by deploying lipopolysaccharide (LPS) that elicits excessive ATP release from neutrophils 

and thereby disables PMN chemotaxis. We propose that Gram-negative bacteria use this 

deceptive strategy to defeat antimicrobial host defenses and to facilitate the unhindered 

spread of bacterial infections.

MATERIALS AND METHODS

Materials

Lipopolysaccharide (LPS) from Escherichia coli (E. coli) O111:B4 was used for all 

experiments (Sigma-Aldrich, St. Louis, MO). A highly purified (by gel-filtration 

chromatography; Sigma product number L3012) was used for in vitro experiments. For in 
vivo experiments, we used endotoxin from E. coli O111:B4 that was purified by phenol 

extraction (Sigma product number L2630). Apyrase was obtained from Sigma-Aldrich as a 

lyophilized powder, which we reconstituted in Hanks’ balanced salt solution (HBSS; 

HyClone, Thermo Fisher Scientific, Waltham, MA). E. coli (strain DH5-α), Rhod-2 AM and 

Fluo-4 AM were purchased from Thermo Fisher Scientific (Waltham, MA). NF023 was 

from Tocris Bioscience (R&D Systems, Minneapolis, MI); N-formylmethionine-leucyl-

phenylalanine (fMLF; also known as fMLP) and all other reagents were obtained from 

Sigma-Aldrich and of tissue culture grade unless otherwise stated.

Isolation of human PMNs

The Institutional Review Board of the Beth Israel Deaconess Medical Center approved all 

studies involving human subjects. PMNs were isolated from the peripheral blood of healthy 

volunteers using Percoll (GE Healthcare, Boston, MA) density gradient centrifugation as 

previously described.15 Purified cells were washed twice and resuspended in HBSS 

containing Ca2+ and Mg2+ and 1% autologous heparinized human plasma. The purity of 

PMN preparations obtained with this method was >93% as determined by flow cytometry. 

PMNs were incubated at 37°C for a minimum of 30 min before addition of inhibitors or 

other treatments. All reagents and supplies were pyrogen-free and osmotic or excessive 

mechanical stimulation was avoided during the isolation procedure.

Mice

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

of the Beth Israel Deaconess Medical Center and performed according to the guidelines of 

the National Institutes of Health. Male and female C57BL/6J mice (Charles River 
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Laboratories, Wilmington, MA), 8–12 weeks old and weighing 20–25 g, were used for all 

experiments. Male and female mice did not differ in their responses to the experimental 

treatments.

Mouse model of E. coli-induced peritonitis

E. coli cultures were grown in Luria-Bertani (LB) liquid media (MP Biomedicals, Santa 

Ana, CA) until they reached the exponential growth phase (0.5 OD600). Bacteria were 

washed three times with sterile normal saline to reduce free LPS. Then mice were injected 

intraperitoneally (i.p.) with 1×106 E. coli in a total volume of 500 μl saline. Unless otherwise 

indicated, mice were treated with LPS (0.5 mg/mouse, i.p.) and/or apyrase (0.6 IU/g 

bodyweight, i.p.), or with an equal volume (500 μl) of saline prior (2 h) to injection of 

bacteria. The concentration of apyrase was based on previously published reports and our 

own experience with similar experiments.3,17 One hour after bacterial infection, mice were 

anesthetized with isoflurane and sacrificed by cardiac puncture and exsanguination. The 

blood was collected in heparinized tubes and chilled in an ice bath. Prior to blood collection, 

peritoneal lavage was performed using 3 ml of normal saline that contained 0.1% bovine 

serum albumin.

Bacterial and cell counts

Serial dilutions of peritoneal lavage fluid and blood samples were plated on LB agar plates 

(MP Biomedicals, Solon, OH). Colony-forming units (CFU) were counted after 18-h 

incubations at 37°C. Total leukocyte numbers in blood samples and peritoneal lavage fluids 

were determined with a hemocytometer. Differential staining with Hema 3 staining solution 

(Thermo Fisher Scientific) was performed to determine the percentage of PMNs in these 

samples.

ATP measurements

ATP, ADP, AMP, and adenosine concentrations in plasma samples were determined with 

high performance liquid chromatography (HPLC) as previously described.16 ATP 

breakdown by apyrase was verified in HBSS as well as in LB medium using a luciferase 

ATP bioluminescence kit (Thermo Fisher Scientific). The cell-surface targeting fluorescent 

ATP probe 2–2Zn (kind gift from Itaru Hamachi, Kyoto University) and flow cytometry 

were used for real-time monitoring of ATP release from individual cells.18,19 PMNs were 

suspended in HBSS containing 1% heparinized human plasma and stained with 2–2Zn (500 

nM) for 5 min. ATP release in response to stimulation with LPS or fMLF was measured with 

a BD FACSCalibur flow cytometer (BD Biosciences, San Jose, CA).

Imaging of calcium signaling and ATP release

Freshly isolated human PMNs were allowed to attach to fibronectin-coated coverslip dishes, 

resuspended in HBSS containing 1% heparinized human plasma, and loaded with the 

mitochondrial Ca2+ indicator Rhod-2 AM (1 μM) for 10 min or with the cytosolic Ca2+ 

probe Fluo-4 AM (4 μM) for 30 min. For imaging of ATP release, cells were stained with 

the ATP probe 2–2Zn (500 nM) for 5 min. Changes in mitochondrial Ca2+ uptake, cytosolic 

Ca2+ levels or ATP release after addition of LPS and/or fMLF were recorded by live-cell 
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imaging with an inverted Leica DMI6000B microscope (Leica Microsystems, Wetzlar, 

Germany) equipped with a temperature controlled (37°C) stage incubator (Ibidi, Fitchburg, 

WI) and a Leica DFC365 FX camera. Fluorescence images were acquired at a frame rate of 

1 frame per second using a 100x oil objective with a numerical aperture (NA) of 1.4, TRITC 

(Rhod-2) or FITC (Fluo-4, 2–2Zn) filter sets, and LAS X microscope imaging software 

(Leica Microsystems). Images were analyzed with ImageJ software (National Institutes of 

Health).

PMN chemotaxis

Under agarose chemotaxis assays were performed with minor modifications as previously 

described.20 In brief, a total of 3 ml of low gelling agarose (Sigma-Aldrich; 1.2% in HBSS 

supplemented with 10% heat-inactivated fetal bovine serum; Gibco, Thermo Fisher 

Scientific) was poured into 35 mm x 10 mm culture dishes (BD Biosciences, Billerica, MA). 

Then, wells (3.5 mm diameters) were cut out at a distance of 2.4 mm between two wells. 

Dishes were incubated at 37°C for 1 h in a sealed, humidified chamber. Residual moisture 

was aspirated and 20 μl of cell solution (1×106 human PMNs in HBBS containing 1% 

heparinized human plasma) was added to one set of wells. After a 10-min incubation period, 

20 μl fMLF (50 nM) was loaded into opposing target wells. Then, cells were incubated at 

37°C for 3 h to allow PMN migration towards the fMLF-containing wells. Gels were cooled 

on ice and kept at 4°C to stop cell movement. Images of PMNs were acquired using a 2.5x 

objective (NA 0.07) and a Leica DMIRB microscope (Leica Microsystems, Wetzlar, 

Germany) equipped with a Spot Boost EMCCD camera (Diagnostic Instruments Inc.; 

Sterling Heights, MI). Image analysis was done with ImageJ.

Statistical analyses

Unless otherwise stated, all values are expressed as means ± standard deviations (SD). 

Unpaired two-tailed Student’s t tests were used to compare groups. The Bonferroni method 

was used to adjust significance levels if more than one t test was performed on the same 

sample set. Multiple group comparisons were performed with one-way ANOVA or with the 

Kruskal-Wallis test followed by the Tukey test, depending on whether the data were 

normally distributed or not. Differences between groups were considered statistically 

significant at p<0.05.

RESULTS

LPS impairs host immune defenses in a mouse model of peritonitis

Danger molecules such as LPS induce inflammasome activation, which initiates host 

immune defenses.21,22 LPS, however, is also associated with the pathogenesis of sepsis.23 

We used a mouse model to study how LPS affects the antimicrobial resistance in bacterial 

infection. Treating mice with an intraperitoneal injection of LPS two hours prior to injection 

of live E. coli significantly increased the bacterial load in the peritoneal cavity and in the 

circulating blood when compared to mice that had been injected with vehicle control instead 

of LPS (Fig. 1A–B). These data suggest that treatment with LPS compromises host immune 

defenses and the ability of animals to contain bacterial infections.
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Removal of extracellular ATP with apyrase improves bacterial clearance

LPS induces the release of cellular ATP from monocytes and macrophages.24–27 We 

hypothesized that LPS-induced accumulation of systemic ATP may weaken the 

antimicrobial resistance in our mouse model. In support of this hypothesis, we found that 

treatment of mice with apyrase, an enzyme that hydrolyzes extracellular ATP, decreased the 

spread of bacteria. Apyrase significantly reduced the number of bacteria at the site of 

infection, i.e., the peritoneal cavity of mice that received LPS and E. coli injections (Fig. 

1A). Importantly, apyrase also reduced the numbers of bacteria in the peritoneal cavity and 

the systemic circulation of infected mice in the absence of LPS, indicating that E. coli 
infection itself induces systemic ATP release that impairs bacterial clearance (Fig. 1). These 

results were not caused by direct effects of apyrase on the viability of bacteria per se. 

Apyrase rapidly hydrolyzed extracellular ATP but failed to reduce the growth of bacteria in 

in vitro cultures of E. coli in LB medium (Fig. S1). Apyrase treatment also did not simply 

enhance the recruitment of PMNs to the site of infection in the peritoneal cavity or increase 

PMN numbers in the systemic circulation as demonstrated in Fig. 2. Instead, our findings 

suggest that removal of extracellular ATP improves the ability of PMNs to find and kill 

bacterial invaders at the infection site and that fewer PMNs are sufficient to carry out these 

tasks when the concentration of extracellular ATP is reduced with apyrase.

Apyrase treatment converts ATP to AMP and adenosine

The findings shown above suggest that apyrase improves host immune defenses by removing 

extracellular ATP, which impairs bacterial clearance in infected mice. In order to confirm 

this concept, we assessed the levels of ATP and its breakdown products ADP, AMP, and 

adenosine in the systemic circulation of our mice. Animals challenged with LPS and/or E. 
coli were treated with apyrase as described above and plasma levels of ATP and its 

breakdown products were measured with HPLC (Fig. 3). In most mice that were challenged 

with E. coli, LPS, or both, plasma ATP levels were higher than in untreated control animals. 

Apyrase treatment lowered these levels, but the differences among the treatment groups were 

not statistically significant. However, apyrase treatment significantly increased plasma AMP 

and adenosine levels in mice infected with E. coli and challenged with LPS (Fig. 3C–D). 

Taken together with our previous finding that apyrase reduces peritoneal ATP levels in a 

cecal ligation and puncture model of sepsis,17 we conclude that apyrase converts systemic 

ATP to AMP and adenosine and that this effect is responsible for improved antimicrobial 

resistance of apyrase-treated mice.

LPS interferes with the purinergic signaling mechanisms that regulate PMN chemotaxis

PMN chemotaxis is essential for antimicrobial host defense. We have previously 

demonstrated that PMN chemotaxis depends on the regulated release of cellular ATP and 

autocrine stimulation of P2Y2 receptors on the cell surface.11 PMNs detect bacteria with 

FPRs that bind bacterial peptides such as fMLF. FPR stimulation triggers the release of 

cellular ATP that amplifies chemotactic signals and guides PMNs to bacteria releasing 

formylated peptides.12 In monocytes and macrophages, stimulation of TLR4 receptors by 

LPS has been shown to trigger rapid ATP release.25,26 Neutrophils also express TLR4 

receptors, suggesting that LPS-induced ATP release may interfere with the purinergic 
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signaling events that regulate PMN chemotaxis. We tested this possibility using a fluorescent 

ATP probe (2–2Zn) that attaches to the cell surface where it allows real-time monitoring of 

the spatiotemporal patterns of ATP release from living cells.18 Cellular ATP release from 

human PMNs was assessed using live-cell imaging and flow cytometry. LPS caused rapid 

and dose-dependent ATP release that was more robust than the ATP release induced by 

fMLF (Fig. 4A–C). In addition, we found that LPS induced global ATP release that occurred 

uniformly across the cell surface, whereas fMLF-stimulated PMNs released ATP from 

distinct foci that tended to coincide with pseudopod protrusions and other membrane 

deformations involved in PMN chemotaxis (Fig. 4A–B; Video 1).11,12 Furthermore, priming 

of PMNs with LPS significantly increased ATP release in response to subsequent fMLF 

stimulation (Fig. 4D). These findings suggest that LPS interferes with the ATP release 

patterns and the purinergic signaling mechanisms that are known to regulate FPR-induced 

cell polarization and PMN chemotaxis.11,12

LPS disrupts the intracellular trafficking and activation of mitochondria that regulate PMN 
chemotaxis

Although PMNs use glycolytic metabolism to cover much of their cellular ATP demand, 

they also possess mitochondria that produce ATP that is needed to recognize 

chemoattractants and initiate chemotaxis.13 Differential activation and trafficking of 

mitochondria within the cell are required to deliver localized ATP that regulates pseudopod 

protrusion at the front of polarized cells. Activated mitochondria traffic to the front of 

migrating PMNs where they fuel purinergic signaling mechanisms that orchestrate the 

directional movement and chemotaxis of PMNs.14 Because LPS induced global ATP release 

across the surface of PMNs, we hypothesized that LPS may interfere with the differential 

activation and/or trafficking of mitochondria within the cell. In order to test this hypothesis, 

we labeled PMNs with the mitochondrial Ca2+ probe Rhod-2-AM that allows real-time 

monitoring of mitochondrial Ca2+ uptake, which is a prerequisite for mitochondrial ATP 

production.28 PMNs were stimulated with LPS and mitochondrial Ca2+ uptake was recorded 

using live cell imaging. Stimulation with fMLF immediately increased mitochondrial Ca2+ 

levels, followed by the redistribution of activated mitochondria to the leading edge (Fig. 5A).
13 LPS also caused rapid and dose-dependent Ca2+ uptake by mitochondria (Fig. 5A–B). 

However, in the absence of chemotactic cues, PMNs failed to polarize and their 

mitochondria remained evenly distributed throughout the cell (Fig. 5A; Video 2). PMNs that 

were primed with LPS, however, showed markedly enhanced mitochondrial Ca2+ uptake in 

response to subsequent fMLF-stimulation (Fig. 5C). Similarly, LPS prolonged the cytosolic 

Ca2+ response triggered by fMLF, even though LPS alone caused only a modest increase in 

cytosolic Ca2+ levels (Fig. S2A–B). In LPS-primed cells, fMLF stimulation led to the 

uniform dispersion of mitochondria towards the cell periphery. Moreover, in contrast to 

intact PMNs, LPS-primed cells failed to form a single leading edge but formed multiple 

leading edges in response to fMLF stimulation. As a result of this, primed cells spread in all 

directions and assumed cell shapes that were significantly less polarized than fMLF-

stimulated PMNs (Fig. S2C, Fig. 5A; Video 2). These findings demonstrate that LPS 

disrupts the spatiotemporal patterns of mitochondrial activation and trafficking that are 

required for PMN polarization and chemotaxis.
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Removal of excessive ATP improves PMN chemotaxis

Chemotaxis is a key host defense function that enables PMNs to track and kill invading 

microbes.29 LPS was reported to enhance the expression of FPRs.30 However, using an 

under-agarose chemotaxis assay, we found that LPS dose-dependently inhibited chemotaxis 

in response to fMLF (Fig. 6A–B). PMN chemotaxis depends on localized purinergic 

signaling mechanisms that may be impaired by excessive ATP accumulation in the 

extracellular space.11,17 Therefore, we hypothesized that removal of accumulated ATP with 

apyrase may restore PMN chemotaxis in the presence of LPS. In order to test this possibility, 

we exposed PMNs simultaneously to LPS and low concentrations of apyrase. Treatment of 

cells with apyrase, but not heat-inactivated apyrase restored chemotaxis in the presence of 

LPS (Fig. 6A, C). These findings demonstrate that removal of excessive extracellular ATP 

that accumulates in response to LPS stimulation can indeed restore PMN chemotaxis.

DISCUSSION

Sepsis remains a major cause of death among critical care patients with an estimated 

mortality of 20 to 30%.31 Intraabdominal infections are the second most common cause of 

sepsis and E. coli is one of the most common Gram-negative pathogens that are involved.32 

Gram-negative bacteria are capable of shedding LPS from their outer cell wall, which 

stimulates TLR4 receptor signaling in monocytes and macrophages and induces an 

inflammatory host immune response.33,34 While TLR4 signaling can elicit antimicrobial 

host defense, uncontrolled TLR4 signaling may also provoke excessive inflammation that 

causes endotoxic shock and host tissue damage.35 Our current findings demonstrate that E. 
coli use LPS to trigger the inflammatory cascade and to disorient PMNs. Through this 

strategy of deceit, Gram-negative bacteria evade PMN-mediated host defenses and gain an 

advantage that allows them to spread and cause severe infections and sepsis.

PMNs use dedicated receptors (FPRs) to recognize formylated peptides that are shed from 

bacteria. These receptors are highly sensitive and allow PMNs to detect and kill bacteria 

before they can spread to cause disseminated infections. We have previously identified a 

sophisticated feedback signaling system that PMNs employ to amplify and interpret 

chemotactic signals they receive.11–12 At the core of these signaling mechanisms are 

mitochondria that produce the ATP that fuels purinergic signaling (Fig. 7A).13 Pannexin-1 

channels deliver ATP and colocalize with FPRs and P2Y2 receptors to form an excitatory 

purinergic signaling loop that amplifies chemotactic cues and regulates cell polarization.12 

In addition to the excitatory purinergic signaling loop at the leading edge of cells, PMNs 

also need A2a adenosine receptors that translocate to the back during cell polarization where 

they exert an inhibitory cAMP-dependent purinergic signaling loop that promotes uropod 

retraction and the shutdown of mitochondrial ATP production.11,14

Our current study suggests that bacterial LPS can impair PMN functions by interfering with 

the purinergic signaling system that regulates chemotaxis. We found that LPS stimulates 

mitochondrial Ca2+ uptake, consistent with increased mitochondrial respiration.28 The rise 

in mitochondrial Ca2+ was accompanied by only a modest rise in cytosolic Ca2+ levels. 

PMNs seem to differ in this respect from macrophages where LPS was recently reported to 

induce Ca2+ influx through TRPM7 channels.36 The activation of mitochondria by LPS led 
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to uniform ATP release across the cell surface. When LPS-primed PMNs were exposed to 

chemotactic cues, FPR stimulation triggered excessive mitochondrial activation and ATP 

release. We therefore propose that LPS priming promotes excitatory purinergic signal 

amplification across the entire cell surface and thereby overpowers the locally defined 

purinergic signaling events that are necessary for PMN chemotaxis (Fig. 7A–C).11–13 As a 

result, LPS renders PMNs unable to clear bacteria from sites of infection such as the 

peritoneal cavity in mice after E. coli infection. Recently, we reported that LPS suppresses T 

cell functions in cocultures of monocytes and T cells by a mechanism that involves increased 

levels of extracellular ATP and P2Y11 receptor stimulation.37 Like A2a receptors that are 

highly expressed in PMNs, P2Y11 receptors are GPCRs that couple to Gαs and increase 

intracellular cAMP in T cells. We found that apyrase could restore PMN chemotaxis, 

indicating that ATP released in response to LPS directly impairs cell migration. 

Nevertheless, it is possible that enhanced breakdown of ATP to adenosine further disrupts 

chemotaxis in the presence of LPS by global stimulation of A2a receptors.15

In contrast to our finding that LPS impairs PMN chemotaxis, others have shown that LPS 

can also contribute to the recruitment of PMNs, for example in transwell assays using 

culture medium from LPS-stimulated monocytes or in air pouch models.38,39 In these 

models, LPS was shown to act indirectly on PMN chemotaxis, namely by promoting the 

production of chemotactic cytokines such as interleukin-8 (IL-8) that attracts PMNs to sites 

of inflammation. In this setting, apyrase has been shown to block IL-8 production and PMN 

recruitment while ATP promoted it.38,40 Differences in the experimental models and the 

chemoattractants involved are likely responsible for the different results of those studies and 

our current work. Further studies are needed to test whether and how LPS suppresses PMN 

chemotaxis in response to IL-8 in our in vitro assays and how other cells such as monocytes 

contribute to PMN dysfunction by inflammasome-induced ATP release.24–26

Our findings show that removal of the excessive ATP that is released in response to LPS can 

restore PMN chemotaxis in vitro and improve the clearance of bacteria in vivo. In addition 

to LPS, other pathological processes such as inflammation, hypoxia, tissue damage, and 

necrosis can also increase extracellular ATP concentrations.3 Like with LPS, excessive 

accumulation of systemic ATP in response to those insults will likely interfere with PMN 

chemotaxis and impair host immune defenses. In support of this notion, several animal 

studies have shown that removal of systemic ATP with apyrase has therapeutic potential by 

improving clinical outcome in mouse models of sepsis and inflammation.4,17,41 Another 

possible approach to mitigate the disruptive effects of systemic ATP on immune functions is 

to block the mechanisms involved in LPS-induced ATP release. In a recent study, LPS-

induced ATP release from PMNs was reported to involve connexin-43 (Cx43) hemichannels 

and autocrine feedback via P2X1 receptors.42 The authors of this interesting report have 

shown that inhibition of P2X1 receptors with NF279 can recover PMN chemotaxis in the 

presence of LPS. We were unsuccessful to replicate these findings using another P2X1 

receptor antagonist, namely NF023 (Fig. S3A–B). In addition, NF023 treatment did not 

significantly improve bacterial clearance in our mouse model of bacterial infection (Fig. 

S3C–D). The reasons for these dissimilar results are not clear and more work is needed to 

further elucidate the underlying mechanisms of this treatment approach compared to apyrase 

and other soluble ATPases.
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Defective host immune function is increasingly recognized as a possible therapeutic target 

for the treatment of sepsis.43 Dozens of previous trials focusing on anti-inflammatory drugs 

to block the pro-inflammatory episode of sepsis have yielded largely disappointing results.44 

This humbling experience has made it abundantly clear that the pathogenesis of sepsis is 

complex and comprises not only pro-inflammatory components that promote host tissue 

destruction but also an anti-inflammatory component that causes immunosuppression and 

hampers both innate and adaptive immune responses.43,45 Future research must therefore 

focus on a wide-reaching treatment approach that corrects both the inflammatory and 

suppressive aspects of immune dysfunction in sepsis.

Our current study shows that PMNs respond to LPS with inappropriate ATP release that 

disrupts their protective function and that may also contribute to indiscriminate PMN 

activation that causes host tissue damage and organ failure in sepsis.46 We show that these 

pathological processes can be addressed with apyrase which targets the root causes of 

immune dysfunction, namely defects in ATP signaling that impair the complex functions of 

PMN in host defense.
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Abbreviations

ADP adenosine diphosphate

AMP adenosine monophosphate

ATP adenosine triphosphate

CFU colony-forming units

E. coli Escherichia coli

fMLF N-formylmethionine-leucyl-phenylalanine

FPR formyl peptide receptor

GPCR G protein coupled receptor

HBSS Hanks’ balanced salt solution

HPLC high performance liquid chromatography

LB Luria-Bertani

LPS lipopolysaccharide
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NA numerical aperture

PMN polymorphonuclear leukocyte

TLR4 Toll-like receptor 4

UDP uridine diphosphate

UTP uridine triphosphate
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Figure 1. Removal of extracellular ATP improves bacterial clearance.
(A-B) Mice were treated with LPS (0.5 mg/mouse, i.p.), apyrase (0.6 IU/g bodyweight, i.p.), 

or normal saline. Two hours later, they received a bolus injection (i.p.) of 1×106 live E. coli. 
Peritoneal lavages (A) and blood samples (B) were collected after one hour and bacteria 

were counted (n = 6–7; *p<0.05 vs. LPS, one-way ANOVA; #p<0.05, t test). CFU, colony 

forming units.
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Figure 2. Apyrase prevents the systemic and local increase in leukocytes in infected mice.
Mice were intraperitoneally injected with LPS (0.5 mg/mouse), apyrase (0.6 IU/g 

bodyweight), or saline. Two hours later, a bolus injection (i.p.) of 1×106 live E. coli was 

administered. After another hour, peritoneal lavages and blood samples were collected and 

PMNs (A and B) and white blood cell counts (C and D) were determined (n= 3–10; #p<0.05 

vs. E. coli, one-way ANOVA; *p<0.05 vs. LPS + E. coli, one-way ANOVA).
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Figure 3. Apyrase treatment converts ATP to AMP and adenosine.
Mice were treated with LPS (0.5 mg/mouse i.p.), apyrase (0.6 IU/g bodyweight i.p.), or 

saline as indicated and received a bolus injection (i.p.) of 1×106 live E. coli two hours later. 

After one more hour, plasma ATP (A), ADP (B), AMP (C), and adenosine (ADO; D) 

concentrations were measured by HPLC (n= 3–8; *p<0.05 vs. LPS + E. coli, one-way 

ANOVA). Solid and dotted lines in the box plots depict median and mean values, 

respectively.
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Figure 4. LPS-induced ATP release from PMNs overwhelms chemotactic signals.
(A-B) ATP release from human PMNs stimulated with fMLF (10 nM) or LPS (100 ng/ml) 

was analyzed using the cell surface targeting fluorescent ATP probe 2–2Zn and fluorescence 

microscopy (see also Video 1). (A) Representative images of at least 6 experiments with 

cells from different donors demonstrating ATP release patterns 30 s after cell stimulation. 

The areas within rectangles were magnified in the images below. Scale bars: 10 μm. (B) 

Fluorescence profile of back-to-front line scans as indicated in (A) (dotted lines) are shown 

as means ± SD of different cells (n=7). (C) Human PMNs were stained with the ATP probe 

2–2Zn and ATP release after addition of LPS (100 ng/ml), fMLF (10 nM), or vehicle control 

was analyzed by flow cytometry. Representative results of 5 independent experiments with 

similar results are shown. (D) Human PMNs stained with the ATP probe 2–2Zn were treated 

for 15 min with the indicated concentrations of LPS. Then, cells were stimulated with fMLF 

(1 nM) or with vehicle control for an additional 5 min and ATP release was analyzed by flow 
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cytometry (means ± SD, n=3–5 independent experiments; *p<0.05 vs. no LPS, one-way 

ANOVA; #p<0.05; fMLF vs. no fMLF; t test and Bonferroni correction).
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Figure 5. LPS disrupts mitochondrial trafficking and activation in stimulated PMNs.
(A) Human PMNs labeled with the mitochondrial Ca2+ indicator Rhod-2-AM were 

stimulated with LPS (100 ng/ml), fMLF (10 nM), or with LPS followed by fMLF 10 min 

later. Mitochondrial Ca2+ uptake was monitored using time-lapse fluorescence microscopy 

and mitochondrial movement was tracked. Representative images of 3 separate experiments 

taken before and 60 s after stimulation are shown. Arrows indicate the change in 

mitochondrial position during the 60 s observation period (see also Video 2). (B) Human 

PMNs were treated as described in (A) and mitochondrial Ca2+ uptake in response to LPS 

stimulation was recorded. Averaged results (mean + SEM) of different cells (n=55–83) 

analyzed in 3 separate experiments are shown. (C) PMNs were stimulated with LPS (100 

ng/ml) or vehicle control for 2 min, followed by stimulation with fMLF (10 nM), and 

Kondo et al. Page 19

J Leukoc Biol. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



mitochondrial Ca2+ uptake was recorded. Data are expressed as mean + SEM of 85 (fMLF) 

or 173 (LPS → fMLF) cells using PMN preparations from 3 separate donors.
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Figure 6. Apyrase recovers PMN chemotaxis in the presence of LPS.
(A) Healthy human PMNs were treated with LPS (1 ng/ml) and apyrase (0.1 mU/ml), loaded 

into wells in an agarose gel, and incubated at 37°C for 3 h. Migration was determined by 

measuring the distance that the cell front traveled toward the wells containing fMLF. 

Representative images of independent experiments (n=3) are shown (scale bar: 1 mm). (B) 

PMNs were treated with the indicated concentrations of LPS and chemotaxis was analyzed 

as described in (A). Data are means ± SD of 3 independent experiments; *p<0.05 vs. no LPS 

(one-way ANOVA). (C) PMNs were treated with LPS (1 ng/ml) in the presence or absence 

of apyrase or heat-inactivated apyrase and chemotaxis was analyzed as described in (A). 

Data shown are means ± SD of 12–16 experiments performed with cells from 4 different 

donors. The distance control cells migrated in the absence of LPS ranged from 1307 to 2003 

μm; *p < 0.05 vs. LPS without apyrase (Kruskal-Wallis test).
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Figure 7. Proposed mechanism by which LPS impairs PMN chemotaxis.
(A) Detection of bacteria by formyl peptide receptors (FPRs) triggers mitochondrial ATP 

production and localized release of ATP through pannexin-1 channels. ATP stimulates 

adjacent P2Y2 receptors that induce an excitatory purinergic feed-forward loop and 

upregulate mitochondrial ATP production. This process amplifies FPR signaling, which 

results in cell polarization towards the chemoattractant source. Breakdown of ATP by CD39 

and other ectonucleotidases generates adenosine (ADO) that stimulates inhibitory A2a 

receptors at the back of polarized cells. The combined actions of these excitatory and 

inhibitory purinergic signaling pathways via P2Y2 and A2a receptors, respectively, regulate 

PMN chemotaxis. (B) LPS liberated from the cell wall of Gram-negative bacteria triggers 

TLR4/CD14 signaling that induces global ATP release and P2Y2 receptor stimulation, 
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resulting in mitochondrial activation throughout the cell. (C) In the presence of fMLF, LPS-

primed PMNs release excessive amounts of ATP that overpower the differential purinergic 

signal mechanisms needed for cell polarization and PMN chemotaxis. As a result of this 

interference, LPS-stimulated PMNs are unable to properly polarize, to undergo chemotaxis, 

and to eliminate invading bacteria from the infected host.

Kondo et al. Page 23

J Leukoc Biol. Author manuscript; available in PMC 2020 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript


	Abstract
	Graphical Abstract
	INTRODUCTION
	MATERIALS AND METHODS
	Materials
	Isolation of human PMNs
	Mice
	Mouse model of E. coli-induced peritonitis
	Bacterial and cell counts
	ATP measurements
	Imaging of calcium signaling and ATP release
	PMN chemotaxis
	Statistical analyses

	RESULTS
	LPS impairs host immune defenses in a mouse model of peritonitis
	Removal of extracellular ATP with apyrase improves bacterial
clearance
	Apyrase treatment converts ATP to AMP and adenosine
	LPS interferes with the purinergic signaling mechanisms that regulate PMN
chemotaxis
	LPS disrupts the intracellular trafficking and activation of mitochondria
that regulate PMN chemotaxis
	Removal of excessive ATP improves PMN chemotaxis

	DISCUSSION
	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6.
	Figure 7.

