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Abstract

Failures of highly touted trials have caused experts to call for re-evaluation of the current approach

toward sepsis. New research has revealed key pathogenic mechanisms; autopsy results have

shown that most patients admitted to intensive care units for treatment of sepsis had unresolved

septic foci at post mortem, suggesting that patients were unable to eradicate invading pathogens

and were more susceptible to nosocomial organisms, or both. These results suggest that therapies

that improve host immunity might increase survival. Additional work showed that cytokine

production by splenocytes taken post mortem from patients who died of sepsis is profoundly

suppressed, possibly because of so-called T-cell exhaustion—a newly recognised

immunosuppressive mechanism that occurs with chronic antigenic stimulation. Results from two

clinical trials of biomarker-guided therapeutic drugs that boosted immunity showed promising

findings in sepsis. Collectively, these studies emphasise the degree of immunosuppression that

occurs in sepsis, and explain why many previous sepsis trials which were directed at blocking

inflammatory mediators or pathogen recognition signalling pathways failed. Finally, highly

encouraging results from use of the new immunomodulatory molecules interleukin 7 and anti-

programmed cell death 1 in infectious disease point the way for possible use in sepsis. We

hypothesise that immunoadjuvant therapy represents the next major advance in sepsis.

Introduction

The failure of several high-profile clinical trials in sepsis has led researchers to state that

sepsis studies need new direction.1–6 Experts have discussed important reasons for the

failures of new investigative drugs and highlighted problems in design and conduct of sepsis

trials.1–6 However, there might also be inadequate understanding of key pathophysiological

mechanisms that operate in sepsis. Post-mortem studies of patients who died of sepsis have

provided important insights into why septic patients die, and highlighted key immunological

defects that impair host immunity.7,8 Several small phase 2 clinical trials of immune-

enhancing drugs have shown benefit, thereby substantiating the concept that

immunosuppression has a central role.9,10 Findings from studies of clinically relevant
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animal models of sepsis that mimic the protracted nature of the disease also support the

premise that boosting immunity improves survival.11 Sepsis and cancer share many

immunological defects, and therefore the recent successes of several immunomodulatory

drugs in cancer provide hope for and insight into potential immunostimulatory therapies in

sepsis.12–14

Sepsis as a cytokine storm

Patients with sepsis often present with high spiking fevers, shock, and respiratory failure.

Partly because of this striking presentation, the prevailing theory of sepsis for many years

was that it represented an uncontrolled inflammatory response.15 The discovery that various

potent cytokines, including tumour necrosis factor (TNF) and interleukin 1, are at increased

concentrations in patients with sepsis, and when injected into animals reproduced many

clinical and laboratory features of sepsis, led to the concept of sepsis as a cytokine storm. On

the basis of this theory and encouraging results in animal models, pharmaceutical companies

initiated many clinical trials—eg, TNF and interleukin 1 antagonists, toll receptor blockers,

and endotoxin antagonists in sepsis. The results of more than 30 trials of diverse

anticytokine and anti-inflammatory drugs showed no benefit or, in some cases, reduced

survival rates.1,5

Rigorous examination of previous studies provides evidence that both proinflammatory and

an opposing anti-inflammatory response occur concomitantly in sepsis. Results of studies of

circulating cytokines in patients showed that, in addition to pro-inflammatory cytokines,

concentrations of the potent anti-inflammatory cytokine interleukin 10 were increased.16

Van Dissel and colleagues16 investigated cytokine profiles and mortality in 464 patients and

reported that a high ratio of interleukin 10 to TNFα correlated with mortality in patients with

community-acquired infection. Other investigators documented reduced production of both

proinflammatory and anti-inflammatory cytokines—ie, global cytokine depression in

sepsis.17–20 Ertel and coworkers17 stimulated whole blood from patients with and without

sepsis with endotoxin and reported that production of TNFα, interleukin 1β, and interleukin

6 from patients with sepsis was frequently less than 10–20% of that found in patients

without. Munoz and colleagues18 determined that lipopolysaccharide-stimulated monocytes

from septic patients had profound decreases in production of interleukin 1β, TNFα, and

interleukin 6 versus controls.17 Likewise, Sinistro and colleagues20 stimulated blood

monocytes from septic or control patients and quantitated the proportion of cells producing

proinflammatory cytokines. Fewer than 5% of monocytes from patients with sepsis

produced cytokines compared with roughly 15–20% of monocytes from controls. Weighardt

and colleagues21 investigated lipopolysaccharide-stimulated cytokine production by

monocytes in patients with sepsis after abdominal surgery. Postoperative sepsis was

associated with defects in production of both proinflammatory and anti-inflammatory

cytokines. Survival correlated with recovery of inflammatory but not anti-inflammatory

responses. Collectively, these results indicate that some patients with sepsis rapidly produce

both proinflammatory and anti-inflammatory cytokines, whereas other patients have either

predominance of anti-inflammatory cytokines or globally depressed cytokine production.

Why do patients with sepsis die?

Whereas some patients rapidly succumb to massive proinflammatory cytokine-driven

inflammation as occurs, for example, in toxic shock syndrome and meningococcaemia,

improved treatment algorithms have resulted in most patients surviving the early

hyperinflammatory phase of sepsis and entering a more protracted phase.22,23 More than

70% of deaths in sepsis occur after the first 3 days of the disorder, with many deaths

occurring weeks later. In a post-mortem study, Torgersen and colleagues7 reviewed findings
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in 235 patients in surgical intensive care who were admitted with sepsis. At death, about

80% of patients had unresolved septic foci. Only 52 of 97 autopsy-confirmed pneumonias

were appropriately diagnosed during their intensive-care admission. Peritonitis also

accounted for many unresolved septic foci. Such ongoing infections are not necessarily the

main cause of death. In fact, the real cause of death and organ failure in most patients dying

of sepsis is unknown. Postmortem study results have shown a relative paucity of cell death

in most major organs in patients who died of sepsis.24 One theory is that much of the organ

dysfunction in sepsis might be a result of a so-called cellular hibernation response.25,26 In

many situations, death is due to the family’s decision to change from aggressive support

measures to comfort measures because of the patient’s many, severe pre-existing

comorbidities and small probability of meaningful recovery. However, the crucial message

remains that many patients in intensive care units do not recover because there is ongoing

infection. Despite broad-spectrum antibiotics and aggressive source control measures, many

patients do not eradicate their infections and develop secondary hospital-acquired

infections.27,28 Therefore, therapy that boosts immune competence could affect outcomes by

leading to more rapid resolution of the primary infection and prevention of lethal secondary

infections.

Sepsis as an immunosuppressive disorder

Although both proinflammatory and anti-inflammatory processes begin promptly after

sepsis initiation, in general there is predominance of an initial hyperinflammatory phase, the

scale of which is determined by many factors including pathogen virulence, bacterial load,

host genetic factors, age, and host comorbidities. For example, a previously healthy young

adult who develops meningococcaemia will likely have a profound hyper-inflammatory

cytokine-storm-mediated response, that causes shock, high fevers, and multiple organ failure

(figure 1). If the patient dies in the first few days, death will probably have been caused by

cytokine-driven hyperinflammation and multiple organ failure, especially cardiovascular

collapse. Conversely, an elderly patient with diabetes undergoing haemodialysis who

develops pneumonia might not show any obvious signs of sepsis. The only clues to

diagnosing sepsis in such a patient might be reduced mental status, inability to tolerate

dialysis because of hypotension, hypothermia, and glucose intolerance—there could be no

obvious response to infection or predominant anti-inflammatory reaction. Although patients

can and do die in either the hyperinflammatory or the hypoinflammatory phase of sepsis,

new therapies and treatment protocols have resulted in more prolonged disease with a shift

toward the immunosuppressive phase. Also, sepsis is increasingly a disease of elderly

people: 60% of patients who develop sepsis and 75% of the deaths in sepsis, in countries

with advanced health-care delivery and modern intensive care units, are in patients older

than 65 years.29 The immune systems of elderly people are less effective than earlier in life,

so-called immunosenescence.30 Increased comorbidities and immunosenescence contribute

to the greater incidence of and mortality from sepsis in elderly people.

Increasing evidence supports a central role for immunosuppression in sepsis. Meakins and

colleagues31 first noted that patients with sepsis and trauma had loss of delayed type

hypersensitivity response to common recall antigens such as measles and mumps—a finding

that correlated with mortality. Our group did rapid tissue harvesting at the bedsides of

patients dying of sepsis and showed that patients had striking apoptosis-induced loss of cells

of the innate and adaptive immune system including CD4 and CD8 T, B, and dendritic cells

(figure 2).24,32,33 The loss of these immune cells is particularly noteworthy because it occurs

during life-threatening infection when clonal expansion of lymphocytes should be occurring.

Results of subsequent post-mortem studies of paediatric and neonatal patients dying of

sepsis also showed substantial loss of immune cells.34,35 Therefore, severe depletion of

immune effector cells is a universal finding in all age groups during sepsis. T regulatory
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cells are less vulnerable to sepsis-induced apoptosis, therefore the percentage of T regulatory

cells increases in patients with sepsis.36–38 Myeloid derived suppressor cells are also

immunosuppressive cells that are increased in sepsis.39 The net effect of these

immunological changes is that the host’s ability to combat invading pathogens is severely

compromised. A putative causative link between the loss of immune effector cells and

mortality in sepsis was established when multiple independent groups showed that

antiapoptotic therapies were effective at preventing death of immune effector cells and

resulted in improved survival in clinically relevant animal models.40–42

Examination of pathogens that are common causes of nosocomial sepsis in patients in

intensive care units can provide further evidence consistent with impaired host immunity in

sepsis. Many of these pathogens—eg, Stenotrophomonas spp, Acinetobacter spp,

Enterococus spp, Pseudomonas spp, and Candida spp—are weakly virulent or opportunistic

organisms, or both, and thus are emblematic of severely depressed host immunity in patients

with sepsis.28,43 Additional compelling evidence for immunosuppression in patients with

sepsis is the high incidence of reactivation of cytomegalovirus and herpes simplex virus

(HSV), latent viruses that host immunity normally holds in abeyance.44,45 Reactivation of

cytomegalovirus and HSV has been reported to occur in roughly 33% and 21%,

respectively, of immunocompetent critically ill patients with sepsis.44,45 Probably only a

few patients with sepsis and viral reactivation had active invasive viral infections; however,

these studies show that critically ill patients who had normal immunity before admission to

an intensive care unit become profoundly immunocompromised during protracted sepsis,

thereby enabling reactivation of latent viruses. The panel shows a summary of clinical and

laboratory evidence for immunosuppression in sepsis.

Post-mortem and gene-expression clinical studies

Results from an important post-mortem study showed that sepsis-induced

immunosuppression occurred in major organs, not just within circulating leucocytes.8 Rapid

post-mortem spleen and lung harvest was done 30–180 min after death in 40 patients with

sepsis. Cytokine secretion studies and immunophenotyping of cell-surface receptor or ligand

expression profiles were done to discover potential mechanisms of immunosuppression. A

striking finding was that lipopolysaccharide-stimulated splenocytes from patients with sepsis

had reduced production of both proinflammatory and anti-inflammatory cytokines, less than

10% of that in patients without sepsis. Both spleen and lung showed upregulated expression

of selected inhibitory receptors including programmed cell death 1 (PD-1), expansion of

suppressor cells (T regulatory cells and myeloid derived suppressor cells), and concomitant

downregulation of activation pathways.8

The results of this unique post-mortem study have significant implications. First sepsis

clearly induces multiple overlapping mechanisms of immunosuppression in two vital organs,

resulting in suppressed host immunity. Second, sepsis decreases the response of cells of both

the innate and adaptive immune system. This finding contrasts with a large, multicentre

study in patients with trauma that examined gene expression in circulating unfractionated

white blood cells at 1, 4, 7, 14, 21, and 28 days after injury.46 Some of the patients

developed hospital-acquired infections, although the proportion who developed sepsis is

difficult to determine precisely, thus part of the genomic findings could be reflective of both

trauma and sepsis. These researchers also compared genomic findings in patients with

trauma with those in patients with burns and healthy volunteers who received endotoxin

challenge. These three groups of patients had similar gene responses and results showed that

patients had down regulation of genes controlling adaptive immunity but upregulation of

genes controlling innate immunity. On the basis of these white blood cell transcriptome

results, some investigators have concluded that sepsis causes sustained activation of innate
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immune cells (eg, macrophages and monocytes) and that this activation is causing tissue

inflammation and injury.46 By contrast, the results of the post-mortem study of actual

cytokine production rather than mRNA showed that both innate and adaptive immune cells

are severely suppressed and produce only small amounts of proinflammatory and anti-

inflammatory cytokines. One obvious explanation for this difference between the two

studies is the much greater complexity of the host response in sepsis in comparison with

trauma. In sepsis, there is a major systemic inflammatory response to ongoing infection or,

at times, multiple infectious challenges. A second substantial difference between the two

studies is that the trauma study measured mRNA whereas the postmortem study quantitated

actual proteins (cytokines). Therefore, a potential limitation of the trauma study is the

extensive regulation of transcription such that not all mRNA is ultimately translated into

protein. Another potential reason for differences between the post-mortem tissue study and

the blood genomic study is that the tissue study included some patients who had been septic

for prolonged periods whereas the trauma genomic blood study was done on patients who

were acutely injured or had shorter periods of trauma and sepsis.

We do not believe that genomic results implying a sustained, prolonged hyperactivation of

the innate immune response are indicative of the actual immune status of most patients with

sepsis. We believe that there is an initial hyperactivation of the innate immune response that

persists for a variable period depending on patient’s age, comorbidities, organism virulence,

and other factors, followed by defective innate and adaptive immunity. CD4 T cells are

crucial regulators of monocyte and macrophage function. Therefore, given the profound loss

and dysfunction of CD4 T cells in sepsis, envisioning how many innate immune cells (ie,

monocytes or macrophages) could have sustained hyperactivation is difficult. Most

importantly, the findings of sepsis-induced depression of cytokine production reported in the

postmortem study are highly consistent with many studies that have examined peripheral

blood mononuclear cells and whole-blood-stimulated cytokine production in patients with

sepsis and documented substantially decreased cytokine production.16–20,47–52 Future

clinical studies could resolve this important issue.

New approaches: immunomodulatory therapy

Sepsis can be thought of as a race to the death between the invading microbes and the host

immune response, and the pathogens seek an advantage by incapacitating various aspects of

host immunity. Most previous sepsis drug trials used compounds that blocked the host

response to pathogens or limited inflammation. There is likely a role for drugs that block

inflammatory cytokines in sepsis; however, such agents should be shortacting, applied early

in sepsis, and used only in patients who have substantially elevated proinflammatory

cytokines. Most patients will rapidly progress to an immunosuppressive state. Thus, in

addition to development of protocols to improve timely antibiotic administration and

development of clinical practices that avoid infections, focus should shift to the development

of methods to augment host immunity (figure 3). A second important implication of this

novel immunosuppression paradigm is that newer antibiotics alone are unlikely to

substantially improve sepsis mortality because the major underlying defect is impaired

patient immunity.

Findings from two studies of granulocyte macrophage colony stimulating factor (GM-CSF),

a cytokine that activates and induces production of neutrophils and monocytes or

macrophages, show the potential for immunotherapy in sepsis.9,10 To ensure that only

patients who had entered the immunosuppressive phase of sepsis were treated with GM-

CSF, investigators restricted therapy to patients who had persistent decreases in monocyte

HLA-DR expression, a common abnormality in sepsis. Results showed that patients with

sepsis who were treated with GM-CSF had restoration of HLA-DR expression, fewer
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ventilatory days, and shorter hospital and intensive care unit days.9 GM-CSF also showed

benefit in a paediatric sepsis study in which Hall and colleagues10 used lipopolysaccharide-

stimulated TNFα production in whole blood to identify immunosuppressed patients with

sepsis. Patients with TNFα production of less than 200 pg/mL were immunosuppressed and

treated with GM-CSF, which restored TNFα production and decreased acquisition of new

nosocomial infections.

Another immunotherapeutic agent with great potential is interleukin 7, a pleuripotent

cytokine that has been termed the maestro of the immune system because of its diverse

effects on immunity.53–60 Interleukin 7 induces proliferation of naive and memory T cells,

thereby supporting replenishment of lymphocytes, which are relentlessly depleted during

sepsis (figure 2).8,32,40 In clinical trials at the National Cancer Institute, it caused a doubling

of circulating CD4 and CD8 T cells and an increase in size of spleen and peripheral lymph

nodes by roughly 50%.57 Similarly, results of a trial of interleukin 7 in patients infected with

HIV-1 who had persistently low CD4 T cells despite effective viral suppression showed that

the cytokine induced an increase of two to three times in circulating CD4 and CD8 T cells.58

Thus, interleukin 7 reverses a major pathological abnormality in sepsis—ie, profound

lymphopenia. Interleukin 7 has many additional actions that are highly beneficial in sepsis

(figure 4):11,60–63 it increases the ability of T cells to become activated, potentially restoring

functional capacity of hyporesponsive or exhausted T cells which typify sepsis;11,60–63

increases expression of cell-adhesion molecules, which enhance trafficking of T cells to sites

of infection;11,59 and increases T-cell receptor diversity, leading to more potent immunity

against pathogens.56,58

Interleukin 7 has shown efficacy both clinically and in animal models of infection. A case

report of a patient with idiopathic low CD4 T cells with progressive multifocal

leukoencephalopathy (PML) showed that interleukin 7 caused rapid increases in

lymphocytes, decreased circulating JC virus, and led to disease resolution.61 Pellegrini and

colleagues59 gave interleukin 7 to mice that were chronically infected with lymphocytic

chorio-meningitis. The treatment enhanced T-cell recruitment to the infected site and

increased T-cell numbers, thereby easing viral clearance. Our group showed that interleukin

7 restored the delayed type hypersensitivity response, decreased sepsis-induced lymphocyte

apoptosis, reversed sepsis-induced depression of interferon γ (a cytokine that is essential for

macrophage activation), and improved survival in murine polymicrobial sepsis.11 Our group

also reported that interleukin 7 is beneficial in a fungal sepsis model that reproduces the

delayed secondary infections typical of patients in intensive care units.62 We also showed

interleukin 7’s ability to reverse sepsis-induced T-cell alterations in septic shock patients.63

Ex-vivo treatment of patients’ cells with interleukin 7 corrected multiple sepsis-induced

defects including CD4 and CD8 T cell proliferation, interferon γ production, STAT5

phosphorylation, and Bcl-2 induction to that of healthy controls. This functional restoration

indicates that the interleukin 7 pathway remains fully operative during sepsis.

Interleukin 7 is in clinical trials in patients with cancer, HIV-1, and PML. It has been well

tolerated in more than 200 patients and, unlike interleukin 2, a closely-related cytokine, it

rarely induces fever, capillary leak syndrome, or other clinical abnormalities associated with

excessive proinflammatory cytokines.56,57 Because of its diverse beneficial effects on

immunity and excellent safety record, investigators at the National Cancer Institute have

consistently ranked interleukin 7 as one of the top potential immunotherapeutic molecules.14

Because of its many beneficial effects on immunity, reported efficacy in bacterial, fungal,

and animal sepsis models, and clinical track record, we believe that interleukin 7 should be

clinically tested in sepsis, and that it has enormous promise.
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Another exciting immunomodulatory therapy that holds much potential in sepsis involves

blockade of negative costimulatory molecules present on T cells. The negative costimulatory

molecule PD-1 is inducibly expressed on CD4 and CD8 T cells.64–67 Signalling through

PD-1 inhibits the ability of T cells to proliferate, produce cytokines, or perform cytotoxic

functions. Persistent antigenic exposure as occurs in chronic viral infections such as HIV-1

and viral hepatitis leads to excessive PD-1 expression and exhausted T cells.66,67 Antibody

blockade of PD-1 or its ligand (PD-L1) can reverse T-cell dysfunction and induce pathogen

clearance (figure 4).67 Similarly, three independent groups showed that blockade of the

PD-1 pathway improves survival in clinically relevant animal models of bacterial and fungal

sepsis.68–70 Our group showed that PD-1 over-expression on circulating T cells from

patients with sepsis correlated with decreased T-cell proliferative capacity, increased

secondary nosocomial infections, and mortality.50 Thus, expression of PD-1 or PD-L1 on

circulating immune cells could function as a valuable biomarker for the selection of

candidates for blockade therapy. Importantly, post-mortem study of patients with sepsis

showed that PD-L1 was highly expressed on tissue parenchymal cells, including endothelial

cells, thereby providing opportunity for pathway activation.8

Sepsis has many of the same immunosuppressive mechanisms that operate in cancer,

including increased production of the immunosuppressive cytokine interleukin 10, T

regulatory cells, myeloid derived suppressor cells, and PD-1 and PD-L1 with T-cell

exhaustion.12–14 Therefore, immunotherapy that is effective in cancer might also be

successful in sepsis. Thus, the extraordinary recent success of anti-PD-1 antibody in

oncology is particularly noteworthy.13 Anti-PD-1 antibody produced excellent clinical

responses in 20–25% of patients with diverse tumours including non-small-cell lung cancer

(a malignant disease that has been extremely difficult to treat), melanoma, and renal-cell

cancer.13 Although there are concerns about autoimmune reactions in patients on long-term

anti-PD-1 or anti-PD-L1 therapy, serious reactions are very uncommon. Patients with sepsis

would not need prolonged therapy with anti-PD-1 or anti-PD-L1 antibodies, therefore

concerns about auto immune reactions would be diminished. If additional studies confirm its

safety and efficacy, anti-PD-1 based therapy should be tested in clinical sepsis.

Another potential immunostimulatory cytokine receiving renewed interest as a potential

therapeutic agent in sepsis is interferon γ, a potent monocyte and macrophage activator,

which produced encouraging results in a small trial of patients with sepsis. Docke and

colleagues71 treated patients with sepsis whose monocytes had reduced HLA-DR expression

and produced decreased amounts of TNFα after lipopolysaccharide stimulation. Interferon γ
treatment reversed the sepsis-induced monocyte dysfunction and resulted in eight of nine

patients successfully resolving the septic insult. Nalos and associates reported on use of

interferon γ in a patient with persistent staphylococcal sepsis.72 Interferon γ therapy resulted

in increased monocyte expression of HLA-DR, increased numbers of interleukin-17-

producing CD4 T cells, and clinical resolution of the sepsis. Interferon γ is approved for

treatment of fungal sepsis in patients with chronic granulomatous disease. Jarvis and

colleagues73 treated HIV patients who had cryptococcal meningitis with interferon γ in a

randomised controlled trial. Patients treated with interferon γ had more rapid clearing of

cerebrospinal fluid than did control patients.

Other immunoadjuvant molecules in early stages of testing have also shown efficacy in

clinically relevant animal models of sepsis. Interleukin 15 is a pleuripotent cytokine closely

related to interleukin774 that also acts on CD4 and CD8 T cells to induce proliferation and

prevent apoptosis. A potential advantage of interleukin 15 compared with interleukin 7 is its

potent immunostimulatory and proliferative effects on natural killer cells and dendritic cells.

These cells have important roles in fighting infection and are also severely depleted in

sepsis. Inoue and colleagues74 reported that interleukin 15 blocked sepsis-induced apoptosis
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of CD8 T cells, natural killer cells, and dendritic cells, and improved survival in sepsis due

to caecal ligation and puncture and in primary pseudomonas pneumonia. The B and T

lymphocyte attenuator (BTLA) is an immunoregulatory receptor expressed by various innate

and adaptive immune cells. Activation of BTLA induces a potent immunosuppressive effect

on T cells and other immune cells. Adler and coworkers75 reported that BTLA null mice

showed reduced parasitaemia and faster clearing of malaria in a murine model of infection.

Results in the caecal ligation and puncture model of murine sepsis show similar protective

effects: BTLA-null mice have increased survival and reduced organ injury compared with

wild-type mice.76 Thus, there are several immunoadjuvants that offer hope in the battle

against sepsis.

An immunostimulatory therapeutic approach relies on individual, targeted, and timed

treatment:1,5,77–81 only those septic patients who are immunosuppressed will benefit. For

each patient with sepsis, the scale, persistence over time, various mechanisms sustaining this

immunosuppression (identified through laboratory monitoring, panel), or occurrence of

some particular clinical event (eg, viral reactivation) will help to define the appropriate drug

and time of administration.1–6,77–81 After onset of sepsis, every patient has activation of

transient immunosuppressive mechanisms that normally reflect compensatory measures,

which counterbalance the initial inflammatory response (figure 1B). Generally, after 2–3

days, most patients recover substantial immune function; however, some will have persistent

immunosuppression associated with increased nosocomial infections and mortality— only

these will benefit from immune-stimulatory therapy. This selective approach contrasts with

previous non-specific trials aimed at modification of the pro-inflammatory and anti-

inflammatory balance after sepsis. Indeed, these clinical trials were, for the most part,

designed without stratification of patients.

Another approach to the selection of patients for individualised, targeted immunoadjuvant

therapy in sepsis will likely be genetic screening. Evidence that the intense inflammatory

response that occurs in sepsis and other disorders can alter gene expression is

accumulating.81,82 Epigenetic gene regulation refers to all the mechanisms that modulate

gene expression without changing the DNA sequence. Potent inflammatory responses that

occur as a result of sepsis induce increases or decreases in gene expression by processes

referred to as epigenetic changes that result in DNA methylation, histone modification, and

chromatin remodelling. Results of studies indicate that epigenetic changes happen with

intense immunoinflammatory responses such as sepsis and result in impaired expression of

genes that regulate key immune activation responses, thereby rendering the host more

susceptible to infection. Rapid detection of these sepsis-induced epigenetic changes in

particular patients with sepsis could lead to early identification of an immunosuppressive

state and allow more timely immune-boosting therapy.

Conclusion

In the future, immunomodulatory therapies in sepsis will be personalised on the basis of

particular laboratory and clinical findings, or both—eg, the use of GM-CSF dependent on

monocyte HLA-DR expression (table).1,9,10 Similarly, flow cytometry quantitation of

circulating immune cell expression of PD-1/PD-L1 or rapid whole-blood stimulation assays

of cytokine secretion could be used to guide immunotherapy. Finally, patients with

infections caused by opportunistic pathogens (eg, Enterococcus spp, Candida spp,

Stenotrophomonas spp), or patients with cytomegalovirus or HSV reactivation, are likely

candidates for immune-enhancing therapy. Although immune-stimulatory drugs could

possibly worsen the hyperinflammatory phase of sepsis or induce autoimmunity, this was

not reported in clinical trials of interferon γ, a potent immunostimulatory agent, and G-CSF

and GM-CSF in patients with various systemic inflammatory states including sepsis and
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trauma.71,83,84 Additionally, most patients with protracted sepsis are so immunosuppressed

that they are unlikely to develop hyperinflammation.

Advances in immunology and our understanding of the pathophysiological basis of sepsis

provide exciting new therapeutic opportunities. Primum non nocere— first, do no harm—is

a wise medical dictum. However, mortality due to sepsis has remained stubbornly high, and,

as another aphorism states: desperate diseases require desperate means. Immunoadjuvants

have been successfully applied clinically in both cancer and sepsis with acceptable safety

profiles and some success. We postulate that immunotherapy will have wide-ranging

beneficial effects in sepsis, and could be a major advance in infectious disease.
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Panel: Clinical or laboratory evidence for sepsis being an
immunosuppressive disorder

• Loss of delayed type hypersensitivity response to common recall antigens31

• Apoptosis-induced depletion of immune effector cells, loss of CD4, CD8, B,

and dendritic cells24,32,33

• Reactivation of latent viruses including cytomegalovirus and herpes simplex

virus occurs in roughly 25–35% of patients with44,45

• Infection with relatively avirulent pathogens (eg, Enterococci spp, Acinetobacter

spp, Stenotropomonas spp, Candida spp) 28,43

• Autopsy study showing unresolved foci of infection in roughly 80% of patients

with sepsis7

• Small positive phase 2 studies of biomarker guided immune enhancing agents

granulocyte-macrophage colony stimulating factor and interferon γ in patients

with sepsis9,10

• Blood studies from patients with and without sepsis show decreased production

of proinflammatory cytokines, decreased monocyte HLA-DR expression,

increased numbers of regulatory T cells, increased production of PD-1 or PD-

L116–20

• Autopsy study of spleens and lungs from patients with and without sepsis

showed decreased cytokine production, decreased immune cell activation

pathways, and upregulation of immune suppression pathways, decreased HLA-

DR and CD28 expression, increased production of PD-1 and PD-L1, increased

numbers of regulatory T cells)8

• Clinically relevant animal models of sepsis showing increased survival with

immune enhancing treatment (interleukin 7, anti-PD-1 antibody, interleukin

15)11,40,41

PD-1=programmed cell death 1. PD-L1=programmed cell death 1 ligand 1.
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Search strategy and selection criteria

References for this Review were identified through searches of PubMed for articles

published from Jul, 1976, to Oct, 2012 by use of the terms “sepsis”,

“immunosuppression”, “immunoparalysis”, and “immunotherapy”. Only papers

published in English were used.
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Figure 1. Potential inflammatory responses in sepsis
Immune responses in sepsis are determined by many factors including pathogen virulence,

size of bacterial inoculum, comorbidities, etc. (A) Although both proinflammatory and anti-

inflammatory responses begin rapidly after sepsis, the initial response in previously healthy

patients with severe sepsis is typified by an overwhelming hyperinflammatory phase with

fever, hyperdynamic circulation, and shock. Deaths in this early phase of sepsis are

generally due to cardiovascular collapse, metabolic derangements, and multiple organ

dysfunction. Although no particular anti-inflammatory therapies have improved survival in

large phase 3 trials, short acting anti-inflammatory or anticytokine therapies offer a

theoretical benefit. (B) Many patients who develop sepsis are elderly with numerous
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comorbidities that impair immune response. When these individuals develop sepsis, a

blunted or absent hyperinflammatory phase is common, and patients rapidly develop

impaired immunity and an anti-inflammatory state. Immunoadjuvant therapy that boosts

immunity offers promise in this setting. (C) A third theoretical immunological response to

sepsis is characterised by cycling between hyperinflammatory and hypoinflammatory states.

According to this theory, patients who develop sepsis have an initial hyperinflammatory

response followed by a hypoinflammatory state. With the development of a new secondary

infection, patients have a repeat hyperinflammatory response and may either recover or re-

enter the hypoinflammatory phase. Patients can die in either state. There is less evidence for

this theory, and the longer the sepsis continues the more likely a patient is to develop

profound immunosuppression.
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Figure 2. Depletion of splenic lymphocytes in septic patients
(A) Spleens from patients with or without sepsis were obtained by rapid post-mortem

sampling and immunostained for CD4, or CD8 T cells. An investigator blinded to sample

identity examined the slides. CD4 and CD8 T cells are brown in colour (400×

magnification). (B) CD4 and CD8 T cells are decreased in patients with sepsis relative to

control patients without sepsis. Cell counts for CD4 and CD8 T cells obtained by counting

the number of cells or field in periarteriolar lymphoid sheaths. N=12 non-septic and N=22

septic. Figure modified with permission from the American Medical Association.8
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Figure 3. Immunostimulation therapy in sepsis: a new approach
New biomarker-based methods to semi-quantitate the degree of immunosuppression in

septic patients are now being used. For example, flow cytometric quantitation of circulating

blood monocyte expression of HLA-DR has been used to identify patients who would

respond to granulocyte macrophage colony stimulating factor (GM-CSF). In the future,

other biomarkers that are currently used in cancer immunotherapy will probably be used.

Monocyte expression of programmed cell-death ligand-1 (PD-L1) could be used to guide

therapy with anti-PD-1 antibody. Patients who have persistently low absolute lymphocyte

counts could be candidates for interleukin-7 therapy. Patients with infections caused by

weakly virulent pathogens including Candida spp are also candidates for immunotherapy.

Therapy refers to immunostimulation for most severely immunodepressed patients,

identified via immunomonitoring.
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Figure 4. Interleukin 7 and anti-PD-1 immunotherapy in sepsis
Interleukin 7 (A) acts to reverse immunosuppression by multiple mechanisms including

increased production of CD4 and CD8 T cells, blockade of sepsis-induced apoptosis,

reversal of T-cell exhaustion, increased interferon γ production leading to macrophage

activation, increased integrin expression leading to improved T-cell recruitment to infected

areas, and increased T-cell receptor (TCR) diversity. Anti-PD-1 antibody (B) will prevent

interaction of programmed cell-death ligand-1 (PD-L1), which is expressed on macrophages

with PD-1 receptor, which is expressed on T cells. Thus, anti-PD-1 antibody will prevent

formation of exhausted T cells, decrease interleukin 10 production, prevent T-cell anergy,

and decrease sepsis-induced apoptosis. LFA=leucocyte function-associated antigen.

VLA=very late antigen. PD-1=programmed cell death 1.
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Table

Potential biomarker and clinical-laboratory findings for applied immunotherapy

Immunotherapy

Decreased monocyte HLA-DR expression GM-CSF, interferon γ

Persistent severe lymphopenia Interleukin 7

Increased PD-1 or PD-L1 expression Anti-PD1/Anti-PD-L1 antibody

Decreased TNFα production in stimulated blood Many

Increased T-regulatory cells Anti-T-regulatory cell agents

Infections with relatively avirulent or opportunistic pathogens
(Enterococci spp, Acinetobacter spp, Candida spp, etc)

Many

Reactivation of cytomegalovirus or HSV Many

Elderly patients with malnutrition and multiple comorbidities Many

GM-CSF=granulocyte macrophage colony stimulating factor. PD-1=programmed cell death 1. PD-L1=programmed cell death 1 ligand 1.

TNF=tumour necrosis factor. HSV=herpes simplex virus.
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