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SUMMARY

Sepsis occurs when an infection exceeds local tissue containment and induces a series of 

dysregulated physiologic responses that result in organ dysfunction. A subset of patients with 

sepsis progress to septic shock, defined by profound circulatory, cellular, and metabolic 

abnormalities, and associated with a greater mortality. Historically, sepsis-induced organ 

dysfunction and lethality were attributed to the complex interplay between the initial inflammatory 

and later anti-inflammatory responses. With advances in intensive care medicine and goal-directed 

interventions, early 30-day sepsis mortality has diminished, only to steadily escalate long after 

“recovery” from acute events. Since so many sepsis survivors succumb later to persistent, 

recurrent, nosocomial and secondary infections, many investigators have turned their attention to 

the long-term sepsis-induced alterations in cellular immune function. Sepsis clearly alters the 

innate and adaptive immune responses for sustained periods of time after clinical recovery, with 

immune suppression, chronic inflammation, and persistence of bacterial representing such 

alterations. Understanding that sepsis-associated immune cell defects correlate with long-term 

mortality, more investigations have centered on the potential for immune modulatory therapy to 

improve long term patient outcomes. These efforts are focused on more clearly defining and 

effectively reversing the persistent immune cell dysfunction associated with long-term sepsis 

mortality.
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INTRODUCTION

Until recently, sepsis was defined as the constellation of symptoms occurring when a 

bacterial, viral or fungal infection leads to a systemic inflammatory response syndrome 

(SIRS), including fever, leukocytosis or leukopenia, and decreased vascular resistance 
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frequently leading to hypotension (septic shock), organ failure (severe sepsis) and death(1, 

2) (Fig.1). However, vagueness in definitions and ineffective clinical strategies have led to 

discrepancies in the incidence of sepsis and the observed mortality(3). In response, the Third 

International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3) were developed 

and address the limitations of previous definitions that were over focused on SIRS and 

inflammation(4). In addition, the Consensus also dispelled the longstanding notion that SIRS 

criteria possess adequate specificity and sensitivity to define and diagnose sepsis. Lastly, the 

report debunked the misleading model that sepsis always follows a linear continuum from 

the SIRS through severe sepsis and septic shock, and declared the term “severe sepsis” 

redundant and unnecessary. Instead, the Consensus report recommends that sepsis be 

defined as a life-threatening organ dysfunction caused by a dysregulated host response to an 

infection (Fig. 2). Organ dysfunction is now defined by an increase in the Sequential Organ 

Failure Assessment (SOFA) score of 2 points or more, which is associated with an in-

hospital mortality greater than 10% (Fig. 3). Furthermore, septic shock is now defined as a 

subset of sepsis in which profound circulatory, cellular, and metabolic abnormalities are 

associated with a greater risk of mortality than with sepsis alone. Clinically, patients with 

septic shock can be identified by a vasopressor requirement to maintain a mean arterial 

pressure of 65 mmHg or greater and serum lactate level greater (>18mg/dL) in the absence 

of hypovolemia with inhospital mortality rates greater than 40% (Fig. 4). In order to identify 

patients with the highest probability of poor outcome associated with sepsis, a new bedside 

clinical score named the quickSOFA (qSOFA) was created which consist of at least 2 of the 

following clinical criteria including, respiratory rate of 22/min or greater, altered mentation, 

or systolic blood pressure of 100mmHg or less(4) (Fig. 5).

Even though substantial advances in our clinical understanding, disease definition, and 

immune pathophysiology have improved overall sepsis survival, long-term sepsis mortality 

is abysmal, at 40–80%(5). Despite progress in antibiotic therapy, ventilator management, 

resuscitative strategies and blood glucose maintenance, sepsis remains the leading cause of 

death in the intensive care units (ICUs)(6). Even more alarming is the escalating cost of 

sepsis-associated medical care, which is estimated at $17 billion annually in the United 

States(7). Considering the rapidly expanding elderly population with large comorbidity 

burdens, physiologic frailty and immune senescence(8), sepsis mortality is expected to rise 

at an alarming rate over the next two decades(9).

Despite over 100 therapeutic clinical trials in sepsis, no FDA-approved treatment options 

currently exist that improve sepsis survival(10). Although clinicians and investigators have 

opined in a sundry of editorials, reviews and commentaries incriminating a multitude of 

possible explanations such as, impaired cellular metabolism, tissue oxygenation, and 

myocardial dysfunction(11), the most accepted postulate describes a persistent and complex, 

immune/inflammatory interplay that is yet ill-defined(11, 12). Traditionally, sepsis 

investigations attempted to improve thirty day survival by dampening the inflammatory 

response by way of IL-1 and TNF blockade(13) with little success in reducing mortality. 

However, continued improvements in clinical treatment strategies over the past two 

decades(14) have resulted in more patients surviving life-threatening sepsis and organ 

dysfunction, only to manifest prolonged states of immune dysfunction, immune 

suppression(15), persistent inflammation and metabolic catabolism(16). These varying states 
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of immune paralysis are characterized by impaired immune surveillance and the 

development of persistent, recurrent, secondary, and nosocomial infections which facilitate 

protracted events that often lead to death(17).

Historically the sepsis death distribution has been biphasic, with an initial early peak at 

several days due to inadequate fluid resuscitation, resulting in cardiac and pulmonary failure, 

and a late peak at several weeks due to persistent organ injury or failure(18). Considering the 

recent recognition in mounting long-term sepsis mortality, a trimodal pattern is more 

indicative of the current death distribution(17–19). The early peaks in mortality exist, albeit 

of much less magnitude, and the third upswing occurs after 60–90 days and continues to 

soar over the ensuing three years(17, 19, 20) (Fig. 6A, B). These deaths are speculated to be 

the consequence of more sophisticated ICU care that keeps elderly and co-morbidly 

challenged(9) patients alive longer in spite of ongoing immune, physiologic, biochemical, 

and metabolic aberrations(21). Although the specific etiologies of long-term sepsis mortality 

are currently unclear, several reports suggest that advanced age, comorbidities, and 

persistent organ injury synergize to generate a damaging state of chronic and critically ill 

disease characterized by ongoing immune dysfunction, immune suppression, and catabolism 

and inflammation(15, 16, 22). Moreover, persistent inflammation combined with chronic 

immobility, catabolic drugs, and extended paralytic drugs all culminate to produce a state of 

immune dysregulation that facilitates infectious complications and terminates in chronic 

deterioration and death(23). Thus, investigators have been forced to refocus their efforts on 

the underlying innate and adaptive immune system derangements that facilitate the 

development of infectious complications, impair sepsis recovery and increase long-term 

mortality(24, 25). In this review we will outline the immune system’s role in sepsis 

progression, resolution and long term outcome and focus our attention on the clinical 

implications, and potential therapeutic interventions available to improve long-term survival.

Immune Dysfunction in Sepsis

Sepsis impacts the immune system by directly altering the life span, production and function 

of effector cells responsible for homeostasis(26, 27). The hematopoietic compartment 

constituently replenishes terminally differentiated innate and adaptive cells which are 

intrinsically responsible for immune surveillance against offending pathogens, and 

concomitantly prerequisite for successful tissue regeneration and wound healing. Over the 

last two decades a debate has persisted as to whether innate and adaptive immune 

dysfunction or inflammatory and anti-inflammatory processes are more detrimental to sepsis 

survival(28). Formerly, the inflammatory response was thought to drive early mortality in 

the first several days of sepsis, and the compensatory anti-inflammatory response was 

thought to induce organ failure, immune suppression and mortality weeks later (29). 

However new insights gathered using genomic analysis of septic patient tissue samples(15) 

and severely injured trauma patients, have identified an enduring and simultaneous 

inflammatory and anti-inflammatory state driven by dysfunctional innate and suppressed 

adaptive immunity that together culminate in persistent organ injury(30) and patient 

death(31, 32) (Fig. 7).
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Although shortcomings in each of these studies exist, when the collective results are 

compared with patient outcomes, it is clear that a paradigm shift is necessary to explain the 

long-term mortality surge after sepsis. It is evident that inflammatory and anti-inflammatory 

responses and innate and adaptive immune systems are each equally important, and likely 

present targets for future immune therapies to improve long-term sepsis outcomes(25–27, 

33). The following discussion provides an overview of the sepsis-induced alterations in 

inflammation, innate and adaptive immune cell function, and the most promising immune 

response modifiers being considered for future human sepsis therapy.

Hyperinflammation

Once the host loses local-regional containment of an infection, the body is systemically 

exposed to microbes, microbial components and products of damaged tissue. This induces 

an inflammatory response and initiates sepsis-like responses through the recognition of 

pathogens and damaged tissue by way of pattern recognition receptors (PRRs) which are 

ubiquitous on immune cell surfaces. PRRs are expressed primarily on immune and 

phagocytic cells and on many types of somatic tissues. Microbial infections are recognized 

by pathogen-associated molecular patterns (PAMPs) that are expressed by both pathogenic 

and harmless microbes. PAMPs are recognized by PRRs such as Toll-like receptors (TLR), 

C-type and mannan binding lectin receptors, NOD-like receptors, and RIG-I-like receptors. 

Proteins and cellular products released by tissue damage are similarly recognized as 

damage-associated molecular patterns (DAMPs)(34). During sepsis, systemic activation of 

the innate immune system by PAMPs and DAMPs results in a severe and persistent 

inflammatory response characterized by an excessive release of inflammatory cytokines such 

as IL-1, TNF, and IL-17, collectively known as the “cytokine storm”(30). The exorbitant 

release of inflammatory cytokines occurs over a relatively short period of time (several 

days). In addition, intense complement activation and innate immune stimulation potentiate 

what should be a normal physiological response to infection, instead into an excessive 

inflammatory response resulting in tissue damage, cellular compromise, and molecular 

dysregulation that initiate organ dysfunction and even multi-organ failure(30).

Although some patients recover from this inflammatory state, for unknown reasons elderly 

patients with heavy comorbidity burdens fail to resolve this initial condition and progress to 

a state of persistent ongoing inflammation, immune cell dysfunction, and catabolic 

metabolism, all of which degrades the immune system’s ability to clear infections and heal 

injured tissues(35). Recently, investigators have suggested that therapeutic interventions that 

curb hyperinflammation, shift catabolism toward anabolism, and bolster immune function 

maybe beneficial in combination, once the initial episode of sepsis has subsided(24, 36, 37). 

Although in other disease states such as severe burns(38), advanced cancers(24, 25, 39, 40), 

and autoimmune diseases(41), combination therapies that reduce inflammation, optimize 

metabolism, and decrease infections are common-place, there is as of yet no clear plan for 

the routine use of these or similar strategies to improve long-term outcome in sepsis(19). 

Until we embrace and adapt strategies for sepsis therapy that have been demonstrated to 

improve outcome in other inflammatory disease states, we may not be able to meaningfully 

improve sepsis survival.
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Immune Resolution

Resolution of the hyperinflammatory cytokine cascade was thought to begin days after the 

initial sepsis episode had passed. However recently, it has been discovered that 

compensatory anti-inflammatory pathways are activated shortly after sepsis initiation(28). 

The hallmark cytokine is IL-10, which is produced by a variety of leukocytes, suppressing 

the production of IL-6 and interferon-γ (IFNγ), and stimulating the production of soluble 

TNF receptor and IL-1 receptor antagonist. These products neutralize proinflammatory 

TNFα and IL-1 signaling(42). At the subcellular level, autophagy provides a way to 

eliminate DAMPs and PAMPs by packaging pathogen components, damaged organelles and 

cellular proteins into vesicles targeted for lysosomal degradation, resulting in reduced 

inflammation and cellular activation(43).

Resolution of inflammation after severe infection is not simply a passive process of curbing 

cytokine production and easing inflammatory pathways. Instead, dampening of 

inflammation involves an interdigitating, complex and coordinated array of cellular 

processes and recently recognized molecular signals. Soon after pathologic bacteria are 

eliminated from the host, damaged tissues, cells and leukocytes must be removed from the 

infection site. Under favorable circumstances the defunctionalized tissue cells and 

leukocytes undergo apoptosis, becoming engulfed by macrophages and removed from the 

inflamed field, triggering the production of anti-inflammatory IL-10 and transforming 

growth factor β. Furthermore, recently discovered bioactive lipids termed lipoxins, resolvins, 

protectins, and maresins have been shown to reduce ROS, endothelial permeability, and 

leukocyte recruitment, and further enhance macrophage phagocytosis(44, 45). In addition to 

anti-inflammatory cytokines, inflammation resolution is also governed by multiple subsets 

of regulatory immune cells such regulatory T cells (Tregs)(46, 47) and myeloid derived 

suppressor cells (MDSCs) that orchestrate inhibition over cytoxic effectors and curb 

inflammatory cytokine production(48).

Historically, therapeutic interventions aimed at inhibiting the acute inflammatory response to 

infection and subsequent sepsis using glucocorticoids, nonsteroidal anti-inflammatory 

agents, and anti–TNFα antibodies have repeatedly failed to improve outcomes in patients 

with sepsis and septic shock(10). Conversely, strategies that stimulate endogenous mediators 

that actively resolve inflammation have not been thoroughly explored because the critical 

signaling factors that regulate these native processes have remained elusive. Serhan and 

colleagues, demonstrated that eicosapentaenoic acid (EPA) and docosahexaenoic acid 

(DHA) derived lipids, [coined pro-resolving mediators (SPMs), including resolvins, 

protectins, and maresins], increase early after states of infection, regulate inflammation 

resolution, and enhance bacterial clearance(44). Recently, Dalli and coauthors reported a 

novel cohort of host-protective lipids termed 13-series resolvins (RvTs)(49). These host-

protective lipids are formed early during inflammation, promote bacterial phagocytosis, 

increase production of reactive oxygen species, and augment host recovery from systemic 

infection by accelerating the resolution of the acute inflammation(49). Furthermore, the 

systemic administration of atorvastatin can increase RvT biosynthesis through activation of 

COX-2 and accelerate infection resolution which can be reversed by COX-2 inhibition using 

celecoxib(49). Together these findings shed light on a new group of endogenous mediators 

Delano and Ward Page 5

Immunol Rev. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



that resolve host inflammation without interfering with phagocytosis and identify a new 

mechanism for the pleiotropic effects of statins that mitigate inflammation and promote 

endothelial function(50). Although statin therapy in sepsis has yielded little benefit in 

clinical trials(51), the discovery of a new class of bioactive lipids that resolve inflammation 

could provide a biomarker to identify subgroups with impaired RvT biosynthesis who may 

benefit from statin therapy.

Immune Suppression

Generally, therapeutic strategies to treat sepsis have focused on inhibiting the early 

hyperinflammatory phase. However, it is evident that a state of immune suppression exists 

concomitantly with persistent inflammation and enables the development of persistent, 

recurrent, secondary, and nosocomial infections which lead to poorer outcomes and 

increased long-term mortality(25). Sepsis-induced immune suppression impacts both 

cellular effectors of the innate and adaptive immune systems.

Neutrophils, essential for bacterial eradication, display defects in chemotaxis and 

recruitment to sites of infection, in the setting of sepsis(52, 53). Furthermore, the production 

and release of essential effector molecules, such as reactive oxygen species (ROS) and 

cytokines, is significantly impaired(53–55), leading to bacterial persistence and the 

development of infectious complications. Even though myeloid cell production of pro-

inflammatory cytokines is reduced, overall myeloid cell production and release of anti-

inflammatory cytokines (e.g., IL-10) is elevated(54). Defects in antigen presenting cell 

(APC) function, including reduced HLA-DR expression, endotoxin tolerance and impaired 

cytokine production all reduce the capabilities of APCs to stimulate lymphocyte driven 

immune functions following sepsis(56–59). Apoptosis of lymphocytes and APCs (dendritic 

cells, T cells and B cells) is considered a hallmark of septic immune suppression(60, 61).

In addition to diminished innate function, adaptive immunity is similarly impaired. 

Splenocytes harvested from deceased sepsis patients demonstrate reduced numbers of CD4+ 

and CD8+ lymphocytes that emanate from substantial apoptosis(15). Moreover, CD4+ cell 

loss is associated with a reduced ability to mount appropriate immune responses to viral 

infections including cytomegalovirus, Epstein-Barr virus, herpes simplex virus, and human 

herpes virus reactivate after septic insults(62). However, reduced lymphocyte numbers are 

not just reflective of the risk for viral reactivation following sepsis. Lymphopenia four days 

after the onset of sepsis is associated with the development of secondary infection and is 

predictive of long-term mortality at one year after sepsis(63).

Overall these specific cellular alterations coalesce into a chronic state of immune 

suppression, characterized by persistent, recurrent, secondary, and nosocomial infectious 

complications(64) often resulting in hospital readmissions(65–67), and poor long-term 

survival(68). Over the last 5 years it has become abundantly clear that in the weeks and 

months following hospital discharge, sepsis survivors have increased readmission rates(69) 

due to infectious complications(70), requiring more antibiotics, ICU days, and hospital 

resources, when compared to patients not experiencing sepsis(71). With the ever increasing, 

comorbidly-challenged elderly population, demonstrating persistent inflammation, immune 

suppression and immune senescence, the number of sepsis survivors that develop subsequent 
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infections is predicted to rise substantially in the next decades(68, 72). It is evident that 

sepsis induces a pathologic state of immune suppression that prompts the development of 

secondary infections while still in the ICU setting(73). Several reports over the past five 

years demonstrate that sepsis survivors experience dramatically higher rates of subsequent 

infections long after the initial episode of sepsis has resolved(65, 69, 70, 74–76). The 

increased hospital readmission rates due to infectious complications among sepsis survivors 

is a sign of ongoing immune suppression and dysregulation that if not corrected, diminishes 

life quality and durable survival.

Molecular Alterations in Sepsis

Current sepsis observations suggest that multiple organ failure occurs even in the context of 

preserved cell morphology and in the absence of significant cell injury. In addition, organ 

dysfunction is often reversible, even in organs that regenerate poorly (heart, lung, central 

nervous system, kidneys). Therefore, it is apparent that sepsis-induced organ dysfunction 

occurs primarily though cellular and molecular dysregulation, as opposed to gross tissue 

damage. By this principle, immune dysfunction in sepsis is also associated with molecular 

alterations that alter cellular phenotype and function. Below, we outline several important 

pathways of cellular dysfunction that impact immune function during and after episodes of 

sepsis.

Complement Activation

It has long been known in human and rodent sepsis models that a robust and consumptive 

depletion of complement occurs, resulting in a sharp drop in hemolytic plasma complement 

and in the appearance in plasma of complement activation products(77). There is also 

evidence that sepsis in humans causes shedding of the C5a receptor into plasma, likely due 

to release of microparticles from neutrophils(78). Similar events occur in rats and mice with 

experimental polymicrobial sepsis(79). In addition to complement activation, there is also a 

robust stimulation of both the fibrinolytic and clotting systems(80). There is also evidence 

for activation of several clotting factors, some of which have C3 and C5 convertase 

activities, generating C3a as well as activation of thrombin which has C5 convertase activity 

and generates C5a and the terminal membrane attack complex (MAC)(81). There is well 

established evidence that activation of the complement system is often linked to activation of 

both the clotting and the fibrinolytic systems. Development of neutralizing C5a antibodies in 

murine models dramatically attenuated the intensity of sepsis, including greatly improved 7-

day survival, reduced levels of plasma cytokines, and decreased multiple organ failure(79, 

80, 82). The steady progress achieved in understanding complement and how its production 

and deposition increase systemic inflammation, organ failure and mortality, have resulted in 

the development and randomized phase 2 trial of a C5a inhibitor, CaCP29 (EudraCT 

Number: 2013-001037-40) which has shown great promise despite a historically large field 

of other failed antibody inhibitors(83).

Redox Imbalance

Clinical and experimental evidence has been well published that demonstrates septic patients 

exhibit overwhelming oxidative stress(84–86) which results from uncontrolled production of 

ROS and reactive nitrogen species (RNS). This severe state of oxidative stress is produced 
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by activated immune and epithelial cells that overexpress oxide synthases including 

inducible nitric oxide synthase (iNOS), or via mitochondrial production of ROS(86–88). 

ROS and RNS play crucial roles in sepsis progression by interfering with nitric oxide 

signaling cascades and oxidation/nitrosylation of proteins or nucleic acid substrates that 

results in harmful molecular function(87, 89). Although anti-oxidant therapies have shown 

benefit during animal models of experimental sepsis, the same advantage has not translated 

into successful human clinical trials(90).

Ca2+ Homeostasis

Hypocalcemia is common in sepsis and correlates with disease specific scores during critical 

illness(91–94). Altered intracellular calcium handling is hypothesized to be responsible for 

the observed systemic hypocalcemia(94). Although systemic Ca2+ levels are reduced during 

sepsis, there are increased Ca2+ cytosolic levels which may stem from increased uptake. The 

same intracellular calcium fluctuations are elevated in a variety of tissues and cell types 

during sepsis(95–97) although the specific mechanisms underlying altered Ca2+ handling 

remain unclear. Heightened intracellular calcium leads to elevated inflammatory responses, 

cellular dysfunction, and can even be cytotoxic. In addition, the accumulation of Ca2+ in 

organs during sepsis is also associated with significant organ dysfunction(98).

PARP1 and PARP2 Activation

Poly(ADP-Ribose) Polymerase 1 (PARP1) and PARP2 are enzymes that catalyze poly(ADP-

robosyl)ation of proteins. Catalytic activity of these enzymes is stimulated by DNA strand 

breaks. PARP activity is viewed as a sensor of DNA damage. PARP1 activation and 

initiation of the inflammatory response occur simultaneously(99). PARP1 activity 

upregulates proinflammatory gene expression(100), which is attributed to PARP1-induced 

alterations in chromatin structure and in transcriptional regulation(99, 101). Because PARP1 

also directly contributes to cell death in affected tissues(99) it is hypothesized that PARP1 

also plays a role in sepsis associated immune cell death. PARP1 genetic deficiency is 

protective during murine models of experimental sepsis, and is associated with significantly 

lowered plasma cytokine levels and reduced tissue/organ dysfunction(102). Inhibitors of 

PARP1 have been studied in clinical trials as potential cancer therapeutics, but trials for 

sepsis have not been initiated. Therefore, it is not clear whether inhibitors of PARP1 will be 

beneficial during the treatment of human sepsis.

Mitochondrial Dysfunction

Mitochondria are critical for maintaining an adequate supply of ATP for cellular processes. 

In addition, damaged mitochondria can trigger cell death pathways through the release of 

mitochondrial cytochrome c(103). Mitochondria are affected in several ways during sepsis. 

The generation of excessive amounts of ROS and RNS can directly inhibit respiration and 

damage respiratory chain components in mitochondria(104–106). In addition, impaired 

tissue perfusion (due to fluid loss, both intrinsic and extrinsic, as well as reduced vascular 

tone) leads to tissue hypoxia. Loss of tissue oxygenation significantly impairs oxidative 

phosphorylation and may trigger cell death pathways(107). Mitochondrial dysfunction, or 

direct damage of mitochondria, can directly affect the generation of ATP. Not only will the 

drop in ATP negatively affect cellular processes, but severe lack of ATP can trigger cellular 
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anergy, whereby the cell will not necessarily die, but instead acquire a hibernation-like state 

resulting in tissue dysfunction and organ failure(108). The importance of mitochondrial 

dysfunction during sepsis is highlighted by the observations that cellular ATP levels are 

correlated with survival in both human and animal sepsis models(106, 109).

Cellular Defects

The following discussion provides a summary of the sepsis-induced immune alterations in 

the majority of innate and adaptive cell types, along with the most promising candidates 

under consideration to be employed as immune response modifiers for future human sepsis 

therapy. Although we have attempted to focus this discussion on human sepsis, many of the 

current insights have been gleaned from animal sepsis model recapitulating aspects of 

human sepsis. The authors recognize the recent and ongoing debate about the efficacy of 

murine and other animal models to accurately reflect human disease processes(110). The 

authors’ opinion is that both human and animal models are necessary if continued scientific 

progress and improved patient outcome is to continue. Even though we clearly realize that 

animals do not immunologically, metabolically, or genomically equal the state of human 

responses, it is not sustainable to merely test all of the proposed hypotheses in human 

disease systems without the benefit of animal correlation to explore scientific avenues not 

otherwise ethically amenable to the human condition.

Innate Immunity

Endothelium—Endothelial cells (ECs) form a single cell layer called the endothelium, 

which line all of the vasculature and lymphatic systems in the body and comprise a semi-

permeable barrier between blood and lymph within vessels and the surrounding tissue. ECs 

are a heterogeneous population of cells that fulfill many physiological processes and 

participate in innate and adaptive immune responses. ECs function as danger signal sensors, 

therefore are one of the first cell types to detect invading microbes via endogenous 

metabolite-related danger signals in the bloodstream(111). LPS exposure activates ECs, 

causing the production of pro-inflammatory cytokines and chemokines, which amplify the 

immune response by recruiting immune cells(112). Therefore, ECs function as innate force 

multipliers, cell mobilizers, and immune regulators by modulating cellular function(113). In 

special circumstances, ECs can serve as antigen presenting cells expressing both MHC I and 

II molecules and present endothelial antigens to T cells. ECs also express TLR-2 and TLR-4 

enabling them to respond to LPS in states of bacterial infection(112).

During sepsis a significant amount of EC dysfunction is present and manifests as several 

pathological processes including capillary leak, altered vasomotor tone and microvascular 

thrombosis(114). A further consequence of damage to the endothelium is the release of 

pathological quantities of von Willebrand factor, which promotes platelet aggregation and 

adhesion to the subendothelial layer and the formation of pathologic thrombi. In sepsis there 

may be direct destruction of the endothelial barrier, and an increased number of circulating 

endothelial cells that have been observed in patients with septic shock. Angiopoietin-2 

(Ang-2) mediates endothelial microvascular leak and is an independent predictor of death 

and organ dysfunction during sepsis(115). Since the early outcome of sepsis is mainly 

determined by the degree of organ failure, macro- and microvascular endothelial dysfunction 
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has been proposed as an early biomarker of immune function and outcome. In patients with 

severe sepsis, in vivo measured endothelial dysfunction coincides with lower numbers and 

reduced function of circulating progenitor cells implicated in endothelial repair(116). The 

results suggest that cellular markers of endothelial repair might be valuable in the 

assessment and evolution of organ dysfunction and even outcome following episodes of 

sepsis. ECs also release microparticles which are protective against vasomotor 

hyporeactivity, which accounts for hypotension in patients with septic shock(117). Taken 

together, there is a large amount of data to suggest that ECs are key regulators of the 

physiologic and immunologic dysfunction during and after sepsis, and that EC modulation is 

possibly beneficial to improve long-term human sepsis survival.

Neutrophils—Neutrophils are the most prevalent and integral cell type of innate function, 

essential for microbial containment and eradication, and prerequisite for long-term sepsis 

survival(118). They comprise the majority of the cellularity in the bone marrow (BM) and 

are the very first responders to sites of microbial infections (119). One of the most 

pronounced innate immune alterations in sepsis is a delayed state of neutrophil 

apoptosis(120), leading to ongoing neutrophil dysfunction. This delayed state of neutrophil 

apoptosis is further compounded by the release of immature band-like neutrophils from the 

BM that demonstrate clear deficits in oxidative burst(121), cellular migration patterns(122, 

123), complement activation ability and bacterial eradication(54), which all combine and 

contribute to persistent immune dysfunction and inflammation. These findings combined 

with TLR signaling deficits (124), chemokine-induced chemotaxis reductions (125), altered 

apoptosis signaling pathways, and neutrophil immune senescence(126), result in a sundry of 

functional deficiencies that endure long after sepsis symptoms have subsided. A host of 

mounting scientific evidence also suggests that neutrophils may function as APCs in a broad 

array of pathological infections and act as crosstalkers between innate and adaptive 

responses through activation of CD4+ and CD8+ effector cells(127, 128). More importantly, 

multiple human studies have implicated the complex array of persistent neutrophil 

dysfunction in the development of hospital acquired infections(129). Furthermore, patients 

with the most pronounced derangements in neutrophil function following sepsis are the most 

susceptible to develop intensive care unit complications such as ventilator-associated 

pneumonia and other nosocomial infections(130). The vast majority of patients who die 

from sepsis have ongoing infections(15), suggesting that defects in innate immunity in 

general and neutrophil-mediated bacterial clearance in particular, could serve as potential 

therapeutic targets to regulate neutrophil apoptosis, production, maturation and function.

In addition to the ability to eliminate pathogens by phagocytosis, oxidative burst and/or 

degranulation, it has recently been shown that neutrophils can eradicate a wide range of 

microorganisms by forming neutrophil extracellular traps (NETs)(131). This novel 

mechanism entails the release of antimicrobial proteins anchored to a chromatin network of 

activated neutrophils. A rapidly expanding body of evidence demonstrates that NET release 

is integral in the pathogenesis of diseases such as sepsis, atherosclerosis, and 

autoimmunity(132, 133). DNA is the major structural component of NETs. In addition, 

granule and cytoplasmic proteins, including neutrophil elastase (NE), myeloperoxidase 

(MPO), cathepsin G, proteinase 3 (PR3), gelatinase, LL-37, lactoferrin, and calprotectin as 
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well as histones H1, H2A, H2B, H3, and H4, are all embedded in the DNA backbone 

comprising the NET. The DNA fibers promote physical containment of the microbes, 

whereas the histones and granular proteins confer an antimicrobial function to the NETs. 

Neutrophil NET production requires platelet-neutrophil interactions and can be inhibited by 

platelet depletion or disruption of integrin-mediated platelet-neutrophil binding. Released 

into the vasculature to ensnare bacteria from the bloodstream, NETs prevent further bacterial 

dissemination(134). During sepsis, NET release increases bacterial trapping by 4-fold in 

liver sinusoids. Furthermore, the correlation between the presence of NETs in peripheral 

blood and organ dysfunction was evaluated in 31 septic patients. Elevated NET 

concentrations were observed in septic patients in contrast with the healthy controls, and 

increased NET levels were associated with sepsis severity and organ dysfunction(135). 

Collectively these insights provide a foundation from which to explore the potential of 

immune modulatory therapy to exploit the benefits of NET formation in states of bacterial 

infection while minimizing the hazards of worsening organ dysfunction.

Monocytes and Macrophages—The impact of an episode of sepsis on human 

monocyte subpopulations has long been the subject of intense investigation over past half 

century. For decades it has been apparent that reduced mononuclear cell HLA-DR 

expression clearly correlates with human sepsis mortality (136). Moreover, the reduced 

capacity of blood monocytes from septic patients to release pro-inflammatory cytokines 

after endotoxin (LPS) challenge has been described as “endotoxin tolerance”, which has 

been suggested to facilitate poor short and long-term sepsis outcomes(137, 138). Although a 

sundry of complex mononuclear cell signaling pathways are altered and contribute to the 

establishment of endotoxin tolerance, the major implication on monocytes, and to a lesser 

extent macrophages, is reduced antigen presentation related to diminished HLA-DR cell 

surface expression(139). In addition to the clear and persistent reductions in HLA-DR cell 

surface expression, monocytes from septic patients also demonstrate a reduced ability to 

secrete the pro-inflammatory cytokines TNF, IL-1, IL-6, and IL-12 after LPS challenge. The 

reduced monocyte capacity to secrete pro-inflammatory cytokines suggest that intracellular 

signaling has shifted toward the production of anti-inflammatory mediators which are 

associated with hospital acquired, ongoing, and secondary infections which ultimately 

increase sepsis-associated mortality.

Currently many investigators agree that reduced monocyte HLA-DR expression is a 

surrogate marker of monocyte “anergy”, development of ongoing infections, and patient 

death(140–142). In addition to diminished pro-inflammatory cytokine secretion, several 

reports associate low monocyte HLA-DR expression with reduced antigen-specific 

lymphocyte proliferation(143, 144). These findings suggest that sepsis induced monocyte 

anergy and immune suppression separately contribute to the increased risk of complications 

and adverse outcomes in sepsis. Although the mechanisms accounting for monocyte LPS 

tolerance are not clear at this moment, sepsis-induced monocyte epigenetic reprogramming 

may play a pivotal role the establishment of LPS tolerance, myeloid anergy and the overall 

immune-suppressive monocyte phenotype(145). Analysis of human monocyte mRNA 

clearly shows increased levels of inhibitory cytokine genes and reduced levels of pro-

inflammatory chemokine genes(146). Recent reports on human monocytes make a 
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substantial and convincing argument for the important impact of epigenetic reprograming on 

the establishment of monocyte anergy, however the true functional impact of these 

epigenetic alterations on long-term outcomes in human sepsis is still unknown(147).

Natural Killer Cells (NK)—Historically NK cells were thought of as undeveloped 

assassins of host cells that either lacked self-identification or were infected by viruses. 

However, thankfully the field on innate immunity has moved forward and we now clearly 

know that NK cells act as regulators immune complex immune functions. NK cells are 

divided into various different subgroups based on CD16 and CD56 cell surface 

expression(148). Human sepsis evidence indicates that both CD56hi and CD56low NK cell 

subgroups are significantly altered during episodes of sepsis. These observed alterations 

have recently been associated in several reports with increased lethality in human sepsis 

(149–151). Additionally, NK cell cytotoxic function in human sepsis is greatly 

decreased(152). Similarly, to LPS tolerance in monocytes, NK cell ex vivo production of 

IFNγ in response to TLR agonists is also gravely diminished. This evidence indicates that 

NK cell tolerance may be responsible for the reactivation of latent viruses such as CMV, 

which is frequently encountered in intensive care unit populations and more importantly 

may serve as a future target for therapeutic intervention(153). Despite the lack of published 

data, it is apparent that NK cells are major effectors of the final outcome in sepsis through 

modulation of INF-γ production(154). Contradictory results in clinical studies may be 

explained by sampling time variability and apparent patient heterogeneity. It is evident that 

NK cell activation provides protection from pneumonia through excess production of INF-γ 
which inhibits bacterial growth and has a major impact on sepsis outcome(155).

Dendritic Cells (DCs)—DCs are traditionally characterized as either conventional DCs 

(cDCs) or plasmacytoid DCs (pDCs). cDCs are similar to monocytes and secrete IL-12, 

while pDCs the are similar to plasma cells and secrete large amounts of IFNα. cDCs and 

pDCs are of particular interest due to their enhanced apoptosis during sepsis(60) and in 

patients who developed nosocomial infections(156). Although DCs have varying immune 

functions compared with monocytes, like monocytes, DCs also exhibit reduced HLA-DR 

expression and produce increased amounts of immune suppressive IL-10(157). Furthermore, 

co-culture of DCs with T effectors induces T cell anergy and Treg proliferation, which both 

correlate with sepsis-induced immune dysfunction. A couple of recent investigations have 

demonstrated that prevention of sepsis-induced DC apoptosis or augmentation of DC 

function enhances sepsis long-term survival(158, 159). Several reports demonstrate that 

immune suppression can be ameliorated by DC treatment with growth factor FMS-like 

tyrosine kinase 3 ligand (FLT3L). FLT3L therapy models of burn-wound sepsis enhances 

DC cytokine secretion (IL-12, IL-15 and IFNγ), and augments CD4+ T cell, NK, and 

neutrophil function(160). Still further investigations indicate that the DC-associated gains in 

sepsis survival occur through TLR signaling pathways, increased MHC class II antigen and 

costimulatory molecules CD80 and CD86 expression (57). These observations have led 

researchers and clinicians together to surmise that improvements in DC number and function 

may be high yield targets for future therapeutic interventions in sepsis(158, 159).
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Myeloid-Derived Suppressor Cells (MDSCs) and Myelopoiesis—MDSCs are a 

heterogeneous population of immature myeloid cells that expand dramatically in sepsis, 

impede immune responses, and signal through TLR-mediated pathways(127, 161). MDSCs 

associated with sepsis are phenotypically similar to the MDSCs described in states of 

advanced cancer(127, 162). Although MDSCs have been demonstrated to inhibit CD8+ cell 

function, the actual and functional impact of MDSCs in human sepsis is still uncertain. A 

summation of the current literature implies a beneficial role centered on replenishing innate 

cell function and immune surveillance through emergency granulopoiesis (123). Prior to 

MDSC expansion, we have identified a window of susceptibility to secondary infections and 

subsequent mortality associated with reduced BM cells, and reduced blood and tissue 

neutrophil numbers and function(121). We have also demonstrated that robust MDSC 

expansion through enhanced granulopoiesis imparts lasting immunity to secondary and 

nosocomial infections in sepsis(163). Due to the inherent difficulty in immune phenotyping 

immature myeloid cells between mice and humans very limited investigations and clinical 

studies have closely examined the roles of MDSCs in human sepsis(164). Nonetheless, there 

is mounting interest being paid to myelopoiesis, MDSC expansion, emergency 

granulopoiesis and hematopoietic stem cell production and function(121, 127, 163, 165, 

166). Due to the importance of efficiently regenerating functioning neutrophils, monocytes 

and DCs, it is no surprise that MDSCs expand to meet the continual need for functional 

innate immune cells.

Considering that five to seven days are required for the BM to adequately produce a 

functioning neutrophil, an expansive immature pool (~18 x 1011) of myeloid lineage 

precursors in the BM and secondary lymphoid organs(167) is required to maintain a 

functioning cohort of innate immune cells. In humans, approximately 16 x 1010 neutrophils 

are produced daily which can be rapidly increased 5- to 10-fold in response to foreign 

microbial invaders and pathologic stated of infection. Our prior work has clearly 

demonstrated that myeloid expansion involving hematopoietic stem cells (HSCs) occurs 

through c-KIT-, type-I IFN- (IFN-I), and CXCL10-dependent mechanisms that involve IFN-

I-secreting B cells(165, 166). Moreover, impaired HSC proliferation, development and 

function in human BM transplant models is clearly associated with increased mortality to 

secondary, chronic and nosocomial infections(168). Humans with reduced granulopoiesis 

ability undoubtedly experience more frequent, severe and anomalous infections, 

demonstrating the essential requirement for effective neutrophil production. Recently, 

patients with sepsis have been shown to have MDSCs persistently increased, functionally 

immune suppressive, and associated with adverse outcomes including increased nosocomial 

infections, prolonged intensive care unit stays, and poor functional status at discharge(169). 

Conversely, overzealous MDSC proliferation may facilitate a physiologic syndrome of 

persistent inflammation, such as in adult respiratory distress syndrome (ARDS) or persistent 

inflammation immunosuppression, and catabolism syndrome (PICS), causing patients with 

sepsis to experience a poor outcome(16). Recent work by Terashima and coauthors 

demonstrated that acute inflammation causes the reduction of peripheral lymphocytes and 

common lymphoid progenitors (CLPs) in the bone marrow, which is also associated with a 

dramatic decrease in the osteoblast number. Moreover, osteoblast-specific IL-7 production 

during myelopoiesis was shown to be pivotal in the regulation of lymphopoiesis during 
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systemic inflammation and may serve as a target for improved lymphocyte production(170). 

The specific contributions of lymphopoiesis, myelopoiesis and MDSCs to sepsis recovery 

versus persistent inflammation and catabolism remain poorly understood. However, new 

insights into these processes and their roles in sepsis resolution and recovery will hopefully 

present new targets for immune modulatory therapy to improve sepsis outcomes.

Adaptive Immunity

Lymphoid Apoptosis and Immune Suppression—In the majority of septic patients, 

circulating lymphocytes and gastrointestinal epithelial cells undergo significant apoptosis, 

while apoptosis/necrosis in the heart, kidneys, and lungs is not apparent(171). Lymphocyte 

apoptosis has now been accepted as an important step in the pathogenesis of sepsis and 

contributes to septic immunosuppression(172). Lymphocyte apoptosis has been described in 

both septic patients and animal sepsis models(173, 174). Importantly, lymphocyte apoptosis 

has been shown to occur through both the intrinsic (Fas, FasL) and extrinsic (TNF) 

pathways(174). Although the defining factors for this phenomenon are still not clear, recent 

evidence suggest that the release of extracellular histones during sepsis may drive 

lymphocyte apoptosis(175, 176). Therapeutic blockade of lymphocyte apoptosis and/or 

restoring lymphocyte function have generated promising preclinical data that may lead to 

new treatments after episodes of sepsis in humans(171, 177, 178).

Gamma delta T cells (γδ T cells)—γδ T cells are a diminutive subset of T cells that 

possess a rather distinct T cell receptor (TCR) on their cell surface. The majority of T cells 

have a TCR composed of two α and β glycoprotein chains, while γδ T cells have a TCR 

that is made up of one γ chain and one δ chain. This uniquely distinct group of T cells exists 

mainly in and around the gut mucosa within a population of intraepithelial 

lymphocytes(179). Despite the fact that the antigens to which γδ T cells respond are still 

unknown, it is suspected that these cells recognize lipid antigens from pathogens present on 

mucosal surfaces within the intestine(180). What is clear is that upon activation, γδ T cells 

release IFNγ, IL-17 and other inflammatory chemokines. In humans with sepsis the number 

of circulating γδ T cells is significantly diminished, and these reductions correlate clearly 

with the highest rates of sepsis lethality (181). The observed reduction in γδ T cells in the 

gut mucosa may serve to potentiate typically non-invasive intestinal bacteria types to 

become more invasive and translocate into the host systemic circulation, causing 

pathological infections following episodes of sepsis(182). In patients with acute sepsis, 

circulating neutrophils display a similar APC-like phenotype and readily process soluble 

proteins for cross-presentation of antigenic peptides to CD8+ T cells, at a time when 

peripheral γδ T cells are highly activated(128). From their findings the authors conclude that 

unconventional T cells represent key controllers of neutrophil-driven innate and adaptive 

responses to a broad range of pathogens and may serves as targets for additional immune 

enhancement. In addition, others have also postulated that tremendous potential exist for the 

therapeutic potential of NKT cellular targeting and immune enhancement in sepsis(183).

TH cell subpopulations—T helper cells (Th cells) assist other cell types, including B cell 

differentiation, cytotoxic T cell activation, and monocyte stimulation with immunological 

processes. When confronted with peptide antigens by MHC class II molecules expressed on 
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APCs, CD4+ cells are quickly activated, rapidly proliferate, and efficiently secrete cytokines 

that regulate adaptive and innate responses. Upon activation, CD4+ cells have the capability 

to differentiate into one of several T cell subsets including Th1, Th2, Th3, Th17, Th22, Th9, 

or T follicular helper (TFH), which facilitate various immune responses through differing 

cytokine generation and secretion (184). Although numerous reports relate the effects of 

sepsis on circulating and peripheral CD4+ T cell subsets(46), the following section will 

highlight only the most relevant investigations to convey the important themes and potential 

areas of therapeutic interest.

Similar to the phenomenon observed in neutrophils and monocytes, one of the most 

deleterious T cell defects induced by sepsis is development of apoptosis that decimates 

CD4+ populations(15, 185). In humans that die from sepsis, there was a much greater 

magnitude of lymphocyte (specifically CD4+) apoptosis than in T cell from sepsis 

survivors(15). Of the CD4+ cells that manage to persist, multiple investigations demonstrate 

that both Th1- and Th2-associated cytokine production is reduced during and long after 

sepsis subsides (186). Marked reductions in the transcription factors T-bet and GATA3, 

which modulate the Th1 and Th2 response, respectively, support the notion that CD4+ 

subsets are suppressed during sepsis(187). There are a sundry of factors and influences that 

regulate CD4+ Th subpopulation differentiation, including histone methylation and 

chromatin remodeling, which together are postulated to suppress Th1 and Th2 CD4+ T cell 

functions(188). However, the sepsis-induced immune impact is not only relegated to Th1 

and Th2 CD4+ T cells but also to Th17 subsets and the other Th subsets as well. Th17 

cytokine production is reduced in sepsis and probably negatively impacts long-term 

mortality(189). Given the fundamental role of Th17 in eradication of pathologic fungal 

infections, reduced Th17 cytokine production in sepsis is probably responsible for the 

increased susceptibility to fungal infections frequently observed in critically ill 

populations(190). Circulating CD4+ and CD8+ cells from patients with Candidemia display 

an immune phenotype consistent with immune suppression, T cell exhaustion and 

downregulation of positive co-stimulatory molecules(191). Moreover, IL-7 treatment has 

been demonstrated to increase Th17 cell responsiveness and reduce mortality from 

secondary fungal infections, making IL-17 a potential therapeutic agent(177). These findings 

may help explain why patients with fungal sepsis have a high mortality despite appropriate 

antifungal therapy.

Regulatory T cells (Tregs)—Tregs are a master regulators of adaptive immunity that 

suppresses responses of other effector T cells subsets, helping to maintain self-tolerance and 

suppress autoimmune disease. In states of sepsis, critical illness and states of inflammation, 

Tregs potentiate deleterious effector T cell (Teff) suppression that prolongs recovery and 

may dispose to increased complications. Increased Treg ratios are present early after 

episodes of sepsis and remain elevated in those patients who died from sepsis while 

hospitalized, placing a high level of attention on Treg function. Other reports relate that Treg 

number increases are due to effector Th cell loss from apoptosis rather than an absolute 

increase in Treg numbers(47). This observation suggests to many that Tregs are resistant to 

sepsis-induced apoptosis, thereby preventing the recovering immune system from mounting 

excessive autoimmune responses during the heightened initial inflammatory phase. 
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Moreover, heat shock proteins and histones that induce mononuclear cell epigenetic changes 

also play a role as inducers of Tregs in sepsis(192). Recent murine reports demonstrate that 

Tregs are detrimental to Teff proliferation and immune function(193). This effect is 

ameliorated by the administration of therapeutic siRNAs that inhibit Treg differentiation(47). 

In other investigations, glucocorticoid-induced TNF-receptor-related protein (GITR) 

inhibitory antibodies were used to block Treg function, resulting in improved immune 

function and microbial killing(194). Treg-associated immune dysfunction in sepsis has also 

been linked to more rapid cancer and solid tumor cell growth, which probably stems from a 

reduced overall cytotoxic T cell (CTL) and mononuclear cell immune surveillance functions 

(195). In conclusion a strong notion exist that Tregs are resistant to apoptosis in sepsis, 

augment ongoing Teff cell dysregulation, contribute to infection development and potentially 

serve as targets for immune modulation.

B cells—B cells are a very diverse immune cell population with varying functional and 

phenotypical attributes. Historically B cell function was understood to only encompass 

producing antibodies and plasma cells for long-term antibody responses (196). Conversely, a 

rapidly growing body of knowledge and collection of recent reports demonstrate that B cells 

play a much more pivotal role in sepsis immune biology than previously suspected. Clearly 

humans with septic shock have overall reductions in B cell numbers, however the most 

significant deficit in B cell number is in CD5+ B1a-type cells, which correlate and are 

predictive of survivors and non-survivors following episodes of sepsis (197). In mouse 

models of human sepsis, B cells are necessary to improve cytokine production, reduce 

bacterial load and improve survival through type I interferon signaling (198). A recent 

investigation identified an innate response activator (IRA) B cell population, which is 

phenotypically and functionally distinct from B1a cells and depends on PRRs, which 

produces granulocyte-macrophage-CSF (GM-CSF). Inhibition of IRA B cells impairs 

bacterial eradication, enhances a cytokine storm, and perpetuates the symptoms of septic 

shock. These recent clarifications position IRA B cells as immunological gatekeepers of 

bacterial infection elimination and simultaneously recognize IRA B cells as a new 

therapeutic target to improve survival in human sepsis (199). Lastly, IRA B cell generation 

of IL-3 has been revealed to greatly enhance sepsis associated inflammation, induce myeloid 

production of Ly-6Chi mononuclear cells and potentiate cytokine production, while elevated 

plasma IL-3 levels correlate with increased human sepsis mortality(200). B cells stimulated 

ex vivo in both aging and sepsis patients demonstrate significant reductions in supernatant 

IgM production(76). This finding is clinically relevant and interesting and may explain why 

elderly patients with decreased IgM production are more susceptible to gram-negative 

bacteria and fungal infection. Reduced immunocompetent B cells may be related to 

increased secondary infection after sepsis, especially in the elderly. All things considered, 

the recent and vast advancement in our understanding of B cell biology has provided a great 

insight into the B cell role in immune modulation, emergency myelopoiesis, and IL-3 

production which is also new potential therapeutic focus in sepsis(201).

Immune Modulatory Therapies in Sepsis

G-CSF and GM-CSF—Granulocyte-colony stimulating factor (G-CSF) is a glycoprotein 

that stimulates the production of stem cells, progenitors and granulocytes of all maturity 
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ranges(202). G-CSF is very efficacious in reducing the incidence of sepsis in patients with 

low absolute neutrophil counts, such as those undergoing BM transplant, cancer 

chemotherapy or autoimmune radiation(203). Two randomized controlled human trials with 

recombinant G-CSF have been conducted in a goal directed effort to bolster neutrophil 

production, maturity and overall function. Clinicians and research investigators alike 

hypothesized G-CSF that administration would improve granulocyte function and microbial 

elimination in such circumstances. Although an increase in blood leukocyte counts was 

realized, there was no improvement in 28-day patient mortality(204, 205). Although the 

initial conclusions of these two clinical studies were disheartening, the fact remains as the 

premise of this report that most of the sepsis-induced mortality occurs in a protracted 

process beyond 90 days(17). This makes one wonder if a longer study therapy or observation 

time would have changes the investigation outcomes. However as of this time the impact of 

G-CSF on mortality beyond 28 days is unknown. Given the ongoing and continuous 

alterations observed in granulocyte production, myelopoiesis and neutrophil function 

especially in comorbidly-challenged patients such as those with diabetes and physiologic 

frailty, prolonged G-CSF administration may be efficacious for improved immune 

surveillance, infection eradication, tissue regeneration and sepsis survival in future clinical 

trials.

GM-CSF is a another cytokine that enhances stem cells and progenitors to produce 

neutrophils, monocytes and macrophages(206). In the immune suppressive phase of sepsis, 

patients that were ventilator-dependent and treated with recombinant GM-CSF and had 

fewer ventilator and ICU days(207, 208). Furthermore, recombinant GM-CSF treatment in 

immune suppressed pediatric populations with severe sepsis restored TNF production in 

lymphocytes and significantly reduced hospital associated infections(209). Even further 

evidence for GM-CSF therapy is gleaned from a meta-analysis of over 12 clinical studies 

involving either G-CSF or GM-CSF that demonstrated that either therapy significantly 

reduced the rate of infectious complications (210). In lite of the fact that that 70–80% 

patients who succumb to sepsis harbor persistent, chronic, ongoing, or secondary 

infections(15), GM-CSF and/or G-CSF in combination with other immune modulatory 

agents may prove invaluable for enhancing infection eradication during and after sepsis and 

improved long-term survival after sepsis(204, 211).

Interferon gamma (IFNγ)—IFNγ is unique and the sole member of the type II interferon 

family. Adequate IFNγ production and signaling is critical for appropriate immune function 

against viral, bacterial and protozoal invaders. Moreover, IFNγ is a central inducer of 

macrophage activation, inducing stimulating class I MHC expression(139). When treated 

with recombinant IFNγ, patients with severe sepsis and decreased monocyte HLA-DR levels 

demonstrate reversal of sepsis induced monocyte dysfunction and overall improved sepsis 

survival(212). Although the majority of the interventional therapeutic trials with IFNγ were 

done in burn and mixed severely injured trauma cohorts, the largest of these reports clearly 

demonstrated a decrease in infection-related mortality among patients treated with 

IFNγ(213). Moreover, a new study of severely injured trauma patients revealed that 42 of 63 

genes identified as being differentially expressed in patients with uncomplicated vs 

complicated outcomes, were specifically associated with interferon signaling. The 
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investigators discovered that IFN-associated genes were suppressed in trauma patients with 

complicated outcomes(31, 32), implying that this set of genes may be useful for identifying 

patients at risk for complications after trauma. In addition these patients prone to develop 

complications may preferentially respond to therapies utilizing IL-7, IL-15, IFNγ, and GITR 

agonists. IFNγ is very promising if it is targeted to the patient populations that may benefit 

the greatest such as those who demonstrate or are at risk for immune suppression, decreased 

monocyte HLA-DR expression, adaptive immune dysfunction or chronic inflammation in 

prolonged hospital stays. In a recent report, recombinant IFNγ treatment was able to 

partially restore immune metabolic defects associated with immune paralysis in humans 

after sepsis further suggesting that IFNγ therapy after sepsis may benefit a multitude of 

cellular immune functions(214). Though IFNγ offers promise as a potential immune 

modulatory therapy given its ability to rejuvenate monocyte/macrophage function and 

adaptive immunity, IFNγ may be more efficacious if administered in a time-phased 

approach coupled with the likes of GM-CSF and G-CSF or even IL-7 and/or PD-1 inhibitors 

to bolster specific immune function, reduce secondary and nosocomial infections, and 

improve long-term survival as sepsis recovery evolves.

Programmed Cell Death Protein-1 and Ligand (PD-1 and PD-L1)—Steady 

progress in cancer biology has generated a new class of drugs that inhibit programmed cell 

death. Programmed Cell Death Protein-1 (PD-1) is a protein that under homeostasis 

generates an inhibitory signal that reduces CD8+ T cell proliferation and accumulation in 

secondary lymphoid organs such as lymph nodes. PD-1 is expressed on most T- and B-

lymphocytes and myeloid cells. The ligand for PD-1, (PD-L1) is ubiquitously expressed on 

epithelial and endothelial cells, monocytes, macrophages, and DCs(215). Considering that 

PD-1 is upregulated on both CD4+ and CD8+ cells during viral infections and cancer states, 

it is often associated with the phenomenon of “T cell exhaustion”, which is thought to stem 

from prolonged periods of exposure to self-antigens (216). Both anti-PD-1 and anti-PD-L1 

therapies have demonstrated promising results in human trials involving cancer and viral 

infection. Therefore, sepsis biologist have postulated that anti-PD-1 and anti-PD-L1 therapy 

could also have similar beneficial results with reducing sepsis-induced immune dysfunction 

that drives ongoing infectious complications (217). Patients with septic shock demonstrate 

increased levels of PD-1 and PD-L1 on their monocyte and T-lymphocyte cell types (218). 

Recent studies demonstrate granulocyte PD-L1 upregulation results in potentiation of 

lymphocyte apoptosis through contact inhibition, which correlates with outcome(219). 

Moreover, in clinically relevant animal models of experimental sepsis, inhibition of PD-1 

and PD-L1 signaling pathways improved survival and reduced the number of fungal 

infections(220). Considering the beneficial impact on adaptive immunity and tumor 

eradication strategies, it makes sense that PD-1 and PD-1L could concomitantly serve as 

biomarkers of sepsis-initiated immune suppression as well as prospective therapeutic targets 

to reverse adaptive immune dysfunction and improve long-term survival.

Recombinant Human IL-3, IL-7, IL-15—Considering the well documented and 

significant loss of lymphocytes in sepsis, IL-7 administration has been suggested as possible 

treatment strategy. IL-7 is a hematopoietic cytokine produced by BM stromal cells and is 

prerequisite for B and T cell production, maturation, homeostasis, and maintenance(221). 
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IL-7 is an attractive therapy due to its ability to upregulate the anti-apoptotic protein BCL-2, 

which intern causes increased numbers of peripheral blood CD4+ and CD8+ cells. IL-7 also 

augments TCR diversity, which is lost in septic patients and is associated with increased 

development of nosocomial infections and hospital complications (177, 222). Low doses of 

recombinant human IL-7 preferentially activate Teffs from patients with sepsis(223). 

Although recent evidence exists that IL-7 can improve lymphocyte PD-1 expression, 

cytokine-driven peripheral T cell expansion and survival remain intact(224). However, when 

IL-7 was administered to patients with HIV, lymphocyte expression of PD-1 was 

decreased(225). Although IL-7 has the potential to work synergistically with other therapies 

targeting PD-1 or PD-L1 to improve aspects of T cell function lost in sepsis, the capability 

of PD-1 or PD-L1 to reduce hospital acquired infections or improve survival in human sepsis 

is currently unknown. Emerging evidence suggest that sepsis reduces bone osteoblast 

number, which induces lymphopenia through IL-7 downregulation, demonstrating a 

reciprocal interaction between the immune and bone systems and identifying bone cells as 

potential therapeutic targets in sepsis(170). Although clinical studies do support IL-7 therapy 

in HIV-infected patients receiving antiretroviral therapy, no human sepsis trials currently 

exist. Given the promise that IL-7 has demonstrated in other states inflammatory disease, 

sepsis clinical trials with IL-7 either alone or in combination with other immune modulators 

such as anti-PD-1 should be considered.

Although still in preclinical scientific and experimental phases, it is worth mentioning IL-3 

and IL-15 as potential sepsis therapies that have gained considerable attention. Considering 

the central role of IL-15 in the development and activation of effector and memory T, NK 

and NKT cells and neutrophils, it has become a hopeful therapeutic candidate for future 

sepsis trials (226). In murine models of experimental sepsis, IL-15 treatment diminished 

overall immune dysfunction and reduced mortality(227). The synergistic impact that IL-3 

plays in stem cell and progenitor maturation and development along with IL-7 makes IL-3 

an appealing therapy to augment the potential impact of IL-7therapy(200, 201). However, 

there is very little evidence relating to the impact of either IL-3 or IL-15 in states of human 

sepsis and further discourse is purely speculative.

Vagal Nerve Modulation—A growing body of evidence over the last two decades has 

revealed that systemic cytokine production and release is controlled by the 10th cranial nerve 

(vagus nerve). The scientific thrust of this discovery was done by the Tracey laboratory 

which elucidated the efferent arm of the inflammatory reflex(228, 229) As the cholinergic 

anti-inflammatory pathway(230). Accumulating experimental evidence establishes that 

vagus nerve activation operated via cholinergic anti-inflammatory signaling via [alpha]7 

nicotinic acetylcholine receptors (7nAChR) expressed on nonneuronal cytokine-producing 

cells. Therefore, 7nAChR receptor agonists inhibit sepsis associated cytokine release and 

protect animals in experimental models of sepsis and in a variety of other experimental 

inflammatory models(231). Vagus nerve stimulation has an anti-inflammatory effect in 

sepsis and downregulates proinflammatory cytokine production in sepsis, decreasing the 

plasma protein levels of high mobility group box 1 (HMGB1) and improving survival in 

septic peritonitis models(232). Surgical vagotomy increases the plasma levels of pro-

inflammatory cytokines, tissue damage and mortality in sepsis(233). Conversely, in rat 
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models of sepsis, vagus nerve electrical stimulation attenuates and prevents 

hypotension(234), modulates coagulation, and fibrinolysis activation which all decrease 

organ dysfunction(235). Hence, the therapeutic potential of vagal efferent fiber modulation 

to treat disorders characterized by cytokine dysregulation is of great interest(236). However, 

until very recently, a paucity of real human data existed indicating that vagus nerve 

modulation was achievable let alone beneficial to outcomes in diseases of 

inflammation(237). Recently, clinical trial data demonstrates that stimulating the vagus 

nerve with a tiny implantable bioelectronic device significantly improves measures of 

disease activity in patients with rheumatoid arthritis, specifically reducing TNF 

production(238). Given the positive results of vagus nerve modulation in experimental 

models of sepsis, this latest report offers the real potential for systemic cytokine modulation 

over the long-term.

In addition, the potential also exists for cellular modulation at the immune phenotype level 

as demonstrated by a recent report from Mucida and coauthors(239). Incorporating 

technologically advanced imaging and transcriptional profiling techniques, the authors 

demonstrate that lamina propria zone macrophages, residing close to fecal contents, are 

primarily proinflammatory, poised to mount robust inflammatory responses should the 

epithelial barrier be breeched. Conversely, muscularis macrophages, residing deeper in the 

gut wall, are primarily anti-inflammatory, expressing a tissue protective phenotype. Their 

search for the mechanism of this phenotypic switch revealed a breakthrough discovery that 

adrenergic neural signals regulate the tissue protective switch by norepinephrine signaling 

through β2 AR(239). This is the first direct evidence of a closed loop neural reflex that 

regulates gut immunity. Moreover, considering the newest insights into gut barrier function, 

host pathogen interaction, and microbiota contribution to gastrointestinal dysfunction in 

sepsis, the novel finding that neuronal reflexes control macrophage phenotypic regulation 

adds importantly to the growing list of neural reflexes implicated in modulating innate and 

adaptive cellular immune function(240).

Metabolic Regulation of Immunity—The immune system protects against foreign 

invaders, maintains optimal tissue homeostasis, and facilitates wound healing throughout the 

life of the organism. These diverse and integral functions require precise control of cellular, 

metabolic and bioenergetics pathways. While these initial observations were described at the 

turn of the century(241), more recent investigations have better defined the molecular basis 

for how extracellular signals control the uptake, anabolism and catabolism of nutrients in 

quiescent, activated, and inflammatory immune cells. These reports collectively reveal that 

oxidative metabolism, glycolysis, and glutaminolysis are preferentially utilized by immune 

cells and decide cell fate and effector functions(242–244). For more than a century, we have 

known that propagation of a successful innate effector response is dependent on glucose 

metabolism(245). In addition, we have also long understood that mitogen-driven 

proliferation of adaptive immune cells is predicated on the utilization of extracellular 

glutamine(246, 247).

Under homeostatic conditions immune cells rely on oxidative phosphorylation and β-

oxidation as energy sources for ATP production to maintain cellular equipoise(248). 

However, after stimulation, leukocytes shift their metabolism toward aerobic glycolysis in a 
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process known as the Warburg effect(249). In this metabolic shift, cellular energy is 

predominantly manufactured by an increase in glycolysis followed by lactic acid 

fermentation (lactate production) in the cytosol, rather than a low rate of glycolysis followed 

by oxidation of pyruvate in mitochondria(250). Hypoxia-inducible factor–1a(HIF-1a) and 

the mammalian target of rapamycin (mTOR) are major drivers of this metabolic switch and 

hence cellular fate(251, 252) (Fig. 8). When innate immune cells are deficient in myeloid 

specific HIF1a, mice are not protected against S. aureus sepsis, indicating that this HIF1a 

pathway and glycolytic flux is integral for septic immune responses(253). However, the 

HIF-1a is not the only metabolic intermediate that drives immune responses in sepsis. Upon 

exposure to LPS macrophages demonstrate a shift from oxidative phosphorylation to 

glycolysis and succinate and induce IL-1β production(254, 255). The Glucose transporter 1 

(Glut1) mediates an increase in glycolysis that facilitates a macrophage proinflammatory 

phenotype(256). In a recent report, human leukocytes rendered tolerant by exposure to LPS 

after isolation from patients with sepsis and immune paralysis demonstrated a generalized 

metabolic defect at the level of glycolysis and oxidative metabolism, which was restored 

after patient recovery(214). Compared with baseline, blood gene expression in patients who 

developed ICU-acquired infections post-sepsis revealed reduced expression of genes 

involved in gluconeogenesis and glycolysis(73). Furthermore, the genomic response of 

patients with sepsis was consistent with immune suppression at the onset of secondary 

infection in the ICU setting. Another report on sepsis patients, identified regulatory genetic 

variants involving key mediators of gene networks implicated in the hypoxic response and 

the switch to glycolysis that occurs in sepsis, including HIF1α and mTOR, and mediators of 

endotoxin tolerance, T-cell activation, and viral defense(257). A clearer understanding of the 

metabolic checkpoints that control immune cell function, transition, and maturation will 

provide new insights for modulating systemic inflammation, cellular immunity, and sepsis 

recovery. The realization that oncogenesis and immune responses have a common 

mechanism for metabolic switching after stimulation indicates a fundamental cellular 

processes that can serve as a potential therapeutic targets.

Propranolol, Oxandrolone, Dronabinol—The adrenergic system is a powerful 

modulator of the immune system(258). Hematopoietic and lymphopoietic tissues such as the 

spleen, thymus, lymph nodes, and bone marrow are all predominantly innervated by the 

sympathetic neurons. Except for CD4+ Th2 cells, the majority of lymphoid cells express 

beta-adrenergic receptors on their cell surface. Bone marrow production and differentiation 

of monocytes is influenced by the adrenergic system and immune cell apoptosis is at least 

partly mediated by catecholamines, via alpha-adrenergic and beta-adrenergic pathways(259, 

260). The adrenergic system also modulates cell death, mitochondrial function, and 

inflammatory signaling(261). Although a great deal of focus has centered on the 

cardiovascular benefits of beta blockade in sepsis(262), the ubiquitous nature of the 

adrenergic system begs the question whether there are additional mechanisms whereby beta 

blockers may exert beneficial influences on immune process.

It has been recognized for over fifty years that epinephrine enhances bacterial infections and 

reduces the absolute number of bacteria necessary for a lethal dose in both Clostridia species 

and pathogenic aerobic organisms(263). Catecholamines also enhance biofilm formation and 
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stimulate bacterial growth in Staphylococcus epidermidis infections(264). Escherichia coli 
O157:H7, Salmonella enterica, and Yersinia enterocolitica proliferation are all greatly 

enhanced by dopamine and norepinephrine through the catechol moiety and its subsequent 

acquisition by the bacteria(265, 266).

Although there is a clear connection between the adrenergic and immune systems, further 

investigation is still required to elucidate the fundamental mechanisms. For instance, beta 

blockade reduces proinflammatory cytokines in heart failure(267), critically ill trauma 

patients(268), and appears to have a beneficial effect on Th1 to Th2 helper T cell ratio(269). 

In a clinical trial including 55 severely injured patients at increased risk for heart disease, 

administration of metoprolol or esmolol decreased serum interleukin- (IL-) 6 levels(270). 

Christensen and coinvestigators conducted a retrospective study on 8087 ICU patients over 6 

years. In this case-matched study of 3112 patients the 30-day mortality was 25.7% among 

beta blocker users and 31.4% among nonusers (OR 0.74 (95% CI: 0.63 to 0.87))(271). 

Herndon and colleagues have successfully shown that propranolol reduces heart rate by 20% 

in burned septic children, decreases systemic hypermetabolism and diminishes of muscle-

protein catabolism over the ensuing 12 months(272). A retrospective study in trauma 

patients suggests that pretreatment with beta blockade is associated with a significant 

decrease in fatal outcome and healing time(273). Given the multiple studies demonstrating a 

benefit from beta blockade in general and propranolol in particular, the administration of 

propranolol in burn wounds greater than 20% is considered the standard of care. However, 

the propranolol induced benefit of reducing hypermetabolism and muscle-protein catabolism 

in the recovery and long term survival of sepsis patients requires further investigation to 

prove efficacy.

Despite the fact that oxandrolone (testosterone derivative) has not been shown to impact 

immune function in patients with severe burns or sepsis per se, it has become a mainstay of 

therapy in severely burned populations to improve weight loss, protect muscle mass, and 

minimize long term cachectic metabolism(274). In addition, oxandrolone is also associated 

with improved donor site wound healing(275). In one prospective study, treatment with 

10mg of oxandrolone every 12 hours decreased hospital length of stay(276). Lastly in a 

prospective, double blind, randomized single center trial, oxandrolone administered at a dose 

of 0.1mg/kg every 12 hours decreased hospital length of stay, preserved lean body mass, 

improved overall body composition, and enhanced liver protein synthesis(38). Taken 

together, there is ample evidence that oxandrolone therapy ameliorates the protein wasting, 

hypermetabolic state, and long term cachectic milieu facilitated by severe burn injury. 

Although direct evidence establishing oxandrolone as a modulator of immune cell function 

is lacking, insurmountable data exist indicating that protein wasting, cachexia, weight loss 

and hypermetabolism are all associated with poor immune function and abysmal outcome in 

severely injured trauma and critically ill sepsis cohorts(277). This observation has led some 

to garner optimism for the use of oxandrolone to counteract the well documented catabolism 

syndrome observed after sepsis(16).

Dronabinol is the International Nonproprietary Name for the pure isomer of THC, (–)-trans-

Δ9-tetrahydrocannabinol, which is the main isomer found in cannabis. It is used to treat 

anorexia in people with HIV/AIDS as well as for refractory nausea and vomiting in people 

Delano and Ward Page 22

Immunol Rev. Author manuscript; available in PMC 2017 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



undergoing chemotherapy(278). Antagonists at the cannabinoid receptors 1 or 2, (CB1 or 

CB2) prevents the delay of GI transit and thus may be powerful tools in the future treatment 

of septic ileus(279). Dexanabinol a synthetic cannabinoid devoid of psychotropic effects, 

improves neurological outcome in models of brain trauma, ischemia and meningitis. In 

addition, when given 2 to 3 min before LPS induced rat endotoxemia, completely abolishes 

the typical hypotensive response. Furthermore, the drug also markedly suppressed in vitro 

TNFα production and nitric oxide generation in murine peritoneal macrophages and rat 

alveolar macrophage cell line exposed to LPS. Dexanabinol may, therefore, have therapeutic 

implications in the treatment of TNFα-mediated pathologies such as sepsis(280).

Biomarkers

Over 180 biomarkers have been unsuccessfully evaluated for use in sepsis over the past 5 

decades(281). Most of the biomarkers had been tested clinically, primarily as prognostic 

markers in sepsis; relatively few have been used for sepsis diagnosis and prognosis. None of 

the markers have demonstrated sufficient specificity or sensitivity for reasonable utility in 

clinical practice. In the past, procalcitonin and C-reactive protein have been most widely 

used but are limited in their ability to distinguish sepsis from other inflammatory conditions 

or to predict outcome. More recently, the use of serum lactate levels greater than 2 mmol/L 

(>18 mg/dL) in the absence of hypovolemia is now a biomarker used in the diagnosis of 

septic shock(4). The identification of precise biomarkers to detect and quantitate immune 

suppression in septic patients will be key to successful interdiction with immune modulatory 

therapies in sepsis. At the present time, reduced HLA–DR expression on monocytes is the 

most reliable biomarker to assess the immune status of critically ill patients. Reduced 

monocyte HLA-DR expression and failure of HLA–DR expression restoration are indicative 

of immune paralysis, the susceptibility to opportunistic infections and overall sepsis 

outcome(282). In addition the decreased expression of monocyte HLA-DR, the most robust 

biomarker of sepsis-induced immune suppression, is easily measured by flow cytometry 

analysis which is quick, easy and affordable(283). In a recent report, investigators were able 

to demonstrate that monocyte PD-L1 expression after 3–4 days of sepsis was associated with 

risk stratification and mortality. Moreover, monocyte PD-L1 expression was a promising 

independent prognostic marker for septic shock patients(284). As our knowledge of cellular 

phenotype and prognosis grows we will hopefully be able to capitalize on our newfound 

knowledge of immune suppression and intervene prior to adverse outcomes.

Considering our discussion of cell specific immune dysregulation and targeted approaches to 

restore or enhance cellular function also implies that sensitive and specific tests exist for 

measuring cellular function and dysfunction that easily identify sepsis survivors who may 

potentially benefit from immune therapy. For instance, the ability to determine that 

neutrophil phagocytosis and oxidative burst capability is reduced, CD4+ cell immune 

exhaustion is present and that Th17 cell cytokine production is diminished are all valuable 

functional readouts that may serve as new markers of immune dysfunction that can 

specifically be augmented by targeted therapy. Lastly, genomic prediction modeling can be 

implemented to identify the inter-individual variation between transcriptomes of patients 

with sepsis and used to predict long-term outcome(257). As we more clearly begin to 

understand which aspects of immune dysfunction and suppression are the most crucial for 
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successful outcome, we will be able to develop comprehensive panels of biomarkers 

comprised of immune phenotypes, cellular functions, genomic alterations, and signaling 

intermediates to more precisely guide specific immune therapy interventions.

Immune Modulatory Intervention

The sepsis landscape is littered with failed therapeutic interventions to block particular 

pathways or processes in humans(10). Although there are as many explanations as failures, 

continued attempts to augment immune processes at early time points with the expectation 

that sepsis mortality will be halved at 2 years are doomed to fail(26). However, if the sepsis-

induced immune derangements are analyzed alongside other immune-mediated disease 

processes such as cancer, autoimmune disease, or HIV, where immune modulatory therapy 

has improved patient survival, it is obvious that single-agent therapy is ineffective. Rather, it 

is preferable to use multiple agents in combination that are introduced at the correct moment 

and synergistically altered over time, according to disease-specific progression, patient 

immune responses, and defined host/pathogen genomic interactions(285). Cancer 

chemotherapy strategies already utilize a personalized combination of therapies to induce, 

maintain and prolong cancer disease-free survival based on patient disease progression and 

tumor-specific genetic patterns. We propose a similar strategy be applied in sepsis therapy 

with a high probability of success if the interventions are tailored to specific host/pathogen 

genomic patterns and immune perturbations that occur in the elderly and in patients with co-

morbidities as post-sepsis recovery evolves(22). Considering the ease of modern genomic 

determination and patient screening for specific genetic variations, therapies that enhance 

microbial eradication could be used to develop a personalized treatment plan. In addition, 

the widespread and routine use of flow cytometry technology for immune cell phenotyping 

in blood borne and other cancers types already provides a solid platform for immune cell 

profiling during cancer, sepsis and other inflammatory states. Although no FDA approved 

sepsis biomarkers exist at present, using a thoughtful approach to plan patient follow-up, 

evaluate nutritional status, determine immune cell function, and assess inflammation status, 

will serve as a foundation to gain the necessary insights to identify the appropriate times and 

immune therapies to provide to the patient.

The collective willingness of sepsis investigators and patient care providers to replace their 

favorite molecules and interesting mechanistic pathways with a transparent and unified 

approach to streamline research and patient outcomes to learn meaningful lessons from prior 

negative intervention trials is paramount. The adoption of the adaptive trail design that has 

been successfully employed in other disease states should be employed to quickly adjust 

interventional sepsis trials based on interim analysis and quality reassessment instead of the 

classic and dogmatic trail design that is methodical and slow natured(286).

Finally, the recognition that an episode of sepsis is associated with long-term debilitation, 

deterioration, and demise in very definable patient populations begs the question why we 

have such poor follow up and care after hospital discharge? Patients with cancer follow up 

with their oncologist and receive chemotherapy for years. Patients with HIV and hepatitis C 

routinely follow-up with their infectious disease specialist for ongoing disease evaluation 

and microbial therapy alterations over the long term to achieve remission. Until the greater 
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body of inflammation investigators and sepsis clinicians alike coalesce to provide the same 

long term care and follow up, as done in other specialties in other disease states, the long-

term sepsis mortality will continue to climb with time.

Although the specific combinations of immune modulation therapy are numerous and all 

associated with select pros and cons, the following combinations are to serve as an example, 

to illustrate how long-term sepsis treatment strategies could be employed. These are by no 

means the only options or even the most correct for all or any patients, but hopefully will 

convey to the reader how a successful strategy to curb long-term mortality based on the 

observed immune defects could be employed.

For example, GM-CSF treatment with IL-3 and may enhance monocyte and neutrophil 

production and function early after sepsis when the mature pool of these cells is depleted. 

Next, a combination of anti-PD-1 or anti-PD-L1 coupled with IFNγ may prove beneficial 

for lymphocyte activation and augmentation of innate immune surveillance to prevent 

secondary and nosocomial infections (Table 1). Lastly, a low-dose combination of 

oxandrolone, propranolol, and even dronabinol may ameliorate protein catabolism and 

persistent inflammation and promote anabolism, which has already been implemented in 

promoting recovery of severely burned patients (Table 2). Moreover, with improvements in 

biomarkers, cellular function determination and host/pathogen genomic prediction models, 

strategically engineered combinations of immune modulators could be employed in a goal-

directed manner based on patient comorbidity profiles, immune function, and recovery 

course. For example, poorly maintained type 2 diabetic patients recovering from sepsis are 

predisposed to develop secondary and nosocomial infections associated with poor neutrophil 

and lymphocyte function. This group of patients may benefit from the concomitant 

administration of G-CSF, GM-CSF and anti-PD-1 or anti-PD-1L early in the sepsis recovery 

phase to prevent ongoing infection and subsequent mortality, followed by IFNγ therapy to 

facilitate an infection-free period and promote more durable recovery. Employing this 

strategy in sepsis would allow for tailored and monitored interventions that vary over time 

with specific patient populations, minimizing the human physiologic heterogeneity that has 

plagued prior sepsis clinical trials.

Sepsis Trial Designs

In clinical studies, the enrollment criteria are typically very broad, the agent is administered 

on the basis of a standard formula for only a short period (a few days). There is little 

information on how an agent changes the host response and host-pathogen interactions, and 

the primary end point is death from any cause. Such a research strategy is probably overly 

simplistic in that it does not select patients who are most likely to benefit, cannot adjust 

therapy on the basis of the evolving host response and clinical course, and does not capture 

potentially important effects except for effects on 28-day mortality. A more advantageous 

strategy would be to implement an adaptive clinical trial design that evaluates a sepsis 

treatment by observing clinical outcomes and side-effects on a routine schedule(287). This 

information would then be used to modify the study protocols in accord with those newly 

acquired observations. The “adaptation process” would continue throughout the trial as 

described in the trial protocol. Modifications may include drug dosage, sample size, patient 
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selection criteria and drug cocktail administration. In some instances, trials have become an 

ongoing process that routinely adds and drops therapies and patient cohorts as more insight 

is gained(288). Most importantly, the aim of an adaptive trial is to more quickly identify 

therapies that have a beneficial effect and the patient populations that are appropriate for 

such treatment(289).

CONCLUSIONS

Sepsis induces a multitude of defects in immunity that cause protracted inflammation, 

immune suppression, susceptibility to infections and insurmountable death. Although there 

are new cell-based methodologies available to identify patients with post-sepsis immune 

dysregulation, it is still unclear which interventions and at what time points targeting cell-

specific deficits will be most beneficial for sepsis survival. Considering the overlapping, 

inter-related and interdigitating complexity of immune cell derangements, as well as the 

protracted and convoluted road to mortality, we believe that single-agent immune 

modulatory intervention as attempted in past sepsis trials will fail. Conversely, the notion of 

more thorough and rigorous patient stratification and selection, coupled with strategic and 

thoughtful long-term monitoring of immune function, combined with goal-directed immune 

modulatory therapy will, over time, provide optimal clinical benefit to those surviving initial 

sepsis.
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Figure 1. Earlier Conceptual View and Definition of Systemic Inflammatory Response Syndrome 
(SIRS), Sepsis, Severe Sepsis, and Septic Shock
(A.) The concept of an infection exceeding local regional control and inducing an 

inflammatory SIRS response has been the fundamental premise conceptualizing sepsis for 

over two decades. (B.) Until recently, sepsis was defined as the constellation of symptoms 

occurring when a bacterial, viral or fungal infection leads to a systemic inflammatory 

response syndrome, including fever, leukocytosis or leukopenia, and decreased vascular 

resistance frequently leading to hypotension (septic shock), organ failure (severe sepsis) and 

death. However, confounding the prior definition of sepsis is that other states of 

inflammation such as pancreatitis, trauma and burns can also produce a SIRS response 

making the definition overly nebulous and misapplied in many instances. (C.) In addition to 

the conceptual vagueness, the prior sepsis definition also implied that SIRS criteria possess 

adequate specificity and sensitivity to define and diagnose sepsis which is not always the 

case. Moreover, the prior sepsis model inferred that sepsis always follows a linear trajectory 

from SIRS through severe sepsis and septic shock, which is offend times does not occur. 

Adapted from Bone RC et al: Chest. 1992,101:1644–55.
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Figure 2. The Third International Consensus Definitions for Sepsis and Septic Shock
The current definitions for sepsis and septic shock were developed to address the limitations 

of previous definitions that were over focused on SIRS and inflammation. In addition, the 

Sepsis-3 also dispelled the longstanding notion that SIRS criteria possess adequate 

specificity and sensitivity to define and diagnose sepsis. Lastly, the report debunked the 

misleading model that sepsis always follows a linear continuum from the SIRS through 

severe sepsis and septic shock, and declared the term “severe sepsis” redundant and 

unnecessary. Instead, the Consensus report recommends that sepsis be defined as a life-

threatening organ dysfunction caused by a dysregulated host response to an infection.
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Figure 3. Organ Dysfunction in Sepsis and Associated Mortality
The Sepsis-3 consensus report defined organ dysfunction by an increase in the Sequential 

Organ Failure Assessment (SOFA) score of 2 points or more, which is associated with an 

inhospital mortality greater than 10%.
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Figure 4. Definition of Septic Shock and Associated Mortality
Septic shock is now defined as a subset of sepsis in which profound circulatory, cellular, and 

metabolic abnormalities are associated with a greater risk of mortality than with sepsis 

alone. Clinically, patients with septic shock can be identified by a vasopressor requirement 

to maintain a mean arterial pressure of 65 mmHg or greater and serum lactate level greater 

than 2 mmol/L (>18mg/dL) in the absence of hypovolemia with in-hospital mortality rates 

greater than 40%.
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Figure 5. Bedside Criteria Defined to Identify
To identify patients with the highest probability of poor outcome associated with sepsis, a 

new bedside clinical score named the quickSOFA (qSOFA) was created which consist of at 

least 2 of the following clinical criteria including, respiratory rate of 22/min or greater, 

altered mentation (GCS 14), or systolic blood pressure of 100mmHg or less.
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Figure 6. Past and Present Mortality Distribution Sepsis
(A.) Classically, the mortality distribution from sepsis occurred in a biphasic pattern, with an 

initial peak due to inadequate resuscitation resulting in cardiac and pulmonary failure and a 

second peak at several weeks from persistent organ dysfunction. Considering the recent 

trends in physiologic frailty, the growing elderly population, and mounting long-term 

mortality, a trimodal distribution is more indicative of the current sepsis-associated 

mortality. (B.) The two early peaks in mortality still do exist but with much less magnitude 

than in the past. The third and largest upswing occurs beginning at 2–3 months after sepsis 

and continues to steeply climb as time progresses. This delay in sepsis mortality is attributed 

to significant advances in ICU care that keeps the elderly and co-morbidly challenged 

patients alive longer despite ongoing immune, physiologic, metabolomics and biochemical 

aberrations.
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Figure 7. Inflammatory vs Anti-Inflammatory Responses
An ongoing debate persist as to whether innate and adaptive immune dysfunction or 

inflammatory and anti-inflammatory processes are more detrimental to overall sepsis 

survival. In the past, the inflammatory response was thought to drive early mortality in the 

initial days of sepsis, and the compensatory anti-inflammatory response was thought to 

induce mortality weeks later through immune suppression and organ failure. However new 

insights gathered from septic patient tissue samples and severely injured trauma patients, 

have identified an enduring and simultaneous inflammatory and anti-inflammatory state of 

affairs driven by dysfunctional innate and suppressed adaptive immunity that together 

culminate in persistent organ injury, infectious complications requiring hospital readmission, 

and ultimately patient death. It is evident that the inflammatory and anti-inflammatory 

responses and innate and adaptive immune systems are each equally important, continually 

in a state of fluctuation, and ever at odds with one another, as sepsis recovery progresses. 

This perpetual state of immunologic yin and yang is thought to drive ongoing inflammation, 

facilitate organ injury, and enable infectious complications that all preclude durable sepsis 

survival.
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Figure 8. Alterations in Metabolic Function Determine Immune Phenotype
Immune cells rely on oxidative phosphorylation and β-oxidation as energy sources for ATP 

production to maintain cellular equipoise at homeostasis. However, after stimulation, 

leukocytes shift their metabolism toward aerobic glycolysis in a process known as the 

Warburg effect. In this metabolic shift, cellular energy is predominantly manufactured by an 

increase in glycolysis followed by lactic acid fermentation (lactate production) in the 

cytosol, rather than a low rate of glycolysis followed by oxidation of pyruvate in 

mitochondria. Hypoxia-inducible factor–1a(HIF-1a) and the mammalian target of rapamycin 

(mTOR) are major drivers of this metabolic switch and hence determines cellular fate. These 

metabolic shifts have been incriminated in immune suppression and secondary infection 

progression in humans. A clearer understanding of the metabolic checkpoints that control 

immune cell function, transition, and maturation will provide new insights for modulating 

systemic inflammation, cellular immunity, and sepsis recovery.
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