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Abstract

Surgical injury can be a life‐threatening complication, not only due to the injury

itself, but also due to immune responses to the injury and subsequent development

of infections, which readily result in sepsis. Sepsis remains the leading cause of

death in most intensive care units. Unfavorable outcomes of several high‐profile tri-

als in the treatment of sepsis have led researchers to state that sepsis studies need

a new direction. The immune response that occurs during sepsis is characterized by

a cytokine‐mediated hyper‐inflammatory phase, which most patients survive, and a

subsequent immunosuppressive phase. Therefore, therapies that improve host

immunity might increase the survival of patients with sepsis. Many mechanisms are

responsible for sepsis‐induced immunosuppression, including apoptosis of immune

cells, increased regulatory T cells and expression of programmed cell death 1 on

CD4+ T cells, and cellular exhaustion. Immunomodulatory molecules that were

recently identified include interleukin‐7, interleukin‐15, and anti‐programmed cell

death 1. Recent studies suggest that immunoadjuvant therapy is the next major

advance in sepsis treatment.
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1 | INTRODUCTION

Surgical injury can be a life‐threatening complication, not only due to

the injury itself, but also due to immune responses to the injury and

the subsequent development of infections with or without associ-

ated organ dysfunction. Patients who undergo major surgery for gas-

trointestinal cancer are at high risk of postoperative infection.

Postoperative infectious complications may be caused by postopera-

tive immunosuppression associated with dysregulation of cytokine

production. Suppression of cellular immunity is a host response to

surgical stress that readily leads to sepsis. Therefore, improving the

immune dysfunction of postoperative patients might play a crucial

role in preventing severe complications following major surgery.

Sepsis is a common and frequently fatal clinical condition occur-

ring in critically ill patients. Septic patients frequently present with

fever, shock, and respiratory failure as a result of an uncontrolled

proinflammatory response that has been termed systemic inflamma-

tory response syndrome (SIRS).1 Definitions of sepsis were last

revised in 1992. These definitions were focused on the SIRS of the

host to infection. However, the validity of SIRS as an indicator of

sepsis pathobiology has remained controversial. Sepsis is now recog-

nized to involve the early activation of both pro‐ and anti‐inflamma-

tory responses. The current use of ≥2 SIRS criteria to identify sepsis

was unanimously considered by the task force to be unhelpful. The

SIRS criteria do not necessarily indicate a dysregulated life‐threaten-
ing response. Thus, the public is in need of an understandable
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definition of sepsis. Sepsis is defined as life‐threatening organ dys-

function caused by a dysregulated host response to infection. Organ

dysfunction was identified as an acute change in total Sequential

Organ Failure Assessment score2 (SOFA) of ≥2 as a consequence of

the infection (Table 1).

2 | MECHANISM OF SEPSIS ‐ INDUCED
IMMUNOSUPPRESSION

This initial immune recognition response is mediated by pathogen‐
associated molecular patterns and damage‐associated molecular pat-

terns originating from bacterial or fungal organisms that blind pattern

recognition receptors expressed on innate immune cells.3 The activa-

tion of pattern recognition receptors results in the production of

numerous proinflammatory cytokines, including tumor necrosis factor

(TNF)‐α, interleukin (IL)‐1β, IL‐6, IL‐8, and interferon (IFN)‐γ and anti‐
inflammatory cytokines that induce excessive hyper‐inflammatory

responses and counter‐responses. These responses include chemo-

taxis of leukocytes to sites of infection/inflammation, vascular

endothelial injury with capillary leak, and activation of the coagula-

tion system.4

Until recently, most research on sepsis was focused on blocking

the initial hyper‐inflammatory response. Initially, the proinflammatory

response was believed to be the major cause of mortality in patients

with sepsis and was frequently targeted for therapeutic interven-

tion.5 However, efforts to improve outcomes by targeting proinflam-

matory cytokines and mediators, such as TNF and IL‐1β antagonists,

endotoxin antagonists, Toll‐like receptor (TLR) blockers, and platelet

activating factor inhibitors, have been unsuccessful.6

This profound proinflammatory state, which occurs during the

early onset of sepsis, is rapidly counterbalanced by an anti‐

inflammatory response, which may adversely affect immune func-

tions.7 This was initially referred to as compensatory anti‐inflamma-

tory response syndrome.8 The vast majority of patients with sepsis

survive the initial insult. Sepsis‐induced immunosuppression is

increasingly recognized as the overriding immune dysfunction in

these vulnerable patients7 (Figure 1). Immunosuppression in sepsis

thus provides a novel understanding of the disorder as well as a new

therapeutic approach.9

2.1 | Host immune response in sepsis

Recent studies show that the activation of both proinflammatory

and anti‐inflammatory immune responses occurs promptly after the

onset of sepsis.10 Cells of the innate immune system, including

monocytes and neutrophils, release high levels of proinflammatory

cytokines. The rapid deaths of patients with sepsis are typically

owing to a hyper‐inflammatory “cytokine storm” response. If sepsis

persists, the failure of crucial elements of both the innate and the

adaptive immune system occurs, such that patients enter a marked

immunosuppressive state.10 We have shown that patients who die

of sepsis have marked immunosuppression11 (Figure 1). Deaths are

the result of an inability of patients to clear their primary infections,

as well as the development of secondary infections.

Sepsis can be considered to represent a race between the

pathogens and the host immune response; pathogens seek an

advantage by incapacitating various aspects of host defenses. For

example, sepsis induces the apoptotic deletion of immune effector

cells, suppresses the expression of major histocompatibility complex

class II molecules, increases the expression of negative costimula-

tory molecules, increases anti‐inflammatory cytokines, and increases

the numbers of regulatory T cells and myeloid‐derived suppressor

cells.11

TABLE 1 New definitions of sepsis

SOFA score 1 2 3 4

Respiration

PaO2/FiO2, mm Hg with respiratory support <400 <300 <200 <100

Coagulation

Platelets × 103/mm3 <150 <100 <50 <20

Liver

Bilirubin, mg/dL 1.2‐1.9 2.0‐5.9 6.0‐11.9 >12.0

Cardiovascular

Hypotension MAP <70 mm Hg Dopamine ≦5 Dopamine >5
Norepinephrine ≦0.1

Dopamine >15
Norepinephrine <0.1

Central nervous system

Glasgow Coma Scale 13‐14 10~12 6~9 <6

Renal

Creatinine, mg/dL or urine output 1.2‐1.9 2.0‐3.4 3.5‐4.9
<500 mL/d

>5.0
<200 mL/d

Sepsis is defined as life‐threatening organ dysfunction caused by a dysregulated host response to infection.

Organ dysfunction can be identified as an acute change in total SOFA score of ≧2 points consequent to infection.

MAP, mean arterial pressure; SOFA, Sequential Organ Failure Assessment.
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2.2 | Apoptosis and immunosuppression

Apoptosis is an irreversible reaction in which the immune system

maintains homeostasis by eliminating activated cells.12 Central to

apoptosis are caspases, which are cysteine proteases that degrade

cellular proteins and nuclear factor‐kappa B (NF‐κB), a transcription

factor that activates the transcription of both proapoptotic and pro-

survival genes. Whereas hyper‐inflammatory responses of sepsis

require NF‐κB for the production of proinflammatory cytokines and

the activation by caspase cleavage, both NF‐κB and caspases concur-

rently induce the apoptosis of immune cells.3 Consistent with this, a

concurrent apoptotic response has been shown to be present in sep-

sis in association with the proinflammatory response.13

Although the deletion of adaptive immune cells is recognized as

an important part of the pathology of sepsis, the mechanisms

responsible for this are not fully understood.14 Apoptosis causes the

marked deletion of immune cells, including natural killer (NK) cells,

CD4+ and CD8+ T cells, B cells, and dendritic cells (DC), in various

organs of patients dying of sepsis, leading to immunosuppression

(Figure 2). Apoptosis of immune cells occurs in lymphoid tissues and

gut‐associated lymphoid tissues.15 The loss of intestinal intraepithe-

lial and lamina propria lymphocytes might facilitate bacterial translo-

cation into the systemic circulation, thereby perpetuating the

systemic inflammatory response and predisposing to secondary

infections. The detrimental effects of apoptosis are not only associ-

ated with the severe loss of immune cells but also with the effect

that apoptotic cell uptake has on surviving immune cells.16 The

uptake of apoptotic cells by monocytes, macrophages, and DC

results in immune tolerance by inducing anergy or a T helper 2 cell‐
associated immune phenotype with increased IL‐10 production.17

2.3 | Monocytes and macrophages

We have already reported that patients with sepsis have monocytes

with a decreased capacity to release proinflammatory cytokines in

response to endotoxin.18 This finding is consistent with the phe-

nomenon of endotoxin tolerance. Monocytes from patients with sep-

sis show a decreased ability to release proinflammatory cytokines,

such as TNF, IL‐1, IL‐6, and IL‐12, whereas their ability to release

anti‐inflammatory mediators, such as IL‐1 receptor antagonist and IL‐
10, is either unimpaired or enhanced19 (Figure 2). In clinical studies,

the magnitude and the persistent nature of this refractory state are

associated with increased mortality. Two major consequences of

endotoxin tolerance on monocytes are an increase in the release of

immunosuppressive mediators, such as IL‐10, and a decrease in anti-

gen presentation as a result of the reduced expression of human

leukocyte antigen (HLA)‐DR; both are associated with a worse out-

come of sepsis.20,21 The continued release of IL‐10 might contribute

to sepsis‐induced immunosuppression and thus might augment the

susceptibility to secondary microbial infections.22 IL‐10 is produced

F IGURE 1 Host immune response in sepsis. Activation of both
proinflammatory and anti‐inflammatory immune responses occur
promptly after sepsis onset. Cells of the innate immune system release
high levels of proinflammatory cytokines. Most patients recover from the
hyper‐inflammatory “cytokine storm” response and survive the infection.
If sepsis persists, the immune system fails and an immunosuppressive
state occurs in such patients. CARS, compensatory anti‐inflammatory
response syndrome; SIRS, systemic inflammatory response syndrome

F IGURE 2 Sepsis‐induced
immunosuppression. Apoptosis causes the
marked deletion of immune cells, including
natural killer (NK) cells, CD4+ T cells and
CD8+ T cells, and B cells, in various organs
of patients dying of sepsis, leading to
immunosuppression. Decreased human
leukocyte antigen (HLA)‐DR expression on
antigen‐presenting cells, including
monocytes and macrophages, is a hallmark
of sepsis, which may impair optimal
presentation of microbial antigens to T
cells. IL‐10, interleukin 10; TCR, T cell
receptor
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by Treg cells and Th2‐type cells and suppresses the Th1 response,

further potentiating an anti‐inflammatory environment.23 We have

reported that blocking IL‐10 can reverse sepsis‐induced immunosup-

pression and improve survival in a mouse model of sepsis.24

Low levels of monocyte human leukocyte antigen (HLA)‐DR

expression function as a surrogate marker of monocyte unrespon-

siveness.25 We previously reported that expression of the human

leukocyte antigen HLA‐DR by peripheral blood monocytes was

decreased in septic patients, particularly in patients with septic shock

or severe sepsis.26 Several studies showed an association of reduced

monocyte HLA‐DR expression with impaired monocyte function.

These data show that monocyte unresponsiveness and immunosup-

pression independently contribute to the increased risk of adverse

events in sepsis.

2.4 | Natural killer cells

Natural killer cells are the principle producers of IFN‐γ during bacte-

rial sepsis.27 These cells produce a large amount of IFN‐γ when stim-

ulated with IL‐12 or IL‐18, both of which are produced by monocyte

lineage cells activated by bacterial pathogens, such as endotoxin.

IFN‐γ is the main activator of macrophages during sepsis, and NK

cells have been shown to be major producers of IFN‐γ in polymicro-

bial sepsis; however, the role of NK cells during bacterial septic chal-

lenges remains largely undefined. We recently showed that the

IFN‐γ‐producing capacity of human peripheral blood mononuclear

cells (PBMC) is severely impaired in both postoperative patients after

elective surgery and in septic patients.28 Impaired IFN‐γ production

in response to lipopolysaccharide (LPS) has been reported in NK cells

from patients with sepsis. Other studies indicated that sepsis affects

the number of circulating NK cells, which is markedly decreased in

patients with sepsis, and a low number of NK cells is associated with

increased mortality. Furthermore, a decrease in the cytotoxic func-

tion of NK cells and cytokine secretion occurs during sepsis (Fig-

ure 2). NK cells in human PBMC are severely impaired by surgical

stress to a greater extent than T cells or B cells. A recent study

showed that NK cells are affected by surgical stress more severely

than T cells or B cells.29

2.5 | T cells

In sepsis, T cells become hypo‐responsive in terms of proliferation

and turn toward a type 2 profile with an increased production of IL‐
4 and IL‐10, and suppression of IL‐12 and IFN‐γ. We previously

reported that serum IFN‐γ levels and IFN‐γ production by PBMC

were significantly decreased in patients with sepsis compared with

healthy volunteers.28,30

In the late 1990s, Sakaguchi et al31 showed for the first time

that the suppression mediated by CD4+ T cells appeared to result

from the function of a small subset of T cells that expressed

CD4+CD25+. These CD4+CD25+ T cells were reported to act on T

cells through a cell‐contact mechanism involving cytotoxic T‐lympho-

cyte antigen,32 and are also thought to produce IL‐10 and

transforming growth factor (TGF)‐β, and to suppress IFN‐γ produc-

tion.32 Thereafter, Forkhead box protein 3 (Foxp3) was found to be

expressed in CD4+CD25+ T cells, and these cells were subsequently

named Treg cells. Treg cells are central to the maintenance of

immunological homeostasis and tolerance.33,34 In septic patients, the

percentages of circulating Treg cells are markedly increased, which

presumably contributes to the occurrence of sepsis‐induced immuno-

suppression.35 Our data showed that the total CD4+ T‐cell count

and the percentage of CD4+ T cells in lymphocytes were significantly

lower in patients with septic shock than in patients without septic

shock.36 The percentage of Treg cells in the CD4+ T‐cell population,
and serum IL‐10 and IL‐6 levels were significantly higher in patients

with septic shock than in patients without septic shock. These clini-

cal data indicate that IL‐10 may contribute to the increased percent-

age of Treg cells among the CD4+ T‐cell population under septic

conditions, thus contributing to the immunosuppressive state associ-

ated with refractory sepsis. An increased percentage of circulating

Treg cells has been described in patients with septic shock. This

increase was observed immediately after the onset of sepsis but per-

sisted only in those patients who subsequently died.35 These results

indicated that this relative increase was probably caused by a

decrease in effector T‐cell numbers. Recent studies indicated that an

increased number of Treg cells is deleterious in sepsis and is associ-

ated with decreased effector T‐cell proliferation and function.37 Fur-

thermore, Treg cells can also suppress innate immune cells. Treg

cells inhibit both monocyte and neutrophil function,38 and induce an

NK cell‐dependent endotoxin tolerance‐like phenomenon that is

characterized by the decreased production of IFN‐γ.39 There is a

large amount of evidence that patients with sepsis have increased

numbers of Treg cells, which, by acting both on innate and adaptive

immune cells, impair immunity and contribute to septic mortality.

T‐cell exhaustion has been shown in patients with sepsis. The

prolonged duration of sepsis is characterized by high antigen load

and high levels of proinflammatory and anti‐inflammatory cytokines,

which induces T‐cell exhaustion. Boomer et al11 reported that

spleens that were obtained rapidly after the death of patients with

sepsis showed evidence that is highly consistent with the occurrence

of T‐cell exhaustion; profound suppression of the production of

IFN‐γ by stimulated T cells; increased expression of programmed cell

death‐1 (PD‐1) on CD4+ T cells and programmed cell death 1 ligand

1 (PD‐L1) on macrophages. An association between T‐cell exhaustion
and mortality in sepsis was provided by studies showing that the

increased expression of PD‐1 in circulating T cells from patients with

sepsis correlated with decreased T‐cell proliferative capacity and

mortality.40

3 | IMMUNOLOGICAL MODIFICATION
THERAPIES

3.1 | Immunostimulatory therapies in sepsis

Patients with sepsis have a relatively short‐lived hyper‐inflammatory

phase; therefore, drugs targeting inflammation have only a narrow
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time‐frame to exert their effects. Immunosuppression in sepsis thus

provides a novel understanding of the disorder as well as a new

therapeutic approach.9 Therefore, investigators have attempted to

stimulate innate and adaptive immune systems with IFN‐γ, granulo-
cyte‐macrophage colony‐stimulating factor (GM‐CSF), or granulocyte

colony‐stimulating factor G‐CSF (Figure 3). Although it is possible

that immunostimulatory therapy exacerbates the hyper‐inflammatory

phase of sepsis, clinical trials of IFN‐γ, a potent immunostimulatory

agent, and GM‐CSF in patients with various systemic inflammatory

states did not elicit unbridled inflammatory reactions. Most patients

with sepsis are severely immunosuppressed. Treatment with GM‐
CSF was predicted to reverse the dysfunction of dendritic cells and

monocytes/macrophages.41 G‐CSF was used to increase the number

of polymorphonuclear leukocytes in an effort to enhance pathogen

clearance. However, a recent meta‐analysis carried out on GM‐CSF
and G‐CSF studies failed to show survival benefit.42

In addition to GM‐CSF, G‐CSF and IFN‐γ, other immunoadjuvant

therapies, such as IL‐7 and IL‐15, may be effective in augmenting

the adaptive immune system and restoring immunity. The profound

apoptosis‐induced deletion of lymphocytes in sepsis is one such

attractive therapeutic target. To prevent the extensive apoptosis‐
induced deletion of immune effector cells in patients with sepsis,

one potential strategy is the use of anti‐apoptotic, immunostimula-

tory cytokines, such as IL‐7 and IL‐15; both agents have shown effi-

cacy in models of sepsis. Inoue et al43 reported that IL‐15 treatment

increased lymphocyte survival, decreased the apoptosis of NK cells,

dendritic cells, and T cells, and increased IFN‐γ secretion. Giving IL‐
15 may have additional benefits of increasing NK cell and dendritic

cell survival, whereas IL‐7 is thought to be a cytokine that is tar-

geted more toward T cells. IL‐7 is a multifunctional cytokine of the

immune system that affects both T cells and B cells and induces the

proliferation of naïve and memory T cells.44 Venet et al45 showed

that IL‐7 treatment of isolated lymphocytes from septic patients

restored T‐cell proliferation and IFN‐γ secretion.

A recent study provided insight into the molecular mechanisms

that underlie immune depression following sustained inflammation.

This study showed a crucial monocyte‐macrophage protein known as

PD‐1, which is found in patients infected with the human immunod-

eficiency virus (HIV). PD‐1, which is a negative costimulatory mole-

cule expressed on immune effector cells, is upregulated along with

its cognate ligand PD‐L1 during chronic HIV infection. PD‐1 impairs

immunity by inducing apoptosis, increasing the production of IL‐10,
preventing T‐cell proliferation, and causing T cells to become nonre-

sponsive.11 Thus, PD‐1 affects immunosuppression through its effect

on IL‐10 expression. Common to most septic patients is the

increased expression of PD‐1 on T cells during the progression from

hyper‐inflammation to hypo‐inflammation. Recent studies showed

that disruption of the PD‐1/PD‐L1 axis either by genetic deletion or

by pharmacological manipulation improves survival in bacterial and

fungal murine sepsis.46,47 Boomer et al showed that PD‐1 expression

was increased in CD4 and CD8 T cells, whereas PD‐L1 expression

was increased in antigen‐presenting cells as well as in the spleen and

lungs of septic patients. This indicates that the PD‐1/PD‐L1 axis is

present and may be dysregulated in human sepsis.11,48 In oncology,

anti‐PD‐1 and anti‐PD‐L antibody therapy have been used success-

fully to treat various tumors.49 These data indicate that blocking the

PD‐1/PD‐L1 axis is a promising target for restoring immune function

in human sepsis.

3.2 | Polymyxin B direct hemoperfusion therapy for
septic immunoparalysis

Polymyxin B (PMX) has long been known to neutralize the various bio-

logical activities of endotoxins.50 In 1990, after the biocompatibility of

F IGURE 3 Immunostimulation therapies for sepsis. Targets of potential immunotherapeutic approaches include agents that block apoptosis,
block negative costimulatory molecules, decrease the level of anti‐inflammatory cytokines, increase human leukocyte antigen (HLA)‐DR
expression, and reactivate “exhausted” or anergic T cells. G‐CSF, granulocyte colony‐stimulating factor; GM‐CSF, granulocyte‐macrophage
colony‐stimulating factor; IFN, interferon; IL, interleukin; NK, natural killer; PAMP, pathogen‐associated molecular patterns; PD‐1, programmed
cell death‐1; PD‐L1, programmed cell death 1 ligand 1; PMX‐DHP, polymyxin B direct hemoperfusion; TCR, T cell receptor; TGF, transforming
growth factor; TLR, Toll‐like receptor

ONO ET AL. | 355



sterilized PMX‐F (polymyxin B covalently immobilized on fibers) was

demonstrated, the Critical Network Group in Japan obtained permis-

sion from the Japanese Ministry of Health and Welfare to clinically

test hemoperfusion with PMX‐F, and subsequently reported that it

was safe and effective for patients with septic shock.51,52 The main

objective of therapeutic apheresis is the removal of toxic substances,

although the method can also be applied for immunomodulation. It

was reported that the absorption of anandamide by polymyxin B might

abolish the diverse negative effects of anandamide, such as hypoten-

sion, immunosuppression, and cytotoxicity,53 and that the reduction of

serum cytokine levels54 or monocyte mRNA expression,55 and the

proapoptotic activity of plasma56 from septic patients might con-

tribute to the efficacy of hemoperfusion with PMX‐F. We previously

reported that the expression of HLA‐DR surface antigen on mono-

cytes is decreased in patients with septic shock, and that PMX‐F ther-

apy is effective for increasing its expression.26 However, the molecular

mechanism underlying these effects, and the potential of this treat-

ment have not yet been fully analyzed. We found that there was an

increase in the percentages of Treg cells in peripheral blood circulating

CD4+ T cells from patients with sepsis, particularly those with septic

shock, and that hemoperfusion with PMX‐F could remove Treg cells.36

Furthermore, the observed recovery of the number of CD4+ T cells

and the decrease in the percentage of Treg cells in the CD4+ T‐cell
population 24 hours after PMX‐F therapy may be useful prognostic

immunological markers for patients with septic shock. Recently, we

reported that there exists a significant positive correlation between

serum IL‐10 levels and the percentage of Treg cells in the CD4+ T‐cell
population in patients with postoperative infections, and that septic

injury induced by cecal ligation and puncture increases the percentage

of Treg cells among CD4+ T cells in the spleen, and there was a signifi-

cant positive correlation between the percentage of Treg cells and

serum IL‐10 or TGF‐β levels. Neutralization of IL‐10 or TGF‐β
decreased the percentage of Treg cells among CD4+ T cells, restored

the percentage of CD4+ T cells among spleen mononuclear cells, and

improved survival rates in septic mice.25 We also found that PMX

therapy directly reduces the number of Treg cells and improves the

number of CD4+ T cells, which are key lymphocytes involved in main-

taining immune responses under septic conditions (Figure 4). How-

ever, we cannot explain why hemoperfusion with PMX‐F reduces the

number of Treg cells. Recently, Cappelli et al57 reported that poly-

myxin B positively modulates the depletion of Treg cells in the

CD4+CD25+ population. Further research is hence necessary to con-

firm whether there is a causative relationship between the removal of

specific lymphocytes and the beneficial effects of PMX‐F treatment in

F IGURE 4 Changes in CD4+ T cells, Treg cells, and percentage of Treg cells among the CD4+ T‐cell population and serum cytokine levels
before and after polymyxin B covalently immobilized on fibers (PMX‐F) therapy. Number of Treg cells was significantly decreased immediately
after PMX‐F therapy, and the percentage of Treg cells in the CD4+ T‐cell population was significantly decreased immediately and 24 h after
PMX‐F therapy compared with that before PMX‐F therapy. Both serum interleukin (IL)‐10 and IL‐6 levels were significantly decreased
immediately and 24 h after PMX‐F therapy compared with before PMX‐F therapy (data from ref. (36)). TGF, transforming growth factor
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septic shock. The removal of Treg cells by hemoperfusion with PMX‐F
might represent a novel strategy for inducing recovery from immuno-

suppressive conditions that arise during sepsis.

4 | FUTURE ASPECTS

Immunotherapy is expected to be used in individual patients on the

basis of specific laboratory or clinical findings. For example, a recent

trial of GM‐CSF to treat sepsis tested the effect only on patients in

whom monocyte HLA‐DR expression was significantly suppressed.

Flow‐cytometry data regarding the expression levels of negative cos-

timulatory molecules, such as PD‐1 and PD‐L1, on leukocytes may

be useful as a guide for deciding on immunotherapies.

DISCLOSURE

Conflicts of interest: Authors declare no conflicts of interest for this

article.

ORCID

Satoshi Ono http://orcid.org/0000-0001-9137-4267

REFERENCES

1. Davies MG, Hagen PO. Systemic inflammatory response syndrome.

Br J Surg. 1997;84:920–35.
2. Vincent JL, Moreno R, Takala J, et al. Working group on sepsis‐

related problems of the European Society of Intensive Care Medi-

cine. The SOFA score to describe organ dysfunction/failure. Intensive
Care Med. 1996;22:707–10.

3. Cinel I, Opal SM. Molecular biology of inflammation and sepsis: a pri-

mer. Crit Care Med. 2009;37:291–304.
4. Casey LC. Immunologic response to infection and its role in septic

shock. Crit Care Clin. 2000;16:193–213.
5. Angus DC. The search for effective therapy for sepsis: back to the

drawing board? JAMA. 2011;306:2614–5.
6. Hotchkiss RS, Opal S. Immunotherapy for sepsis–a new approach

against an ancient foe. N Engl J Med. 2010;363:87–9.
7. Kox WJ, Volk T, Kox SN, Volk HD. Immunomodulatory therapies in

sepsis. Intensive Care Med. 2000;26(Suppl 1):S124–8.
8. Bone RC. Sir Isaac Newton. Sepsis, SIRS, and CARS. Crit Care Med.

1996;24:1125–8.
9. Cohen J, Opal S, Calandra T. Sepsis studies need new direction. Lan-

cet Infect Dis. 2012;12:503–5.
10. Munford RS, Pugin J. Normal responses to injury prevent systemic

inflammation and can be immunosuppressive. Am J Respir Crit Care

Med. 2001;163:316–21.
11. Boomer JS, To K, Chang KC, et al. Immunosuppression in patients

who die of sepsis and multiple organ failure. JAMA. 2011;306:

2594–605.
12. Hotchkiss RS, Swanson PE, Freeman BD, et al. Apoptotic cell death

in patients with sepsis, shock, and multiple organ dysfunction. Crit

Care Med. 1999;27:1230–51.
13. Unsinger J, McDonough JS, Shultz LD, et al. Sepsis‐induced human

lymphocyte apoptosis and cytokine production in “humanized” mice.

J Leukoc Biol. 2009;86:219–27.

14. Hotchkiss RS, Strasser A, McDunn JE, Swanson PE. Cell death. N

Engl J Med. 2009;361:1570–83.
15. Hotchkiss RS, Schmieg RE, Swanson PE, et al. Rapid onset of intesti-

nal epithelial and lymphocyte apoptotic cell death in patients with

trauma and shock. Crit Care Med. 2000;28:3207–17.
16. Voll RE, Herrmann M, Roth EA, Stach C, Kalden JR, Girkontaite I.

Immunosuppressive effects of apoptotic cells. Nature.

1997;390:350–1.
17. Green DR, Beere HM. Apoptosis. Gone but not forgotten. Nature.

2000;405:28–9.
18. Tsujimoto H, Ono S, Hiraki S, et al. Hemoperfusion with polymyxin

B‐immobilized fibers reduced the number of CD16+ CD14+

monocytes in patients with septic shock. J Endotoxin Res. 2004;

10:229–37.
19. Biswas SK, Lopez-Collaxo E. Endotoxin tolerance: new mechanisms,

molecules and clinical significance. Trends Immunol. 2009;30:475–87.
20. Monneret G, Finck ME, Venet F, et al. The anti‐inflammatory

response dominates after septic shock: association of low monocyte

HLA‐DR expression and high interleukin‐10 concentration. Immunol

Lett. 2004;95:193–8.
21. Hynninen M, Pettila V, Takkunen O, et al. Predictive value of mono-

cyte histocompatibility leukocyte antigen‐DR expression and plasma

interkeukin04 and ‐10 levels in critically ill patients with sepsis.

Shock. 2003;20:1–4.
22. Oberholzer A, Oberholzer C, Moldawer LL. Interleukin‐10: a complex

role in the pathogenesis of sepsis syndromes and its potential as an

anti‐inflammatory drug. Crit Care Med. 2002;30:S58–63.
23. Muehlstedt SG, Lyte M, Rodriguez JL. Increased IL‐10 production

and HLA‐DR suppression in the lungs of injured patients precede

the development of nosocomial pneumonia. Shock. 2002;17:443–50.
24. Hiraki S, Ono S, Tsujimoto H, et al. Neutralization of interleukin‐10

or transforming growth factor‐beta decreases the percentages of

CD4+ CD25+ Foxp3+ regulatory T cells in septic mice, thereby lead-

ing to an improved survival. Surgery. 2012;151:313–22.
25. Lukaszewicz AC, Grienay M, Resche-Rigon M, et al. Monocytic HLA‐

DR expression in intensive care patients: interest for prognosis and

secondary infection prediction. Crit Care Med. 2009;37:2746–52.
26. Ono S, Tsujimoto H, Matsumoto A, Ikuta S, Kinoshita M, Mochizuki

H. Modulation of human leukocyte antigen‐DR on monocytes and

CD16 on granulocytes in patients with septic shock using hemoper-

fusion with polymyxin B‐immobilized fiber. Am J Surg.

2004;188:150–6.
27. Seki S, Osada S, Ono S, et al. Role of liver NK cells and peritoneal

macrophages in IFN‐gamma and IL‐10 production in experimental

bacterial peritonitis in mice. Infect Immun. 1998;66:5286–94.
28. Hiraki S, Ono S, Kinoshita M, Tsujimoto H, Seki S, Mochizuki H.

Interleukin‐18 restores immune suppression in patients with nonsep-

tic surgery, but not with sepsis. Am J Surg. 2007;193:676–80.
29. Takabayashi A, Kanai M, Kawai Y, et al. Change in mitochondrial

membrane potential in peripheral blood lymphocytes, especially in

natural killer cells, is a possible marker for surgical stress on the

immune system. World J Surg. 2003;27:659–65.
30. Ikuta S, Ono S, Kinoshita M, Tsujimoto H, Yamauchi A, Mochizuki H.

Interleukin‐18 concentration in the peritoneal fluid correlates with

the severity of peritonitis. Am J Surg. 2003;185:550–5.
31. Sakaguchi S, Sakaguchi N, Asano M, Itoh M, Toda M. Immunologic

self‐tolerance maintained by activated T cells expressing IL‐2 recep-

tor alpha‐chains (CD25). Breakdown of a single mechanism of self‐
tolerance causes various autoimmune diseases. J Immunol.

1995;155:1151–64.
32. Shevach EM. Certified professionals: CD4(+)CD25(+) suppressor T

cells. J Exp Med. 2001;193:F41–6.
33. Shevach EM, DiPaolo RA, Andersson J, Zhao DM, Stephens GL,

Thornton AM. The lifestyle of naturally occurring CD4+ CD25+ Fox-

p3+ regulatory T cells. Immunol Rev. 2006;212:60–73.

ONO ET AL. | 357

http://orcid.org/0000-0001-9137-4267
http://orcid.org/0000-0001-9137-4267
http://orcid.org/0000-0001-9137-4267


34. Sakaguchi S, Ono M, Setoguchi R, et al. Foxp3+ CD25+ CD4+ natural

regulatory T cells in dominant self‐tolerance and autoimmune dis-

ease. Immunol Rev. 2006;212:8–27.
35. Monneret G, Debard AL, Venet F, et al. Marked elevation of human

circulating CD4+CD25+ regulatory T cells in sepsis‐induced
immunoparalysis. Crit Care Med. 2003;31:2068–71.

36. Ono S, Kimura A, Hiraki S, et al. Removal of increased circulating

CD4+CD25+Foxp3+ regulatory T cells in patients with septic shock

using hemopefusion with polymyxin B‐immobilized fibers. Surgey.

2013;153:262–71.
37. Venet F, Chung CS, Kherouf H, et al. Increased circulating regulatory

T cells (CD4(+)CD25 (+)CD127 (‐)) contribute to lymphocyte anergy

in septic shock patients. Intensive Care Med. 2009;35:678–86.
38. Venet F, Chung CS, Kherouf H, et al. Human CD4+CD25+ regulatory

T lymphocytes inhibit lipopolysaccharide‐induced monocyte survival

through a Fas/Fas ligand‐dependent mechanism. J Immunol.

2006;177:6540–7.
39. Tiemessen MM, Jagger AL, Evans HG, et al. CD4+CD25+ Foxp3+

regulatory T cells induce alternative activation of human monocytes/
macrophages. Proc Natl Acad Sci USA. 2007;104:19446–51.

40. Guignant C, Lepape A, Huang X, et al. Programmed death‐1 levels

correlate with increased mortality, nasocomial infection and immune

dysfunctions in septic shock patients. Crit Care. 2011;15:R99.

41. Flohe SB, Agrawal H, Flohe S, et al. Diversity of interferon gamma

and granulocyte‐macrophage colony‐stimulating factor in restoring

immune dysfunction of dendritic cells and macrophages during

polymicrobial sepsis. Mol Med. 2008;14:247–56.
42. Bo L, Wang F, Zhu J, et al. Granulocyte‐colony stimulating factor

(GM‐CSF) for sepsis: a meta‐analysis. Crit Care. 2011;15:R58.
43. Inoue S, Unsinger J, Davis CG, et al. IL‐15 prevents apoptosis,

reverses innate and adaptive immune dysfunction, and improves sur-

vival in sepsis. J Immunol. 2010;184:1401–9.
44. Fry TJ, Macall CL. The many faces of IL‐7: from lymphopoiesis to

peripheral T cell maintenance. J Immunol. 2005;174:6571–6.
45. Venet F, Foray AP, Villars-Mechin A, et al. IL‐7 restores lymphocyte

functions in septic patients. J Immunol. 2012;189:5073–81.
46. Brahmamdam P, Inoue S, Unsigner J, et al. Delayed administration of

anti‐PD‐1 antibody reverses immune dysfunction and improves sur-

vival during sepsis. J Leukoc Biol. 2010;88:233–40.
47. Zhang Y, Zhou Y, Lou J, et al. PD‐L1 blockade improves survival in

experimental sepsis by inhibiting lymphocyte apopyosis and revers-

ing monocyte dysfunction. Crit Care. 2010;14:R220.

48. Boomer JS, Shuherk-Shaffer J, Hotchkiss RS, Green JM. A prospec-

tive analysis of lymphocyte phenotype and function over the course

of acute sepsis. Crit Care. 2012;16:R112.

49. Topalian SL, Hodi FS, Brahmer JR, et al. Safety, activity, and immune

correlates of anti‐PD‐1 antibody in cancer. N Engl J Med.

2012;366:2443–54.
50. Tsuzuki H, Tani T, Ueyama H, Kodama M. Lipopolysaccharide: neu-

tralization by polymyxin B shuts down the signaling pathway of

nuclear factor kappaB in peripheral blood mononuclear cells, even

during activation. J Surg Res. 2001;100:127–34.
51. Hanasawa K, Tani T, Kodama M. New approach to endotoxic and

septic shock by means of polymyxin B immobilized fiber. Surg Gyne-

col Obstet. 1989;168:323–31.
52. Aoki H, Kodama M, Tani T, Hanasawa K. Treatment of sepsis by

extracorporeal elimination of endotoxin using polymyxin B‐immobi-

lized fiber. Am J Surg. 1994;167:412–7.
53. Wang Y, Liu Y, Sarker KP, et al. Polymyxin B binds to anandamide

and inhibits its cytotoxic effect. FEBS Lett. 2000;470:151–5.
54. Tani T, Hanasawa K, Kodama M, et al. Correlation between plasma

endotoxin, plasma cytokines, and plasminogen activator inhibitor‐1
activities in septic patients. World J Surg. 2001;25:660–8.

55. Nakamura T, Ebihara I, Shimada N, Koide H. Changes in plasma ery-

thropoietin and interleukin‐6 concentrations in patients with septic

shock after hemoperfusion with polymyxin B‐immobilized fiber.

Intensive Care Med. 1998;24:1272–6.
56. Cantaluppi V, Assenzio B, Pasero D, et al. Polymyxin‐B hemoperfu-

sion inactivates circulating proapoptotic factors. Intensive Care Med.

2008;34:1638–45.
57. Cappelli C, Lopez X, Labra Y, et al. Polymyxin B increases the deple-

tion of T regulatory cell induced by purinergic agonist. Immunobiol-

ogy. 2012;217:307–15.

How to cite this article: Ono S, Tsujimoto H, Hiraki S, Aosasa

S. Mechanisms of sepsis‐induced immunosuppression and

immunological modification therapies for sepsis. Ann

Gastroenterol Surg. 2018;2:351–358.
https://doi.org/10.1002/ags3.12194

358 | ONO ET AL.

https://doi.org/10.1002/ags3.12194

