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Abstract

Despite the progress made in the clinical management of sepsis, sepsis morbidity and mortality 

rates remain high. The inflammatory pathogenesis and organ injury leading to death from sepsis 

are not fully understood for vital organs, especially the liver. Only recently has the role of the liver 

in sepsis begun to be revealed. Pre-existing liver dysfunction is a risk factor for the progression of 

infection to sepsis. Liver dysfunction after sepsis is an independent risk factor for multiple organ 

dysfunction and sepsis-induced death. The liver works as a lymphoid organ in response to sepsis. 

Acting as a double-edged sword in sepsis, the liver-mediated immune response is responsible for 

clearing bacteria and toxins but also causes inflammation, immunosuppression, and organ damage. 

Attenuating liver injury and restoring liver function lowers morbidity and mortality rates in 

patients with sepsis. This review summarizes the central role of liver in the host immune response 

to sepsis and in clinical outcomes.
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Introduction

Sepsis is the most common cause of patient mortality in intensive care units, with a global 

incidence of approximately 18 million cases per year and a mortality rate of 28–40% [1]. 

The annual number of sepsis-related deaths in the United States reached 258,000 in 2009, 

according to Sepsis Alliance (an organization whose goal is to raise awareness of this 

condition to facilitate its early detection and treatment for successful outcomes). Sepsis is a 

dysregulated systemic inflammatory response triggered by infection, trauma, or a toxin. In 

patients, the response progresses from inflammation to sepsis, to severe sepsis, to septic 

Address requests for reprints to: Shulin Li, Department of Paediatrics Research, Unit 0853, The University of Texas MD Anderson 
Cancer Centre, 1515 Holcombe Blvd., Houston, TX 77030, USA. SLi4@mdanderson.org. 

Competing interests: The authors have no competing interests.

NIH Public Access
Author Manuscript
Int Rev Immunol. Author manuscript; available in PMC 2015 November 01.

Published in final edited form as:
Int Rev Immunol. 2014 ; 33(6): 498–510. doi:10.3109/08830185.2014.889129.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



shock, and to multiple organ dysfunction syndrome. Individuals with a weakened immune 

system—infants, children, and the elderly (over 65 years)—are the most susceptible to 

sepsis and sepsis-associated death [2]. Cancer patients are nearly 10 times more susceptible 

to sepsis than are patients without cancer, and sepsis-caused deaths account for 8.5% of all 

deaths among cancer patients [3].

A modern view of sepsis was pioneered by Semmelweis, Pasteur, and Lister in the 19th 

century [4]. Since then, an enormous amount of sepsis research has been conducted, 

including work on pathogens, coagulation cascades, immune responses, and organ damage 

[5-7]. The progress in these areas has improved our knowledge of the pathogenesis of sepsis. 

Despite this progress, sepsis mortality and morbidity rates remain high. The incidence of 

sepsis is expected to grow 1.5% annually because of the growing number of elderly patients, 

who are more susceptible to sepsis. Studies have predicted that by the year 2029, the annual 

number of sepsis cases may increase from the number in 2001 by as much as 50% [8]. 

Progress in developing curative sepsis therapy will require an in-depth understanding of the 

inflammatory pathogenesis of sepsis and organ dysfunction.

The liver is the largest gland in the human body and plays a central role in metabolic and 

immunological homeostasis. This organ is responsible for over 200 functions, such as 

detoxification, storage, energy production, nutrient conversion, hormonal balance, and 

coagulation. These important physiological functions make the liver a critical organ for host 

survival following severe injury such as sepsis. Evidence has shown that liver dysfunction 

and failure, particularly serious complications in sepsis, directly contribute to disease 

progression and death [9]. This review will examine the mechanism of the liver's immune 

response in promoting sepsis and the effects on clinical outcomes as well as the importance 

of the liver's function in the diagnosis and treatment of sepsis.

Types of liver injury in sepsis

In sepsis, the liver is injured by pathogens, toxins, or inflammatory mediators. The injury 

progresses from active hepatocellular dysfunction to liver damage and then to liver failure. 

Liver dysfunction consists of subtle alterations in hepatocellular functions, such as 

decreased synthesis or decreased clearance function. Liver damage is defined as an 

irreversible injury to hepatocytes. Liver failure is defined as sustained, severe damage to the 

liver and loss of function in 80–90% of liver cells [10]. Because liver damage is difficult to 

quantify through clinical examination and laboratory values, this review focuses mainly on 

liver dysfunction and liver failure.

Liver dysfunction often occurs in early sepsis; for example, liver dysfunction usually occurs 

1.5 hours after cecal ligation and puncture (CLP)—a procedure of ligation below the 

ileocecal valve after midline laparotomy and followed by needle puncture of the cecum to 

induce sepsis—in animals or on the day of the sepsis diagnosis (< 24 hours post-onset of the 

disease) in patients because of inflammation and hypoperfusion [11]. Ongoing inflammation 

and hypoperfusion can cause liver damage and failure [9]. Clinical and experimental data 

suggest that liver dysfunction is an early sign of sepsis, and early hepatic dysfunction in 

patients with sepsis is a specific and independent risk factor for poor outcome [12].
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Clinical impact of the liver in sepsis

Because of the multiple functions of the liver in sepsis, liver injury before or after the onset 

of sepsis has a critical effect on the severity and outcome of sepsis in patients. The 

incidences of sepsis-associated liver dysfunction and liver failure range from 34% to 46% 

and from 1.3% to 22%, respectively, in all patients with sepsis (Table 1) [13-20]. The mean 

incidence of liver dysfunction in patients with sepsis is 39.9%, lower than the incidences of 

respiratory, renal, and neurological dysfunction and almost the same as the incidence of 

cardiovascular dysfunction. Liver failure occurs in 8.5% of patients with sepsis. The lower 

incidence of liver failure than the incidence of failure of other organs may be related to the 

liver's ability to withstand assaults and to its high regenerative capacity, which is activated 

in patients with sepsis but impaired in sepsis patients who also experience liver failure [21]. 

However, liver dysfunction and failure are associated with grave complications in sepsis. 

Mortality rates among sepsis patients with liver dysfunction or failure range from 54% to 

68%, higher than the mortality rates of sepsis patients with respiratory system dysfunction or 

failure (the most common organ failure in sepsis) (Table 2) [14, 15, 19]. Taken together, 

these data suggest that the liver plays a pivotal role in patient survival and recovery 

following sepsis injury.

In patients with liver failure or chronic liver conditions such as cirrhosis, trauma, and drug-

induced liver injury, the risks of developing sepsis, multiple organ failure (MOF), and 

sepsis-induced death are higher than those risks in patients without intrinsic liver diseases 

[22,9]. In patients with liver disease, the risk of morbidity is 30–50%, much higher than the 

5–7% sepsis morbidity rate in the general population of hospitalized patients [23]. The in-

hospital mortality rate of cirrhosis patients with septic shock is as high as 70% [24]. In 

patients with trauma, severe injury of the liver is associated with a higher incidence of 

sepsis, MOF, and mortality than the incidence in patients with severe injury of the abdomen 

or other organs (sepsis, 19.9% vs. 11%; MOF, 32.7% vs. 16.6%; mortality, 34.9% vs. 12%) 

[25]. Alcohol dependence is also an independent risk factor for sepsis and associated 

mortality [22]. Patients with alcohol-abuse disorders often have liver dysfunction or severe 

comorbidities such as cirrhosis. Individuals with alcohol dependence have higher rates of 

sepsis (12.9% vs. 7.6%), organ failure (67.3% vs. 45.8%), septic shock (3.6% vs. 2.1%), and 

mortality (9.4% vs. 7.5%) than do those without alcohol dependence [24]. Liver injury is an 

independent risk factor for sepsis morbidity and sepsis-associated death.

Pathology of liver injury in sepsis

Liver injury in sepsis is confirmed by histological changes in the liver. Liver dysfunction is 

not necessarily accompanied by significant histological changes in the liver, but liver 

damage and liver failure usually are. In autopsy studies, hepatitis and liver steatosis were 

found in the majority of patients who died of sepsis. Hepatic lesions included portal 

inflammation, centrilobular necrosis, lobular inflammation, hepatocellular apoptosis, 

cholangitis/cholangiolitis, and steatosis [26]. Some biopsy results showed mixed hepatitic-

cholestatic liver injuries [26].

Yan et al. Page 3

Int Rev Immunol. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



The pathology of sepsis-associated liver injuries has been well studied with animal models. 

The early responses of the liver to CLP-induced sepsis in rats consist of suppressed liver 

functions such as glucose metabolism, drug detoxification, and oxidization without 

significant histological changes. Changes in the hepatic transcriptome, such as those in 

metabolic processes, occurred 6 hours after sepsis initiation in a rat sepsis model. Fifteen 

hours after sepsis initiation, the sepsis animals exhibited a profound conjugation defect with 

elevated unconjugated bile acids. Following these molecular, biochemical, and physiological 

changes, steatosis, cholestasis, and hepatocellular injury were observed, which is associated 

with hepatocyte apoptosis, necrosis, and neutrophil accumulation [27]. Hepatocyte 

regeneration has also been noted in moderate sepsis but not in the severe sepsis CLP model 

[28].

In patients, early manifestations of hepatic dysfunction include elevated serum bilirubin and 

alkaline phosphatase levels, and the late phase may be marked by elevation of transaminases 

after prolonged hypotension [15,13]. The rate of indocyanine green plasma disappearance 

and the levels of plasma bile acids (e.g. chenodeoxycholic acid and taurodeoxycholic acid) 

may be good markers for detecting septic liver dysfunction [29,30,11]. Many other 

biomarkers, such as glutathione S-transferase A1-1 [31], carbamoyl phosphate synthetase 1 

[32], and glucose 6-phosphatase [33], can also indicate liver dysfunction in early sepsis. The 

main histological changes are spotty necrosis, capsular inflammation, portal inflammation, 

ballooning degeneration, and steatosis (Figure 1) [27]. Hepatic fibrosis has also occurred in 

experimentally induced, long-term sepsis in mice [34].

Liver immune response in sepsis

As the largest solid organ in the body, the liver has multiple major tasks, such as digastric, 

metabolic, hormonal, and host-defence activities, and plays a pivotal role in maintaining 

normal systemic homeostasis. In sepsis, the liver plays critical roles in clearing bacteria, in 

mediating inflammatory responses, and in coagulating, which may regulate renal failure, 

acute lung injury, acute respiratory distress syndrome, coagulopathy, and hepatic 

encephalopathy. The liver-mediated immune response to sepsis acts as a double-edged 

sword: it clears bacteria and toxins but causes inflammation, immunosuppression, and organ 

damage. We will focus on the role of the immune response mediated by the liver in the 

pathogenesis of sepsis.

Bacterial clearance

In patients with sepsis, mortality, immune response severity, and liver injury are correlated 

with bacterial and/or toxin levels. Bacterial clearance is the most important process for the 

survival of patients with sepsis. As the organ responsible for sterilizing and detoxifying the 

bloodstream, the liver plays a critical role in bacterial and toxin clearance in sepsis [35]. 

Over 60% of total bacteria administered in an animal model via intravenous injection can be 

cleared from the bloodstream and trapped in the liver 10 minutes post-injection; over 80% of 

the bacteria can be trapped in the liver 6 hours later.34 Lipopolysaccharide (LPS), the key 

inducer of inflammation in bacterial infection, is also cleared mainly by the liver [36].
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Liver injury is associated with an increased risk of bacteremia owing to the failure to clear 

the bacteria. Cirrhosis is an independent risk factor for developing bacterial infection [23]. 

Ashare et al. [37] found that cirrhosis impaired bacterial clearance from the bloodstream, as 

evidenced by bacteremia following tooth brushing [37]. However, patients with chronic 

obstructive pulmonary disease were able to clear the bacteria as rapidly as did healthy 

control subjects. This observation suggests that liver function, not lung function, is critical 

for bacterial clearance. Liver dysfunction is accompanied by impairment to the 

reticuloendothelial system, to neutrophil phagocytic and intracellular killing abilities, to 

complement production, and to antigen presentation ability (downregulation of monocyte 

human leukocyte antigen DR expression), which results in impaired bacterial clearance [38]. 

Reduced bacterial clearance from the bloodstream is associated with more severe liver 

injury.

Multiple types of cells in the liver play a role in bacterial phagocytosis and clearance [35]. 

Liver cells, including Kupffer cells, liver sinusoidal endothelial cells (LSECs), and stellate 

cells, are the first line of defence against blood-borne bacteria, protecting the whole body 

and the liver itself. The hepatic reticuloendothelial system traps and eliminates bacteria 

quickly and efficiently. Kupffer cells exhibit a pronounced endocytic and phagocytic 

capacity for clearing bacteria and soluble bacterial products [7]. This effect requires the 

detection of pathogens by pattern-recognition receptors. When the expression of Toll-like 

receptor 4 (TLR4) was specifically eliminated from myeloid cells (macrophages and 

neutrophils), phagocytosis and bacterial clearance of Kupffer cells were impaired post-CLP 

[36].

Kupffer cells also cooperate with platelets and neutrophils in clearing bacteria from the 

bloodstream [39]. When bacteria are captured on the Kupffer cells, the patrolling platelets 

firmly adhere to the cells, as glycoprotein Ib on the platelets interacts with the von 

Willebrand factor on the cells. The aggregation of platelets increases the likelihood of 

detecting bacteria and limiting their escape from Kupffer cells [39]. Neutrophils migrate to 

and accumulate in liver sinusoids via chemokines secreted by Kupffer cells during 

endotoxemia and sepsis. Then neutrophils and platelets interact with each other, promoting 

the release of neutrophil extracellular traps to capture and eliminate the microbes [39].

B cells in the liver also participate in phagocytosis and bacterial clearance [40]. Nakashima 

et al. [40] found that mouse liver B cells positive for immunoglobulin M can behave like 

Kupffer cells to phagocytose bacteria. B cells in other organs, such as those in the spleen, do 

not show this function. Hepatocytes also have phagocytic action when pathogens break up 

the barrier of LSECs [41,42]. Thus, many cells in the liver have the ability to phagocytose 

and clear bacteria, thereby preventing sepsis-related systemic organ damage.

Most free or lipoprotein-bound LPS is taken up by Kupffer cells through scavenger 

receptors (for example, SR-A) and inactivated by acyloxyacyl hydrolase, which is produced 

within the liver by Kupffer cells [43]. Hepatocytes also contribute to LPS clearance by 

primarily using lipoprotein. LPS-binding protein transfers LPS to CD14, thus facilitating the 

interaction between LPS and TLR4 on the surface of phagocytes to remove LPS and initiate 

the pro-inflammatory cascade [44]. In one study, TLR4 knockout murine hepatocytes failed 
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to clear LPS, resulting in augmented inflammation and organ injury in both polymicrobial 

sepsis and endotoxemia [36].

Liver-mediated pro-inflammatory response

Bacterial and toxin clearance is associated with an inflammatory response in sepsis. In 

patients with sepsis, the liver can act as a source of inflammatory mediators. The liver is the 

major site of inflammatory responses to bacterial endotoxins during sepsis. Siore et al. [45] 

used an in situ circuit in piglets to perfuse the ventilated lung or both the lung and the liver 

with LPS to determine the role of the liver in endotoxin-induced lung injury. The researchers 

found that the endotoxin only induced pulmonary hypertension and neutropenia and 

minimally elevated tumour necrosis factor alpha (TNF-α), interleukin (IL)-6, and nitric 

oxide (NO) without lung oedema when only the lung was perfused. However, when the liver 

was included in the perfusion, the endotoxin caused marked hypoxemia and lung oedema 

with dramatically increased TNF-α, IL-6, and NO levels [45]. These findings show that 

when the host is exposed to endotoxins, the liver, not the lung, is the main source of 

production of cytokines and NO.

The injured liver can induce severe and systemic detrimental inflammatory responses in 

other organs during sepsis [46]. With ischemia/reperfusion hepatic injury after bacterial 

infection in rats, both systemic and local lung inflammation levels were higher than those in 

infected rats without such injury [47]. These findings indicate that liver dysfunction induced 

by occult changes in hepatic perfusion may amplify systemic inflammatory and lung 

inflammatory responses to bacterial infection in sepsis. Excess production of cytokines and 

NO induced other organ injuries such as acute lung injury and acute respiratory distress 

syndrome, which cause respiratory failure in patients with severe sepsis [46]. These findings 

are consistent with the excess production of cytokines in cirrhosis patients with sepsis. The 

high levels of pro-inflammatory cytokines are related to liver function impairment and 

multiple organ dysfunction syndrome [46]. Thus, the liver plays a central role in 

inflammation and organ injury in sepsis.

Kupffer cells are responsible for producing inflammatory cytokines in early sepsis and for 

mediating sepsis-induced liver injury. Following an attack by harmful bacteria and/or 

endotoxins, Kupffer cells increase the rate of release of several early pro-inflammatory 

mediators, such as TNF-α, IL-1, IL-6, interferon gamma (IFN-γ), IL-8, and monocyte 

chemoattractant protein 1 as well as secondary mediators of tissue injury, e.g. NO and 

reactive oxygen species [48]. Kupffer cell depletion, induced by administering gadolinium 

chloride before CLP, reduces the secretion rate of pro-inflammatory cytokines such as IL-1β 

and IL-6, ameliorates microcirculatory failure in the liver, decreases hepatic apoptosis, and 

prevents the occurrence of hepatic injury and dysfunction in rats during early sepsis (5 hours 

post-CLP) [48]. Thus, depleting Kupffer cells reduces the systemic inflammatory response 

in sepsis and helps protect the liver and distant organs from inflammation-induced injury. 

However, because of impaired bacterial clearance in the liver owing to the loss of Kupffer 

cells, the survival rate of septic animals is significantly reduced [48]. Modulating Kupffer 

cell hyperactivity during sepsis could be a novel approach for suppressing inflammation and 

protecting organs from injury.
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Hepatic natural killer T (NKT) cells play a critical stimulatory role in the development of a 

local and/or systemic pro-inflammatory response to sepsis. NKT cells comprise 10–20% of 

the total T cell population in the liver, which is a much higher percentage than in other 

organs. NKT cells are activated in septic mice with increased expression of surface 

molecules (CD69 and CD25), and the frequency of NKT cells that are positive for 

intracellular cytokines (TNF-α, IFN-γ, MCP-1, IL-6, IL-4, IL-10, etc.) also increases. In the 

early stages of sepsis, the major effect of NKT cells is pro-inflammatory, and NKT cells 

induce the Th1-dominant response. During chronic sepsis, the cytokine profiles of NKT 

cells shift to Th2-type responses upon repeated exposure to Ag. Lack of NKT cells 

(CD1D-/- or Jalpha 18-/- mice) or the functional blockade of NKT cell signalling with anti-

CD1d-blocking Ab both lead to an obliteration of the systemic inflammatory response (with 

little effect on splenic/peritoneal immune responsiveness), protecting mice from septic death 

(the survival rate increased 35%) [49]. Therefore, hepatic NKT cells play a critical role in 

regulating the systemic inflammatory response and promote survival in sepsis.

NK cells are major players in the inflammatory response during sepsis [50]. Twenty to thirty 

per cent of lymphocytes in the liver are NK cells. In sepsis, lethally infected mice have more 

NK cells in the liver, but not in the spleen, than do non-lethally infected mice (Ehrlichia-

induced toxic shock model) [Stevenson, #62]. NK cells produce high serum level of IFN-γ, 

TNF-α, and IL-10, and induce severe apoptosis in liver. Also the liver injury is more severe 

in lethally infected mice than in non-lethally infected mice. LPS directly acts on NK cells to 

induce cytokine expression through TLR4-mediated signalling. Depleting NK cells with 

anti-NK1.1 antibody protects mice against LPS-induced sepsis death by decreasing IFN-γ 

and granulocyte-macrophage colony-stimulating factor production in the liver and serum, 

thus minimizing tissue injury. Therefore, NK cells mediate fatal sepsis by enhancing local 

and systemic inflammation and by directly injuring host cells.

CD8+T cells also play a role in inflammation and liver injury in sepsis. CD8+T cells double 

in the liver after CLP in mice [51]. CD8+T cells induce inflammation through secretion of 

cytokines or attack infective cells [52]. The IL-6 levels were significantly lower in septic 

CD8 knockout mice than in septic wild-type mice. Adoptive transfer CD8+T cells from 

wild-type mice that had undergone CLP induced high levels of IL-6 secretion and liver 

injury in the CD8+T cell-deficient recipient mouse strains (severe combined 

immunodeficient mice or RAG1-/- mice). CD8+T cells from septic mice also expressed Fas 

ligand and led to the activation of nuclear factor kappa-light-chain enhancer of activated B 

cells (NF-κB) and to the transcription of pro-inflammatory cytokines [53]. In response to 

increased CD4+, CD8+ T cells, and other immune cells infiltration in liver, Fas and FasL is 

up-regulated, and apoptosis is increasing in the liver of mice underwent CLP surgery. 

Increased CD8+ T cells are correlated with inflammation and liver injury in sepsis.

LSECs, hepatic stellate cells, and hepatocytes also participate in the production of 

inflammatory and chemotactic factors. LSECs and hepatic stellate cells recognize proteins 

from pathogens via pattern recognition receptors, such as TLR, and act as liver antigen-

presenting cells (APCs). These cells cooperate with Kupffer cells to activate NKT cells and 

classic T cells in the liver and recruit neutrophils to the liver, thereby inducing local and 

systemic inflammatory responses in sepsis [7].
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Therefore, there is an increase in the cell number of CD4, CD8, NK, and NKT cells 

infiltrated in liver which associated with severe inflammatory response in septic mice. And 

excessive inflammatory responses cause hepatic cells necrosis and apoptosis which resulted 

in liver injury.

Liver-mediated immunosuppression

In addition to the production of pro-inflammatory cytokines, the response of the liver to 

sepsis involves the concomitant induction of anti-inflammatory mediators such as IL-10, 

transforming growth factor β, and glucocorticoids, which play a critical role in avoiding 

immune reactions against antigens from dietary and gut pathogens [46]. Many types of liver-

resident cells can exhibit immune regulatory functions and work cooperatively with 

circulating cells to induce liver tolerance of toxins, suppress systemic inflammatory 

responses, and protect organs from injury.

Induction of LPS/endotoxin tolerance/desensitization in the liver is a major mechanism of 

immunosuppression in sepsis. Although this effect prevents the development of sepsis or 

systemic inflammation, this effect also is the main contributor to immunosuppression and 

mortality [54]. Endotoxin tolerance has been observed in patients with sepsis, acute liver 

failure, and cirrhosis [55]. Monocytes down-regulate surface expression of TLR4 after LPS 

treatment, which reduces the inflammatory effect of LPS. When stimulated with LPS, 

monocytes from these patients produce less TNF-α and much more IL-10 than do the 

monocytes from healthy controls. Antigen-presenting capacity is also impaired in these 

tolerant cells for decreased expression of human leukocyte antigen DR and some co-

stimulatory molecules. These cells produce anti-inflammatory cytokines instead of 

inflammatory cytokines to induce immunosuppression when they are exposed to further 

endotoxin challenge [56]. Furthermore, hepatocytes can be desensitized to LPS via inducing 

the expression of suppressor of cytokine signalling 1, which is a negative regulator of TLR4-

myeloid differentiation primary response 88 (MYD88) signalling and LPS uptake in 

hepatocytes. LPS tolerance can also be induced in LSECs by reducing nuclear localization 

of NF-κB upon LPS challenge [57]. LPS-tolerant LSECs also downregulate the expression 

levels of adhesion molecules, resulting in reduced leukocyte adhesion to the sinusoidal 

endothelium. When LSECs undergo tolerogenic maturation, they induce CD8+T cell 

tolerance through expressing high levels of B7 homolog 1 and low levels of CD80/86 [58]. 

Therefore, endotoxin/LPS tolerance plays an important part in the patient's susceptibility to 

reinfection, which may induce death in patients with sepsis.

Myeloid-derived suppressor cells (MDSCs) recruit to the liver site in sepsis to induce 

immunosuppression. In normal conditions, MDSCs are prevalent in the liver (approximately 

5% of all hepatic cells). In sepsis, MDSCs also accumulate in the liver site of mice after 

CLP or after LPS injection. CLP- or LPS- treated mice have double to triple the percentage 

of MDSCs in the liver than do control mice. Sander et al. [59] found that hepatocyte-specific 

MYD88-NF-κB-dependent IL-6 cytokines and subsequent glycoprotein (gp130) signalling 

in hepatocytes are crucial for the mobilization and accumulation of MDSCs. Hepatic-

specific gp130-deficient animals did not accumulate MDSCs and had increased 

inflammatory cytokine levels and increased mortality from sepsis.
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The MDSCs of septic mice have a great potential to control inflammatory response and to 

protect the liver from injury induced by inflammation [60]. Liver MDSCs have a strong 

suppressive effect on CD4+ and CD8+ T cell proliferation via secreting arginase l and NO 

synthase 2. MDSCs produce anti-inflammatory IL-10 and transforming growth factor-β and 

inhibit pro-inflammatory cytokine release. MDSCs also can impair dendritic cell 

development, block NK cell cytotoxicity, and induce the generation of T regulatory cells. 

Adoptive transfer of MDSCs into hepatic-specific gp130-depletion mice protected septic 

mice. Therefore, the MDSCs that accumulated in the livers of septic mice mediated 

immunosuppression and controlled inflammatory responses, thus reducing mortality rates in 

murine models of sepsis.

APCs in the liver are also important for inducing immune tolerance in sepsis. It has been 

reported that liver APCs, such as Kupffer cells, LSECs, and hepatic stellate cells, all 

contribute to the state of tolerance through their expression of programmed cell death 1 

ligand 1 (PD-L1) and IL-10 in response to LPS and bacteria. Hepatocytes can also act like 

APCs with major histocompatibility complex and CD1 expression on the surface. However, 

hepatocytes present antigens to induce tolerance rather than to activate T and NKT cells 

because of the lack of co-stimulatory molecules and CD40 expression. T cells are exposed to 

an immunosuppressive microenvironment in the liver, which includes suppressive cytokines 

such as IL-10, transforming growth factor-β, and inhibitory molecules such as PD-L1 

produced by APCs, and T cells are undergoing inhibited TCR-mediated activation, 

proliferation, and cytokine secretion, inducing T regulatory cell development and recruiting 

circulating T regulatory cells [61]. Some T cells are clonally eliminated by apoptosis after 

encountering these tolerance-inducing APCs. Therefore, the liver induces systemic tolerance 

by liver APCs in infection and sepsis.

It is vital to achieve a balance between pro-inflammatory and anti-inflammatory responses 

in the liver during sepsis. Liver Kupffer cells, NK cells, NKT cells, CD4+ T cells, MDSCs, 

APCs, and other liver-resident cells interact with circulatory immune cells to regulate the 

balance of local and systemic pro-inflammatory and anti-inflammatory responses during 

sepsis. Infection that induces an excessive pro-inflammatory response can lead to a systemic 

inflammatory response, thus promoting organ injury and patient mortality. In contrast, 

infection that induces abundant anti-inflammatory mediators can lead to a lack of pro-

inflammatory response and impair the ability to clear bacteria and LPS uptake, resulting in 

the loss of control of infection and causing susceptibility to reinfection. Alternatively, 

producing a balanced pro-inflammatory and anti-inflammatory response results in bacterial 

clearance and resolution of inflammation, thus promoting recovery from sepsis (Figure 2). 

Modulating liver function and the liver immune response during sepsis could be a novel 

strategy for regulating systemic immune responses and protecting organs from injury 

induced by sepsis.

Conclusions

Despite recent therapeutic breakthroughs, mortality rates remain high in sepsis patients, and 

much remains to be done to advance our understanding and treatment of sepsis. The liver 

plays an essential regulatory role in sepsis and homeostasis. Addressing the disturbance of 
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liver functions, such as immune response, metabolism, excretion, coagulation, and 

detoxification, is important for the prognosis and ultimate survival of sepsis patients (Figure 

3) [11]. In this review, we summarized liver injury-associated morbidity and mortality in 

sepsis patients, discussed how liver injury promotes the progress of sepsis and affects 

clinical outcomes, and delineated the central role of the liver immune response in regulating 

homeostasis and the progress of sepsis.

Sepsis causes liver injury, and liver injury exacerbates the severity of sepsis, with each 

amplifying the other's effects. Attenuating liver injury and restoring the balance of liver pro-

inflammatory and anti-inflammatory responses will lower sepsis morbidity and mortality 

rates by regulating systemic immune responses and protecting organs from injury. Our 

understanding of the pathophysiology of sepsis-associated liver injury and of the 

mechanisms by which liver dysfunction promotes sepsis continues to evolve. Further 

investigation of the liver's role in sepsis may lead to the development of new therapeutic 

targets and strategies.
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Figure 1. 
Pathological changes in the liver in patients with sepsis. Abbreviations: HSCs, hepatic 

stellate cells.

Yan et al. Page 14

Int Rev Immunol. Author manuscript; available in PMC 2015 November 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Figure 2. 
The balance of pro-inflammatory and immunosuppressive response in the liver is critical for 

regulating the systemic immune responses and outcome of sepsis.
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Figure 3. 
Hepatic responses and functions in patients with sepsis. Abbreviations: DIC, disseminated 

intravascular coagulation.
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