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Abstract

Purpose—Sepsis remains an unresolved clinical problem with high hospital mortality. Despite 

intensive research over decades, no treatments for sepsis have become available. Here we explore 

the role of adenosine triphosphate (ATP) in the pathophysiology of sepsis. ATP is not only a 

universal energy carrier but it also acts as an extracellular signaling molecule that regulates 

immune functions. ATP stimulates a large family of purinergic receptors found on the cell surface 

of virtually all mammalian cells. In severe sepsis and septic shock, ATP released in large amounts 

into the extracellular space acts as a “danger signal”. In this review, we focus on the roles of ATP 

as a key regulator of immune cell function and as a disruptive signal that contributes to immune 

dysfunction in sepsis.

Methods—We summarized the current understanding of the pathophysiology of sepsis with 

special emphasis on the emerging role of systemic ATP as a disruptive force that promotes 

morbidity and mortality in sepsis.

Findings—Over the last two decades, the discovery that regulated ATP release and purinergic 

signaling represent a novel regulatory mechanism in immune cell physiology has opened up new 

possibilities to treat sepsis. Immune cells respond to stimulation with the release of cellular ATP, 

which regulates cell functions in autocrine and paracrine fashions. In sepsis, large amounts of 

systemic ATP produced by tissue damage and inflammation disrupt these regulatory purinergic 

signaling mechanisms, leading to immune dysfunction that promotes pathophysiological processes 

involved in sepsis.

Implications—The knowledge of these ATP-dependent signaling processes is likely to reveal 

exciting new avenues to treat the unresolved clinical problem of sepsis.
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INTRODUCTION

Sepsis is a life-threatening condition characterized by severe systemic infection and 

systemic inflammation that cause tissue damage and organ dysfunction.1,2 Despite 

substantial progress in the management of sepsis patients, sepsis remains a major public 

health problem that affects millions of patients worldwide every year.3,4 Severe sepsis and 

septic shock are among the leading causes of death in intensive care units with a mortality 

rate as high as 40%.5,6 In addition, the incidence of sepsis is further rising due to the 

increased use of immunosuppressive drugs, the widespread use of antibiotics, the emergence 

of drug-resistant pathogens, and the aging of our society.7 Over the last decades, the growing 

knowledge about the pathophysiology of sepsis has yielded a considerable number of 

potential drug targets and the development of new therapies to treat sepsis. However, all of 

these approaches have failed in clinical trials.6,8 As a result, there are still no specific 

pharmacological agents available for the treatment of sepsis and new directions for more 

effective treatment strategies are urgently needed.

Over the last few decades, a number of important discoveries have demonstrated that 

adenosine triphosphate (ATP) plays an essential role as an extracellular signaling molecule.9 

The extracellular concentration of ATP increases under conditions that are associated with 

severe sepsis and septic shock, such as inflammation, ischemia, and hypoxia.10 Increased 

extracellular ATP is frequently considered a “danger signal” that triggers pro-inflammatory 

responses, particularly of the innate immune system, and thereby contributes to systemic 

inflammation and secondary organ damage in sepsis.11 In this brief review, we focus on how 

ATP and purinergic signaling regulate immune cell responses in sepsis.

Pathophysiology and treatment of sepsis

According to the current concept, sepsis arises from an overwhelming inflammatory host 

response to invading pathogens. In 1991, a consensus conference further classified sepsis as 

severe sepsis (sepsis associated with organ dysfunction) and septic shock (severe sepsis 

associated with the need for vasopressors following adequate fluid resuscitation). In 

addition, the terms systemic inflammatory response syndrome (SIRS), multiple organ 

dysfunction syndrome (MODS), and multiple organ failure (MOF) were defined because 

inflammatory diseases of non-infectious origin, including severe trauma, burns, pancreatitis 

or ischemia-reperfusion injuries overlap with the pathophysiology of sepsis.12 The criteria 

defining SIRS and sepsis have been questioned recently as being not sensitive and specific 

enough and it was suggested to use the term sepsis only if there is evidence of organ 

dysfunction or organ failure.2,6

Systemic inflammation is initiated by pattern recognition receptors such as Toll-like 

receptors (TLR) and NOD-like receptors (NLR) that are expressed by innate immune cells. 

These receptors are activated by pathogen-associated molecular patterns (PAMPs), like 
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endotoxin, but also damage-associated molecular patterns (DAMPS) or “alarmins” that are 

released from injured host tissue and include a diverse group of molecules such as high-

mobility group B 1 (HMGB1), uric acid, or chromosomal DNA.13 Activation of these 

receptors induces the immediate recruitment and activation of neutrophils and macrophages 

to initiate bacterial clearance and tissue repair. In sepsis, excessive activation of these 

pathways leads to the massive release of pro-inflammatory cytokines, activation of the 

coagulation cascade, endothelial dysfunction, hemodynamic failure, and finally multiple 

organ dysfunction and death.14 Numerous clinical trials in the past two decades focused on 

blocking this hyper-inflammatory response. Approaches including corticosteroid treatment 

and targeting of various mediators of inflammation such as tumor necrosis factor (TNF)-α, 

interleukin (IL)-1β, complement factor C5a, and endotoxin have failed in clinical 

trials.6,8,14,15 These disappointing results were attributed to difficulties with timing of 

intervention, the dosage of experimental drugs, and species differences between in vivo 
animal studies and human patients.6 However, less attention has been given to the fact that 

the initial hyper-inflammatory state in sepsis is offset by an anti-inflammatory response and 

that sepsis is associated with immunosuppression that reduces the ability of the host to clear 

infections. Anti-inflammatory treatment strategies exacerbate this immunosuppressed state 

and likely further increase the susceptibility of sepsis patients to nosocomial 

infections.14,16-18 Because specific pharmacological agents for sepsis are not available, the 

treatment of sepsis patients is limited to the use of antibiotics and supportive measures to 

improve hemodynamics and microcirculation.6,7

Hypertonic saline resuscitation has been studied as a potential strategy to reduce collateral 

tissue damage due to excessive neutrophil activation in trauma patients.19 In addition to its 

beneficial effects on hemodynamic functions, blood viscosity, and capillary blood flow, 

hypertonic saline resuscitation can suppress excessive neutrophil activation.20-23 It was 

shown that hypertonic saline regulates immune cell functions by inducing the release of 

cellular ATP into the extracellular environment.24 In the early 1980s, Chaudry and 

colleagues reported beneficial effects of ATP-MgCl2 infusions in experimental models of 

ischemia25, hemorrhagic shock26, and sepsis27,28. However, the underlying mechanisms 

were not well understood. Although it was unclear the extent to which ATP, MgCl2 or the 

combination of both were responsible for the observed beneficial effects of ATP-MgCl2, it 

was clear that ATP-MgCl2 infusion improved microcirculation due to its vasodilatory effect 

and restored cellular ATP, which improved organ blood flow and ameliorated energy 

metabolism in ischemic tissues.29

Since then, our understanding of the actions and fate of extracellular ATP has grown 

considerably and a large family of purinergic receptors that recognize ATP and related 

nucleotides has been identified.9,30,31 We now know that purinergic signaling regulates the 

functions of virtually all immune cell subtypes and it has become increasingly clear that this 

complex purinergic signaling system is altered in inflammation, tissue injury, and sepsis.32 

Purinergic signaling has therefore come into focus as a potential new therapeutic target in 

the treatment of sepsis and septic shock.
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ATP release and signaling through purinergic receptors

More than 40 years ago, Burnstock and coworkers first proposed the concept of purinergic 

neurotransmission through controlled ATP release from intact cells.33 Since then, numerous 

discoveries have exposed ATP and related molecules such as ADP, UTP, UDP, and 

adenosine as important signaling molecules that regulate many physiological processes, 

including immune cell responses.11,30,32,34 Immune cells respond to stimulation with the 

release of ATP through various mechanisms. Neutrophils release ATP through connexin 43 

hemichannels or pannexin-1 (panx1) channels in response to formyl peptide receptor (FPR) 

stimulation.35,36 Panx1 was also reported to facilitate the release of ATP from macrophages 

following stimulation with LPS37 (Yang 2015) and from T cells following T cell receptor 

stimulation38,39 or exposure to osmotic stress40. In addition, vesicular transport also 

contributes to the release of ATP from T cells.41 The release of ATP is critical for the 

initiation of a signaling cascade that regulates immune cell responses. The purinergic 

receptor family comprises 19 known subtypes that recognize ATP, ADP, adenosine and 

similar nucleotides.31 These receptors can be categorized into three main groups: P2X, P2Y, 

and P1 receptors. P2X receptors (P2X1-7) are ATP-gated ion channels that facilitate the 

influx of extracellular cations, for example calcium. P2Y (P2Y1, 2, 4, 6, 11-14) receptors are 

G-protein coupled receptors (GPCRs) that recognize various nucleotides including ATP, 

ADP, UTP and UDP. The four P1 or adenosine receptors are also GPCRs. A1 and A3 

adenosine receptors couple to Gi or Gq/11 proteins and often promote cell activation, while 

A2a and A2b receptors couple to stimulatory Gs proteins that increase intracellular cyclic 

AMP (cAMP) and typically inhibit many cell functions.32

Termination of ATP and adenosine signaling

P2 receptor signaling is terminated by the conversion of ATP and ADP in the extracellular 

compartment to AMP and adenosine. Several groups of membrane-bound ectonucleotidases 

have been identified that differ with regard to their structures, substrate preferences, and cell-

specific expression patterns.42,43 Among the most widely studied ectonucleotidases are 

ectonucleosid-triphosphate diphosphohydrolase (ENTPD)-1, also known as CD39, which 

catalyzes the conversion of ATP and ADP to AMP, and ecto-5’-nucleotidase (CD73), which 

generates adenosine from AMP. Termination of ATP signaling is closely linked to the 

formation of adenosine. Adenosine often suppresses inflammatory cell responses. 

Particularly A2a receptors were shown to be part of a negative feedback mechanism that 

limits local and systemic inflammation.44 The balance between ATP and adenosine signaling 

must be tightly controlled to prevent both P2 receptor-induced inflammatory damage as well 

as adenosine-dependent immunosuppression. Extracellular adenosine is metabolized by 

adenosine deaminase, which converts adenosine to inosine, or by adenosine kinase, which 

phosphorylates adenosine back to AMP.42 In addition, adenosine can be removed from the 

extracellular space by cellular reuptake through nucleoside transporters.32 Taken together, 

ATP release from stimulated immune cells, conversion of ATP to adenosine, and autocrine 

activation of different purinergic receptor subtypes can enhance or block immune cell 

functions by positive or negative feedback mechanisms that tightly control immune 

responses (Figure 1). Disturbances of these autocrine purinergic signaling processes may 

contribute to inflammatory tissue damage and immunosuppression.
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Regulation of immune cells by purinergic signaling

Purinergic regulation of neutrophils—Neutrophils have a central role in host defense. 

Impaired neutrophil function renders the host defenseless against microbial invaders, while 

excessive activation causes injury to host organs. ATP and adenosine have long been known 

to regulate neutrophil functions, such as oxidative burst, phagocytosis, adherence, and 

chemotaxis.30,45,46 In recent years, autocrine purinergic signaling mechanisms have been 

identified that substantially advanced or understanding of the mechanisms by which ATP 

and adenosine regulate these cell functions. In response to chemotactic stimuli, neutrophils 

release cellular ATP through panx1 channels.36 The released ATP and autocrine activation of 

purinergic receptors is essential for chemotactic gradient recognition, cell polarization, and 

directed migration to the site of infection.47 Danger receptors like formyl-peptide receptors 

(FPRs) together with purinergic molecules such as panx1, P2Y2, and A3 adenosine 

receptors form a stimulatory complex at the leading edge of polarized neutrophils that 

triggers FPR-induced ATP release and P2Y2 and A3 receptor-dependent calcium and 

MAPK signaling and thus amplifies the intracellular signals that generate functional 

responses to chemotactic stimuli.36 Inhibition of autocrine purinergic signaling by blocking 

ATP release or P2Y2 receptors, but also interfering with these signaling mechanisms by 

adding excessive exogenous ATP blocks chemotaxis.47 CD39, CD73, and alkaline 

phosphatase generate adenosine that stimulates A2a and A3 adenosine receptors.36,48 While 

A3 receptors accumulate at the leading edge during cell polarization where they promote 

cell migration, A2a receptors block chemotactic responses at the back of cells.48 P2Y2, A3, 

and A2a receptors form together a “pull-push” mechanism that induces and maintains a 

polarized cell shape and offers a molecular framework for the widely anticipated but poorly 

defined “local excitation global inhibition” (LEGI) model of chemotaxis.48-50 In addition to 

the GPCR-type purinergic receptors mentioned above, P2X1 receptors are also involved in 

the regulation of neutrophil chemotaxis through Rho kinase activation.51

Recent discoveries point to an essential role for mitochondria in neutrophil activation, 

namely by producing the ATP that fuels the purinergic signaling processes involved in cell 

activation.52 Mitochondrial activation and ATP synthesis at the front of polarized neutrophils 

is augmented by mTOR signaling, while stimulation of A2a receptors at the back of cells 

triggers intracellular cAMP production, which inhibits mTOR signaling, mitochondrial ATP 

synthesis, and neutrophil activation.53 The balance of these signaling networks is essential 

for proper neutrophil function and an effective host immune defense. Elevated ATP levels in 

the plasma of sepsis patients interfere with the autocrine purinergic signaling system that 

regulates neutrophil function. As a result, neutrophils are excessively activated and attack 

host tissues but are unable to mount coordinate immune responses.54

Purinergic regulation of monocytes, macrophages, and dendritic cells—Similar 

to neutrophils, macrophages and dendritic cells also require autocrine purinergic signaling 

for the regulation of chemotaxis. In macrophages, these purinergic feedback loops involve 

P2Y2, P2Y12, A2a, A2b, and A3 adenosine receptors.55 P2Y2 receptors regulate 

chemotaxis of immature dendritic cells.56 It was suggested that large amounts of ATP are 

released from apoptotic cells via panx1 and that this ATP acts as a “find-me” signal to attract 

macrophages to inflammatory sites and promote the clearance of dead or dying cells.57,58 A 
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direct chemotactic effect of ATP was however questioned by others and it was proposed that 

ATP promotes non-directed migration instead.59 The release of pro-inflammatory cytokines 

such as TNFα, IL-1β, and IL-18 by monocytes and macrophages contributes to tissue injury 

and it has been recognized some time ago that LPS triggers the release of IL-1β from 

monocytes, macrophages, and dendritic cells in a P2X7 receptor-dependent manner.60-62 

There is compelling evidence that P2X7 receptors play a major role in the antibacterial and 

inflammatory responses of macrophages.10 P2X7 receptors were particularly implicated in 

the elimination of intracellular bacteria and parasites.63 In addition, it was discovered that 

P2X7 receptors have a pro-inflammatory role by activating the NOD-like receptor (NLR) 

mediated inflammasome assembly.64 Inflammasomes are multimeric complexes that 

regulate the activity of caspase-1, proteolysis of pro-IL-1β and pro-IL-18, and the release of 

the active forms of these proinflammatory cytokines.65 The activation of the NLRP3 

inflammasome requires external ATP and stimulation of P2X7 receptors.66 The exact 

mechanisms by which P2X7 receptors and NLRP3 activation are connected have not been 

completely elucidated, however, P2X7-induced K+ efflux has been shown to play a role.67,68 

P2X7 receptors have a low affinity for ATP and are activated only in the presence of high 

extracellular ATP concentrations found at sites of tissue injury. In addition to the stimulatory 

role of exogenous ATP, recent reports indicate that inflammasome activation and release of 

inflammatory cytokines following stimulation with LPS may also involve the release of 

endogenous ATP as an initial event and autocrine stimulation of purinergic receptors.37,69,70 

While ATP promotes proinflammatory cell responses in monocytes and macrophages, 

adenosine contributes to the termination of cell activation. Both A2a and A2b receptors were 

reported to regulate the release of cytokines such as TNFα, IL-10, and IL-12 from 

monocytes and macrophages.71-73

Purinergic regulation of T cells—The majority of patients suffering from severe sepsis 

survive the initial hyper-inflammatory state because of improved clinical management. 

However, many of these patients develop a state of severe immunosuppression that renders 

them susceptible to nosocomial infections that are associated with poor outcome and 

death.16-18 T cell suppression is a hallmark of this immunosuppressive state. However, the 

exact mechanisms leading to T cell suppression are not well defined. Several lines of 

evidence indicate that purinergic signaling controls T cells in many different ways. Recently, 

it was proposed that autocrine purinergic signaling facilitates the signal amplification 

required for antigen recognition by T cells.32 Antigen recognition involves the formation of 

an immune synapse between T cells and antigen-presenting cells. Following T cell receptor 

stimulation, ATP is released through panx1 channels or by vesicular release.38,41,74,75 The 

released ATP promotes calcium influx through P2X1, P2X4, and P2X7 receptors that can 

function as calcium channels.38,39,75,76 P2X4 and P2X7 receptors are also involved in the 

activation of unconventional γδ T cells.77,78 Several components of purinergic signaling, 

including panx1 channels, P2X1 and P2X4 receptors, accumulate at the immune synapse, 

suggesting the formation of a powerful purinergic signaling complex.39 Interestingly, 

mitochondria are part of this complex and they translocate to the immune synapse where 

they deliver the ATP that stimulates P2X1 and P2X4 receptors and thereby fuel the autocrine 

purinergic signaling mechanisms in the synaptic cleft.79,80 The role of P2X7 receptors in T 

cells is somewhat ambiguous. It was shown that they promote T cell activation and 
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proliferation38,39,75,76, however, P2X7 receptors can also induce the lysis and apoptosis of T 

cells.81,82 These opposing actions of P2X7 receptors are thought to be dependent on the 

extracellular ATP concentration.83 Numerous studies have shown that adenosine and A2a 

receptors increase cAMP in T cells, resulting in the suppression of T cell functions.84-86 

Different T cell subtypes express different sets of ectonucleotidase isoforms that catalyze the 

breakdown of ATP to adenosine. Particularly regulatory T cells (Treg) were shown to express 

high levels of CD39 and CD73, which favors the generation of adenosine from extracellular 

ATP. Adenosine-mediated suppression of effector cells plays a central role in the inhibitory 

action of Tregs.87-88

ATP as a danger signal

ATP can be released from cells as a consequence of cell damage and other forms of cell 

stress such as hypoxia, mechanical, or osmotic stress. Besides the controlled release of ATP 

via membrane channels like panx1, cell necrosis can lead to the uncontrolled release of large 

amounts of ATP.10,32 Intracellular ATP levels in the cytoplasm reach millimolar 

concentrations, whereas normal plasma ATP levels are in the low nanomolar range. Local 

extracellular ATP levels at sites of cell or tissue damage can therefore rise significantly. It 

was suggested that ATP acts as a danger molecule or “alarmin”.89 In that role, ATP attracts 

immune cells to sites of tissue damage and contributes to the activation and amplification of 

immune responses needed to repair damaged tissues.11,57,58 In that context, particularly 

attention has been given to P2X7 receptors because the extracellular ATP levels in the 

microenvironment of dead or dying cells are sufficiently high to induce P2X7 receptor 

mediated NLRP3 inflammasome activation, which results in the production of the 

inflammatory cytokines IL-1β and IL-18.64,66,68,90 Recent studies with mice lacking P2X7 

receptors indicated that P2X7 receptors have an important role in the outcome of 

experimental sepsis.91,92 Csóka and colleagues reported that P2X7 receptors on 

macrophages are crucial for controlling bacterial killing and inflammation and increase 

survival independently from inflammasome activation.91 However, another recent study 

showed that mortality and inflammation in response to cecal ligation and puncture (CLP)-

induced sepsis were attenuated in the absence of P2X7 receptors.92 These divergent results 

illustrate the complexity of purinergic signaling in sepsis and indicate that targeting of a 

single purinergic receptor is unlikely to yield successful therapeutic strategies to treat sepsis.

Systemic ATP in sepsis

Trauma and inflammatory organ injury in septic shock cause severe cell damage, cell lysis, 

and necrotic cell death. The massive leakage of intracellular nucleotides into the 

extracellular space results in elevated systemic plasma ATP levels in septic shock.54,91 In an 

experimental sepsis model, mice subjected to CLP showed a 4- to 6-fold increase in plasma 

ATP, ADP, and AMP concentrations in the first 8 h after CLP when compared to sham-

treated control mice. The increase in plasma ATP levels correlated with neutrophil activation 

as assessed by CD11b expression.54 Neutrophils have a pivotal role in host defense by 

killing and eliminating invading bacteria. However, when excessively activated neutrophils 

can also cause significant collateral host tissue damage. In SIRS and sepsis, uncontrolled 

neutrophil activation promotes the development of multiple organ dysfunction and 

failure.93,94 Inhibition of excessive neutrophil activation has therefore been viewed as a 
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desirable strategy to reduce organ damage and improve outcome in sepsis.95 However, this 

strategy weakens the host’s defenses against bacterial pathogens. Systemic plasma ATP in 

sepsis reaches low micromolar concentrations54,91, which is well within the range of the 

ATP concentrations that activate P2Y2 receptors of neutrophils. Addition of ATP to 

neutrophils migrating in a chemotactic gradient field impairs gradient sensing and directed 

migration while increasing random motility and the production of oxygen radicals.47 Most 

likely, this is due to the interference of exogenous ATP with the intrinsic autocrine 

purinergic signaling mechanisms that regulate chemotaxis. Importantly, neutrophil 

chemotaxis and migration to the site of infection is impaired in severe sepsis, resulting in 

increased bacterial load and mortality.96 The mechanisms responsible for this loss of 

protective neutrophil function are not clear, however increased systemic ATP levels may be 

responsible by obscuring the endogenous purinergic guidance system of neutrophils. This is 

supported by the recent finding that treatment of mice with apyrase, an enzyme that 

catalyzes the breakdown of ATP, attenuated systemic inflammation and improved survival in 

experimental endotoxemia and polymicrobial sepsis.97-98 Interestingly, the general P2 

receptor blocker suramin imitated some of the effects of apyrase treatment and reduced 

markers of inflammation, however failed to decrease morbidity and mortality.54,97 

Furthermore, release of endogenous ATP was shown to be important for bacterial killing.91 

These findings underscore the importance of autocrine purinergic signaling mechanisms as 

regulators of cell activation and immune function and support the concept that disruption of 

these mechanisms by systemic ATP contributes to inflammatory tissue damage and impaired 

bacterial clearance in sepsis.

Adenosine in sepsis

Adenosine plays a central role in suppressing immune responses. Like ATP, extracellular 

adenosine concentrations rise rapidly in response to systemic inflammation and tissue 

damage.99,100 For septic shock patients, a 10-fold increase in plasma adenosine 

concentrations was reported.99 This increase was explained by decreased enzymatic 

activities of adenosine deaminase and adenosine kinases and by an increase in the activity of 

adenosine-producing CD73 under hypoxic conditions101 and in human experimental 

endotoxemia102. The immunosuppressive effects of adenosine are mainly ascribed to A2a 

receptors on immune cells. Inflammatory mediators and endotoxin quickly up-regulate the 

expression of A2a and A2b receptors.11 Using A2a receptor knock-out mice, it was shown 

that A2a receptor activation significantly attenuates tissue damage in systemic 

inflammation.44 However, while dampening of excessive immune cell activation by A2a or 

A2b receptors may be beneficial in the hyperdynamic initial phase of sepsis and 

endotoxemia44,103,104, the same receptors can induce immunosuppression. In accordance, 

inhibition of A2a receptor signaling increased survival in a chronic model of polymicrobial 

sepsis by improving bacterial clearance, decreasing IL-10 release and preserving 

lymphocyte function.105 Conversely, A1 and A3 adenosine receptors were suggested to have 

beneficial effects in sepsis.106,107

Pharmacological targeting of purinergic signaling in sepsis

The profound effects of purinergic signaling on immune cells open up opportunities for 

novel treatments for sepsis and systemic inflammation. Pharmacological strategies to 
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increase the tissue protective function of adenosine could include drugs that increase the 

enzymatic breakdown of ATP or that inhibit the enzymatic degradation or uptake of 

adenosine. There are several subtype-specific adenosine receptor agonists and antagonists 

available.108 However, due to the ubiquitous expression of purinergic receptors, undesirable 

side effects in non-target systems are to be expected. Such side effects could be 

cardiovascular depressive effects caused by A1 or A3 agonists.109 The number of specific 

agonists or antagonists for the 15 different P2 receptor subtypes is comparatively limited. 

The complexity of purinergic signaling and the pathophysiology of sepsis, however, raise 

concerns about the feasibility of therapeutic approaches that focus on modulating a single P1 

or P2 receptor subtype.

Given the detrimental effects of systemic ATP in sepsis, strategies aimed at the restoration of 

normal ATP levels would seem more promising. Possible approaches could involve 

inhibition of ATP release mechanisms or enhancement of enzymatic ATP breakdown. 

Recently, two phase IIa clinical trials showed that kidney function improved in critically ill 

patients with sepsis-associated acute kidney injury who were treated with alkaline 

phosphatase. The beneficial effects were ascribed to the dephosphorylation of LPS and of 

ATP that is released by inflamed and hypoxic tissues.110 These results demonstrate the 

therapeutic potential of targeting external ATP in sepsis. Growing knowledge about the 

complex paracrine and autocrine purinergic signaling mechanisms that regulate immune 

cells, but also virtually all other physiological systems associated with sepsis will be needed 

to widen our understanding and help with the development of effective and targeted 

treatments for sepsis.
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Abbreviations

ADP adenosine diphosphate

AMP adenosine monophosphate

ATP adenosine triphosphate

CLP cecal ligation and puncture

DAMPs damage-associated molecular patterns

FPR formyl-peptide receptor

GPCR G protein coupled receptor

IL interleukin

mTOR mammalian target of rapamycin

NLR nucleotide-binding oligomerization domain (NOD) like receptors

panx1 pannexin-1
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PAMPs pathogen-associated molecular patterns

SIRS systemic inflammatory response syndrome

TLR Toll-like receptor

TNF-α tumor necrosis factor α

UDP uridine diphosphate

UTP uridine triphosphate
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Figure 1. Elements of the autocrine purinergic signaling mechanisms in immune cells.
Stimulation of specific surface receptors of immune cells that recognize pathogens, antigens, 

cytokines, or chemokines triggers mitochondrial ATP formation and ATP release through 

pannexin-1 (panx1) channels. ATP in the extracellular space can stimulate P2X or P2Y 

receptors. Ectonucleotidases such as CD39 or CD73 catalyze the stepwise hydrolysis of ATP 

to ADP (the ligand of certain P2Y receptors), AMP, and adenosine, which is the ligand of P1 

(adenosine) receptors. Adenosine is removed by nucleoside transporters (NT) that facilitate 

the cellular uptake of adenosine or by adenosine deaminase (ADA) that converts adenosine 

to inosine.
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