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Sepsis remains the leading cause of mortality in intensive care units and an intrac
table condition due to uncontrolled inflammation together with immune suppression. 
Dysfunction of immune cells is considered as a major cause for poor outcome of septic 
patients but with little specific treatments. Currently, autophagy that is recognized as 
an important selfprotective mechanism for cellular survival exhibits great potential for 
maintaining immune homeostasis and alleviating multiple organ failure, which further 
improves survival of septic animals. The protective effect of autophagy on immune cells 
covers both innate and adaptive immune responses and refers to various cellular recep
tors and intracellular signaling. Multiple drugs and measures are reportedly beneficial 
for septic challenge by inducing autophagy process. Therefore, autophagy might be an 
effective target for reversing immunosuppression compromised by sepsis.
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iNTRODUCTiON

Sepsis arises when hosts response to infection injuries to their own tissue and organ, which is 
manifested by uncontrolled inflammatory response and multiple organ failure. It acts as one of 
the leading causes of mortality in intensive care units (ICUs) and brings about millions of deaths a 
year (1). Current definitions for sepsis focus on organ dysfunction compromised by dysregulated 
response to infection and long-term outcomes of septic patients that survive from serious stage 
owing to sophisticated care in ICU (2). It has been reported that septic survivors showed higher 
readmission rate and more severe situations than those without septic experience (3). Uncontrolled 
inflammatory response and refractory immune suppression are considered as major causes for 
poor outcome of septic patients, which exist concomitantly but dominate in different stages (4). 
Sepsis-induced immunosuppression that covers both innate and adaptive immune systems acts as 
a predominant cause of late mortality due to recurrent infections (5). It presents with low levels 
of both pro- and anti-inflammatory mediators and massive depletion of immune cells, including 
monocytes, dendritic cells (DCs), B  cells, and CD4+ and CD8+ T  cells, in turn contributing to 
multiple organ failure as a result of high bacterial load and opportunistic infection (6, 7). Therefore, 
it will be of great significance to clarify specific mechanisms underlying inflammatory reprogram-
ming and immunologic paralysis under septic exposure. Recently, upregulation of autophagic 
activity reportedly can influence the inflammatory response and the survival as well as function of 
immune cells (Figure 1) and show great benefits by ameliorating organ dysfunction and improving 
outcomes (8). Suppression or deficient of autophagy leads to dysfunction and depletion of immune 
cells, followed by disturbed immune immunity and increased mortality in septic condition (9, 10), 
indicating that autophagy might be an effective therapeutic target for sepsis.
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FiGURe 1 | The effects of autophagy induction on sepsisinduced immune dysfunction. (A) Effects of autophagy in various stages of sepsis. (B) The role of 
autophagy induction in the function of multiple immune cells. NFκB, nuclear factor kappalightchainenhancer of activated B cells; NLRP3, Nodlike receptor family 
pyrin domaincontaining 3; Tregs, regulatory T cells; NETs, neutrophil extracellular traps; DCs, dendritic cells.
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Autophagy is an important self-protective mechanism for 
cellular survival by controlling degradation of proteins and 
organelles, which involves the formation of double-membrane 
autophagosome and the proteolytic degradation after delivered 
to lysosome. Studies have shown that autophagy is mobilized 
early in sepsis and seen in various organs, manifested by 
increased accumulation of autophagic vacuoles and enhanced 
expression of autophagy-associated proteins (11). For example, 
microtubule-associated protein light chain 3 (LC3), one of key 
molecules for autophagy, showed enhanced expression at 6  h 
after cecal ligation and puncture (CLP) and released a cascade 
of benefits by eliminating invaded pathogens, avoiding over-
production of stress proteins and modulating the function of 
multiple organelles (12). SQSTM1/p62, another specific marker 
for dynamic autophagic process that is also termed autophagic 

flux, revealed rapid alteration after sepsis initiation and further 
contributed to functional stability of various cells (11). However, 
a host in recent studies found disturbed autophagic process in 
later stage of sepsis, which was considered as a major cause for 
sepsis-induced immune suppression (10). In this review, we 
will provide a detailed overview of the effects of autophagy on 
immune response and further therapeutic significance in sepsis.

THe PROTeCTive ROLe OF AUTOPHAGY 
iN SePSiS

Autophagy initiates early after the onset of sepsis and is induced 
by some kinds of bacteria, bacterial toxins such as lipopolysac-
charide (LPS), and pro-inflammatory cytokines (13–15). The 
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intracellular signaling that is responsible for autophagy induction 
mainly includes 5′ adenosine monophosphate-activated protein 
kinase and c-Jun N-terminal kinase/p38 mitogen-activated 
protein kinase (MAPK) pathways under activation of Toll-like 
receptor (TLR) 4 and TLR9, respectively (16, 17). It has been 
demonstrated that autophagy confers protective effects on 
multiple organs and systems in septic challenge, involving heart, 
liver, lungs, kidneys, brain, and coagulation system (11, 18–22). 
Liver dysfunction, for instance, presents with extensive apoptosis 
of hepatocytes and elevated serum levels of aminotransferases 
during sepsis, which can be reversed by autophagy activation 
(23). Further evidence has shown that maintaining mitochon-
drial homeostasis contributes to one of the major mechanisms 
of autophagy on ameliorating hepatocyte injury (24). Such 
mechanism equally applies to the protective effects of autophagy 
on lung epithelial cells and cardiomyocytes, which relate to the 
quality control of mitochondria and endoplasmic reticulum 
(25, 26), indicating that the homeostasis of multiple organelles 
constituted by autophagy induction may become effective targets 
for improving outcomes in the setting of sepsis. Actually, selec-
tive degradation of organelles has been recognized with distinct 
terminology, such as nucleophagy, reticuluophagy, lysophagy, 
mitophagy, and pexophagy, and further noted for the develop-
ment of various diseases after the discovery of distinct molecules.

The formation of autophagic vacuoles and the expression of 
autophagy-associated proteins vary with different tissues or organs 
and different stages of sepsis. LC3, for example, was found with 
enhanced expression at 8 h after CLP operation but declined to 
baseline value at 12 h in intestinal epithelial cells (12). It presented 
with two expression peaks at 6 and 36 h in renal tissues under sepsis 
exposure (27). This tendency was reportedly similar to the expres-
sion of Beclin-1, another key modulator of autophagic process 
(12). These discrepant results might attribute to the different states 
of multiple organs, as restoration of autophagy mainly resulted in 
protective effect by maintaining functional homeostasis. As with 
autophagic vacuoles, double-membrane formatted structure that 
is direct evidence of autophagic action, its amount also changes 
over time during septic course. It increased in hyperdynamic 
phase, from 4 to 9  h post-CLP surgery, but showed significant 
reduction from 18 to 24 h, implicated with hypodynamic phase 
(9). Atg7, an essential gene for autophagosome formation and 
reportedly beneficial for immune homeostasis, also exhibited the 
similar tendency, as its expression was enhanced at 8 h but sig-
nificantly suppressed at 24 h post-CLP surgery (9, 12). Recently, 
autophagic flux is documented to represent dynamic function 
of autophagy that can be evaluated by expressions of Beclin-1, 
LC3, and p62 and plays a protective role in immune cells with 
completed autophagic process (28).

AUTOPHAGY AND iMMUNe ReSPONSe

Autophagy has been reported to play a crucial role in modulat-
ing immune response since its pathogen-killing potential was 
noticed by Nakagawa et al. in 2004 (13). Both autophagic process 
and independent autophagy-associated proteins are involved in 
eliminating invaded pathogens and maintaining immune home-
ostasis through altering phagocytosis, antigen presentation, and 

differentiation of immune cells (Figure  2) (29–32). Autophagy 
deficient mice, however, showed disturbed eradication of invaded 
pathogens and damaged organelles and were more sensitive to 
bacterial infection (29). In addition, various autophagy-related 
proteins function differently in the course of phagocytosis. 
LC3, for example, can be recruited to phagosomes and further 
facilitates the clearance of pathogens and dead cells in a canonical 
autophagy-independent way, suggesting that autophagy-associ-
ated proteins might be effective therapeutic targets for immune 
response other than mediating autophagic process (33). The same 
goes for the antigen-presenting function, as autophagy-mediated 
antigen presentation is important for priming activation of CD4+ 
T  cells during infection (34). Mice with Atg5 deficient in DCs 
exhibited impaired activities of CD4+ T cells as a result of reduced 
interleukin (IL)-2 and interferon (IFN)-γ production, but 
without affecting costimulatory molecule expressions on DCs, 
which were different from Beclin-1 and vacuolar protein sorting 
34 (Vps34). The DCs exhibited long-standing dysfunction and 
massive loss in animals with Beclin-1 or Vps34 deficient (34–36). 
However, Bhattacharya and colleagues found that the loss of Atg7 
gene displayed protective effects against autoimmune encephalo-
myelitis in mice (37). These conflicting results may also arise from 
diverse features of autophagy-related proteins in various disease 
states. However, the specific mechanism with regard to autophagy 
activation in modulating immune function upon sepsis exposure 
remains to be ascertained. In the remaining part, we will discuss 
the pleiotropic effects of autophagy on the function of immune 
cells in septic states.

NeUTROPHiLS

Neutrophil belongs to the body’s first defensive system and is vital 
for pathogen clearance through effective phagocytosis, degranula-
tion, and formation of neutrophil extracellular traps (NETs) (38). 
Neutrophil recruitment, another significant feature of immune 
response, is considered as a prerequisite for its infection control, 
which requires multiple chemokines and chemotaxis receptors 
(39). The migration of neutrophils can be initiated by various 
factors, including low concentrations of LPS and non-severe CLP 
operation, which are reportedly TLRs dependent (40). Similarly, 
lipoteichoic acid, the major toxin from Gram-positive bacteria, 
also provokes the activation of neutrophils, accompanied by mas-
sive cytokine release (41). However, disturbed or inappropriate 
migration of neutrophils appears to be a great threat of lethal 
sepsis, manifested by uncontrolled bacterial load and multiple 
organ dysfunction (42). The failure of neutrophil migration is 
commonly observed in overdose LPS stimulation and septic chal-
lenge, which may result in poor outcome (40, 42). Simultaneously, 
expressions of chemotactic mediators were markedly enhanced 
in infection sites, indicating that the depressed neutrophil migra-
tion might not result from the loss of chemokines (43). In fact, 
overproduction of chemokines and inflammatory cytokines has 
been reportedly detrimental to neutrophil migration, tumor 
necrosis factor (TNF)-α, for example, and it reduced neutrophil 
chemotaxis by downregulating expressions of CXC chemokine 
receptor (CXCR) 1 and CXCR2 (44). While mice with TNF 
receptor deficient revealed high CXCR2 expression and enhanced 
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FiGURe 2 | The intracellular signals of autophagy induction in immune cells. (A) Autophagy can be induced by bacteria, bacterial toxins such as LPS, and 
proinflammatory cytokines through TLR2 and TLR4. The activation of TLR4 and TLR2 initiate JNK, p38 MAPK, and ERK signaling in Myd88 and TRIF dependent 
ways, which further induce autophagy by inhibiting mTORC1 complex. NOD1 and NOD2 receptors, vital intracellular pattern recognition receptors, promote the 
formation of autophagosomes by enhancing the combination between ATG16L1 and invaded bacteria. HMGB1 induces autophagy through releasing Beclin1 from 
Bcl2 after binding with Beclin1. (B) Four major steps are required for autophagic process, including nucleation, elongation, closure, and fusion with lysosome for 
degradation, which are tightly regulated by autophagy associated proteins. (C) The function of autophagy associated proteins on immune system involves both 
canonical and noncanonical dependent ways. ATG16L1, autophagyrelated 16like 1 gene; Bcl2, Bcell lymphoma 2; ERK, extracellular signalregulated kinase; 
HMGB1, highmobility group box1 protein; IL, interleukin; IRAK, interleukin1 receptorassociated kinase; JNK, cJun Nterminal kinase; LAMP, lysosomal
associated membrane protein; LPS, lipopolysaccharide; MHC, major histocompatibility complex; mLST8, mammalian lethal with SEC13 protein; mTOR, mammalian 
target of rapamycin; mTORC1, mTOR complex 1; Myd88, myeloid differentiation factor 88; NOD, nucleotidebinding oligomerization domaincontaining protein; 
PELI3, pellino E3 ubiquitin protein ligase family member 3; p38 MAPK, p38 mitogenactivated protein kinase; RIP, receptor interacting protein; ROS, reactive  
oxygen species; TNF, tumor necrosis factor; TRAF, TNF receptorassociated factor; TRIF, TIRdomaincontaining adapterinducing interferonβ.

4

Ren et al. Modulating Autophagy for Sepsis-Induced Immunosuppression

Frontiers in Immunology | www.frontiersin.org December 2017 | Volume 8 | Article 1832

neutrophil chemotaxis under sepsis exposure (45). Inappropriate 
infiltration of neutrophils resulted in the remote organ dysfunc-
tion in sepsis, which was further identified as C-C chemokine 
receptor type 2 (CCR2) dependent (46). Targeting CCR2 with 
specific antagonist or gene blockade showed protective effects on 
lungs, heart, and kidneys and improved survival rate of septic 
animals by lowering infiltration of neutrophils (46).

Autophagic machinery has been documented to enhance the 
bactericidal activity of neutrophils from immunocompromised 

patients, while it can be reversed by autophagy inhibition (47, 48). 
Both intracellular and extracellular mechanisms are involved in 
this effect, the former is characterized by killing invaded intracel-
lular bacteria, while O2

− releases and NETs formation are major 
factors for the later, which show great benefits for septic cases 
(48, 49). Further studies suggested that phosphatase and tensin 
homolog on chromosome ten, a dual phosphatase that activated 
autophagic machinery by antagonizing Akt/mammalian target 
of rapamycin (mTOR) pathway, increased NETs formation upon 
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activation, implying that autophagy might be a potential target 
for improving bacterial killing potential of neutrophils (50). 
Indeed, mTOR has been documented as an essential intracellular 
pathway for NETs formation by regulating autophagy activation 
(51). Autophagy can also regulate the chemotaxis and infiltra-
tion of neutrophils, which are major causes for multiple organ 
dysfunction after disrupted by lethal sepsis, as mentioned above 
(40). Induction of autophagic process decreased neutrophil infil-
tration and further alleviated lung injury and improved survival 
rate following sepsis, while Atg4b-deficient animals presented 
with exaggerated lung injury together with high mortality rate 
(52, 53). As excessive production of inflammatory mediators is 
responsible for disturbed neutrophil migration, stimulation of 
autophagy might also benefit its migration by downregulating 
the expression of inflammatory cytokines. Moreover, autophagy 
can stabilize the amount of neutrophils by regulating the apop-
tosis compromised by inflammatory stimuli (54).

MONOCYTeS AND MACROPHAGeS

Monocytes and macrophages are major representatives of 
innate immune system, which function as the first line of 
immune defense system. They both initiate early and show host 
defense by eradicating invaded pathogens or damaged tissues 
and releasing pro-inflammatory cytokines (55). However, 
excessive production of pro-inflammatory mediators has been 
identified as one of the major causes for high mortality rate 
in early phase of sepsis (1). Current opinions on the progres-
sion of sepsis focus on distinguishing the dominance between 
pro- and anti-inflammatory responses in various stages, which 
calls for different treatments (56). Further investigations have 
reported that late deaths in sepsis mainly resulted from ongoing 
infection, involving both unresolved and opportunistic infec-
tions (57). The dysfunction of monocytes and macrophages, as 
illustrated by Monneret et al. (58), was indeed the major cause 
for increased secondary infection after sepsis induction, due 
to disturbed capacity in eliminating invaded pathogens and 
releasing pro-inflammatory cytokines (58, 59). In addition 
to decreased release of pro-inflammatory mediators, such as  
TNF-α, IL-6, and IL-1β, the anti-inflammatory cytokines, IL-10 
and transforming growth factor (TGF)-β, for example, aggra-
vated the suppressed function of macrophages and monocytes 
with elevated production (60). Moreover, human histocompat-
ibility leukocyte antigen (HLA)-DR, an important molecule 
for antigen presentation of monocytes, is another key marker 
for immune suppression when it shows significantly declined 
expression, which is responsible for impairing proliferation 
of T  cells and augmenting helper T  cell (Th) 2 polarization 
(61, 62). Therefore, modulating homeostasis of pro- and anti-
inflammatory responses and functional stabilities of monocytes 
as well as macrophages can be of great benefits for improving 
outcome associated with septic complications.

The protective mechanism of autophagy is partly due to its 
regulatory potential of inflammation, as presented in multiple 
kinds of inflammatory states (63). In the early sepsis, plenty of 
inflammatory mediators are urged to cope with high bacterial load 
and toxic insults, which call for rapid mobilization and activation 

of macrophages and monocytes. Concurrently, autophagic pro-
cess of these cells initiates to maintain homeostasis of inflam-
matory response and cell survival, which changes over different 
stages (64). In a hyper-inflammatory situation, autophagy was 
needed to avoid excessive inflammatory response by presenting 
as an anti-inflammatory mechanism, and macrophages with 
suppressed autophagy exhibited excessive production of pro-
inflammatory cytokines (32, 65). It has been demonstrated that 
the anti-inflammatory effects of autophagy mainly rooted in 
interfering the nuclear factor (NF)-κB signaling pathway and the 
formation of Nod-like receptor family pyrin domain-containing 
3 inflammasome that were both responsible for induction of 
various inflammatory mediators (64, 66). Such kind of effect 
was identically seen in non-selective and selective autophagy 
of macrophages: macro-autophagy and mitophagy, respectively 
(66). When developing the immunosuppressive state, autophagy 
presented with great potential of immunomodulation to restore 
immune function. Induction of autophagy has been reported 
to decrease blood bacterial load through enhancing phagocytic 
capacity of macrophages, followed by attenuating organ injury 
and improving survival rate (67). Interestingly, chloroquine, an 
inhibitor of autophagic process, was noted to decrease serum 
high-mobility group box-1 protein levels by disturbing NF-κB 
activity and further rescued mice from lethal sepsis, indicating a 
positive effect of autophagy on NF-κB signaling (68). The activity 
of NF-κB could be affected by autophagy, which involved both 
upregulation and downregulation, as Criollo et  al. (69) dem-
onstrated that autophagy was required for the TNF-α-induced 
activation of NF-κB. The activation of NF-κB revealed a negative 
effect on autophagic process by enhancing the activity of mTOR 
(70). Actually, the interplay between NF-κB signaling and 
autophagy is a quite complicated network, which varies with dif-
ferent cells and disease types (65, 69, 71). In the setting of sepsis, 
autophagy is currently considered as an effective therapeutic 
target for maintaining homeostasis of inflammatory response 
and restoring functions of macrophages as well as monocytes 
(19, 64, 67). Thus, further studies are expected to clarify precise 
mechanisms underlying the potential role of autophagy in the 
development of sepsis and to explore effective treatments by 
activation of autophagy.

DeNDRiTiC CeLLS

Dendritic cells are known for great competence in antigen pre-
senting and bridge innate and adaptive immune systems (72). In 
response to infection or damage stimuli, immature DCs that are 
characterized with phagocytic properties transform into mature 
states with enhanced antigen-presenting abilities to initiate the 
activation of T cells (73). The process of DC transformation is vital 
for immune response, which involves decreased phagocytic abil-
ity but elevated expressions of surface molecules, mainly includ-
ing CD40, CD80, CD86, and major histocompatibility complex 
(MHC) II, which are necessary for the activation of T cells (73). 
In the setting of sepsis, however, DCs became abnormal in both 
numbers and function, manifested by massive loss and disturbed 
capacity for T cell stimulation, which was responsible for sepsis-
induced immunoparalysis (74). The number of DCs reduced 
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dramatically in both spleen and mesenteric nodes at 12 h after CLP 
operation (75, 76). Similarly, blood DCs of severe septic patients 
showed significantly depletion compared to the healthy controls 
(77). Apoptosis, a major cause for DC depletion, was significantly 
enhanced in lethal sepsis, which was further identified as TLR2 
and TLR4 dependent, since it was prevented in TLR2−/− and 
TLR4−/− mice (75, 78). The dysfunction of DCs in septic condi-
tion is composed primarily of two parts: suppressed expressions 
of surface molecules and declined production of cytokines, both 
followed with suppressed activation of T cells (74). In line with 
the concept, expressions of CD80, CD86, and MHC II molecules 
on splenic DCs were dramatically reduced at 48 h following LPS 
challenge, accompanied by decreased formation of IL-12, IL-6, 
and TNF-α and further disturbed antigen presentation (79). In 
the clinical practice, HLA-DR and CD86 expressions on human 
DCs have been reported to obviously downregulate in septic 
patients compared with the controls (80). IL-12, secreted by DCs, 
is another major factor for T cell activation and contributes to 
depressed proliferation and altered differentiation of T cells when 
presents with reduced production in lethal sepsis (81). Other 
factors that contribute to the negative connection between DCs 
and activation of T lymphocytes involve enhanced expression of 
negative costimulatory molecules. For instance, expressions of 
programmed cell death 1 ligand 1 (PD-L1) and PD-1 were report-
edly upregulated in mice with sepsis/multiple organ dysfunction 
syndrome (MODS) and were closely related to tolerant DCs and 
development of MODS, as blockade PD-L1 and PD-1 signaling 
significantly reversed above disadvantages (82).

The autophagy does function as an immunomodulatory 
mechanism for DCs, as it exhibits disturbed antigen process-
ing and presentation and fails to prime T cells with deficient of 
autophagy-associated genes, such as Atg16, Atg7, and Beclin-1 
(37, 83, 84). Autophagy activation has been proved to enhance 
antigen presentation of DCs by increasing expression of MHC II 
molecules, suggesting that autophagy induction possesses a criti-
cal role in maintaining DC function (85). In addition, the effects of 
autophagy-associated genes varied with different types, Beclin-1, 
for example, Beclin-1+/‒ DCs revealed suppressed expression of 
MHC II molecules and pro-inflammatory cytokines and further 
induced Th2 polarization in comparison with wild controls, indi-
cating a protective role of Beclin-1 in maintaining homeostasis 
of immune response (84). Likewise, DCs with autophagy-related 
16-like 1 (Atg16L1) gene deficiency showed excessive produc-
tion of reactive oxygen species and abnormal antigen processing 
under colitis exposure (83). Yet interestingly, Atg16L1 was found 
to avoid lethal T  cell alloreactivity by inhibiting the immune 
response of DCs in graft-versus-host disease, suggesting that the 
protective role of autophagy in DCs varied with disease types 
(86). Nevertheless, limited studies have focused on investigating 
the impact of autophagy on DC dysfunction secondary to septic 
response, which might be advantageous to explore potential 
targets for the treatment of sepsis.

T LYMPHOCYTeS

T cells are recognized as key elements of adaptive immune system 
and mainly divided into three subtypes according to produced 

cytokines. Th cell, the most abundant one, is reported as the major 
victim under septic exposure, which suffered from massive deple-
tion and obvious dysfunction (56). For example, T cell exhaustion, 
resulted from intensified apoptosis, was inevitably accompanied 
by decreased survival rate in septic mice models and clinical 
patients (87). Likely, clinical studies indicated that patients dying 
of sepsis experienced striking loss of both CD4+ and CD8+ T cells, 
which were primary induced by apoptosis (88). Antiapoptotic 
measures, as documented by Wesche-Soldato et  al. (89), were 
proven to be highly effective in mitigating death of lymphocytes 
and improving survivals of experimental models. Multiple factors 
reportedly contributed to the intensified apoptosis of T cells in 
septic condition (82, 90). PD-L1 significantly accelerated T cell 
apoptosis after boned with PD-1, while administration of PD-L1 
antibody markedly attenuated T  lymphocyte apoptosis and 
improved survivals of septic mice (82). Recently, polarization of 
Th cells, another important mechanism for alteration of immune 
state, also deserves attention. Th1, Th2, and Th17 cells are major 
representatives of Th cells and are distinguished by secretion of 
various cytokines, which are closely associated with different 
types of inflammatory response (91). Th1 cells, e.g., present with 
pro-inflammatory response by secreting counterpart mediators, 
including IL-1β, TNF-α, and IFN-γ. Th2 cells, on the contrary, are 
inclined to anti-inflammatory response with elevated production 
of anti-inflammatory cytokines, such as IL-4, IL-5, and IL-10. 
Actually, the ratio of IFN-γ/IL-4 has been identified as a good 
marker for immune state by reflecting the dominated differen-
tiation between Th1 and Th2 cells in septic state (92). Multiple 
factors that are raised during septic course result in the discrepant 
differentiation of Th cells and of particular note is regulatory 
T cells (Tregs). Tregs are specified in immunosuppressive func-
tion and can inhibit activation and proliferation of T cells and 
induce Th2 polarization by direct contacting with the actions of 
forkhead/winged helix transcription factor p3 (Foxp3) as well as 
cytotoxic T  lymphocyte-associated antigen-4 or secreting anti-
inflammatory mediators, such as IL-10 and TGF-β (93). Proper 
downregulation of Treg numbers, as documented by Heuer and 
colleagues (94), improved proliferation of Th cells and enhanced 
Th1 differentiation. Nonetheless, depletion of Tregs was reported 
to serve no benefits to the survivals of septic mice, implying that 
maintaining activities of Tregs in a certain range appeared to be 
important for resolving sepsis (95). Taken together, precision 
modulation of the Th1/Th2 polarization and the function of Tregs 
might be of great significance on restoring immune dysfunction 
subsequent to sepsis.

There is a growing body of evidence suggesting that autophagy 
has shown protective effects on T  cells, as T-cell-specific Atg7-
knockout mice presented massive loss of T  cells and increased 
mortality after exposed to sepsis (9). Moreover, loss of T  cells 
mainly resulted from upregulated expression of Bcl-2-like 11 and 
PD-1 after inhibition of autophagic process, indicating that there 
was a close relationship between autophagy and apoptosis (10). 
Under the physiology condition, autophagy induction thrives 
on stress adaption by suppressing apoptosis and cell death, but 
it initiates an alternative cell death after failed to survive from 
damage stimuli (96). In this respect, autophagy should be tightly 
regulated to maintain cell survival. In addition, the effects of 
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autophagy on preventing T  cell apoptosis could be partly due 
to its alternative role on NF-κB activation, as enhanced NF-κB 
activation retarded the depletion of T cells and further decreased 
mortality in murine sepsis (21, 97). Suppression of autophagy also 
augmented the release of anti-inflammatory cytokines in T cells; 
for example, IL-10, further induced a tendentious differentiation 
to Th2 cells (10). Recently, autophagy induction was documented 
to limit Th2 cell expansion through altering metabolic profile, 
while enhanced Th2 response was noticed in Atg16l1 depletion 
mice (98). Furthermore, autophagy appeared to be responsible 
for survival and linage stability of Tregs, and as documented 
by Wei et  al. (99), it revealed marked apoptosis and depressed 
expression of Foxp3 after Treg-specific gene knockdown of Atg7 
or Atg5, which mechanistically referred to the excessive activation 
of T-cell receptor (TCR)-mTOR complex 1 (mTORC1) signaling 
under autophagic depletion. Interestingly, stimuli for mTORC1 
activation that was inputted by TCR signaling has been identified 
as crucial regulators for the suppressive function of Tregs, since 
inhibition of mTORC1 resulted in a remarkable loss of Tregs (100). 
Therefore, either overactivation or disruption is detrimental to the 
suppressive activity of Tregs. Notch1 pathway is also required for 
Treg autophagy by coupling Beclin-1 and Atg14 with Notch intra-
cellular domain and further regulates cell survival (101). However, 
little data are available concerning the potential role of autophagy 
in mediating immune response of Tregs secondary to septic chal-
lenge, and it is probably because of the limited Treg numbers and 
undetermined mechanisms for autophagic functions. Given the 
gradually clarified association between autophagy and function 
of Tregs, it is for certain that autophagy will be an effective target 
for modulating functional stabilization of Tregs.

CLiNiCAL PeRSPeCTiveS AND 
CONCLUSiON

The clinical significance of autophagy has been recognized since 
Beclin-1 deficient was first identified as a cause for tumorigenesis 
by Qu et al. in 2003 (102), which further promoted an upsurge in 
research of autophagy. Rapamycin, the first drug discovered for 
autophagy induction, exerted a protective effect on multiple dis-
eases, such as cancer, neurodegenerative disease, and infection. 

Up to now, little progress has been made in clinical use of 
autophagic regulators, while major achievements are stacked on 
cellular autophagy. Indeed, it is truly difficult to provide specific 
treatments on autophagy due to diverse effects of autophagy-
associated proteins and undetermined role in various disease 
settings, especially for septic response. Recently, various kinds of 
drugs that are applied to reverse sepsis-induced immunoparalysis 
have been identified as autophagy-dependent (Table  1), which 
provide a bright prospect of autophagic modulation in clinical 
application (103, 104). Therefore, more studies are expected to 
explore specific mechanisms of autophagy under different patho-
logical exposures.

Autophagy is a typical self-protective mechanism not only 
for immune cell survival but also shows benefits for maintaining 
functional homeostasis of host immune system in septic settings. 
Reportedly, the kinetics of autophagy changed with time course 
and severity of sepsis and showed close relationship with the 
development of MODS and augmented mortality when endured 
with functional disruption (11). Induction of autophagy did 
alleviate sepsis-induced immunosuppression, which covered 
both innate and adaptive immune systems (9). It should be noted 
that the effects of autophagy might vary with different types of 
immune cells and refer to multiple cellular receptors as well as 
intracellular signaling pathways. Therefore, it will be of great 
significance to explore potential therapeutic targets that are 
concerned with autophagy for reversing immunosuppression 
compromised by sepsis.
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TABLe 1 | The effects of different drugs on sepsis by inducing autophagy.

Names effects Reference

Globular adiponectin Prevent IL1β formation, inhibit caspase1 activation, and reduce cell death (16)

Sinomenine hydrochloride Improve survival of CLP mice, attenuate multiple organ injury, and reduce the production of systemic  
inflammatory mediators

(8)

Carbon monoxide Increase the survival of CLP mice, downregulate proinflammatory cytokines, diminish bacterial load,  
and enhance bacterial phagocytosis of macrophages

(67)

EGCG Improve the survival rate of septic mice and inhibit HMGB1 expression and extracellular release (103)

Hydroxytyrosol Ameliorate pulmonary edema, reduce infiltration of inflammatory cells, and downregulate the expression  
of proinflammatory mediators

(104)

Ghrelin Prevent intestinal mucosa injury and decrease MCP1 levels in serum and intestinal tissues. (12)

Genipin Improve survival rate of CLP mice, decrease serum levels of aminotransferases, and reduce production  
of proinflammatory cytokines

(23)

CLP, cecal ligation and puncture; HMGB1, high-mobility group box-1 protein; IL, interleukin.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive


8

Ren et al. Modulating Autophagy for Sepsis-Induced Immunosuppression

Frontiers in Immunology | www.frontiersin.org December 2017 | Volume 8 | Article 1832

ReFeReNCeS

1. Angus DC, van der Poll T. Severe sepsis and septic shock. N Engl J Med  
(2013) 369(9):840–51. doi:10.1056/NEJMra1208623 

2. Kahn JM, Le T, Angus DC, Cox CE, Hough CL, White DB, et al. The epide-
miology of chronic critical illness in the United States*. Crit Care Med (2015) 
43(2):282–7. doi:10.1097/CCM.0000000000000710 

3. Prescott HC, Dickson RP, Rogers MA, Langa KM, Iwashyna TJ. Hospita-
lization type and subsequent severe sepsis. Am J Respir Crit Care Med (2015) 
192(5):581–8. doi:10.1164/rccm.201503-0483OC 

4. Hotchkiss RS, Monneret G, Payen D. Sepsis-induced immunosuppression: 
from cellular dysfunctions to immunotherapy. Nat Rev Immunol (2013) 
13(12):862–74. doi:10.1038/nri3552 

5. Delano MJ, Ward PA. The immune system’s role in sepsis progression, 
resolution, and long-term outcome. Immunol Rev (2016) 274(1):330–53. 
doi:10.1111/imr.12499 

6. Shankar-Hari M, Fear D, Lavender P, Mare T, Beale R, Swanson C, et  al. 
Activation-associated accelerated apoptosis of memory B cells in critically 
III patients with sepsis. Crit Care Med (2017) 45(5):875–82. doi:10.1097/
CCM.0000000000002380 

7. Hoogendijk AJ, Garcia-Laorden MI, van Vught LA, Wiewel MA, Belkasim-
Bohoudi H, Duitman J, et al. Sepsis patients display a reduced capacity to 
activate nuclear factor-kappaB in multiple cell types. Crit Care Med (2017) 
45(5):e524–31. doi:10.1097/CCM.0000000000002294 

8. Jiang Y, Gao M, Wang W, Lang Y, Tong Z, Wang K, et al. Sinomenine hydro-
chloride protects against polymicrobial sepsis via autophagy. Int J Mol Sci 
(2015) 16(2):2559–73. doi:10.3390/ijms16022559 

9. Lin CW, Lo S, Hsu C, Hsieh CH, Chang YF, Hou BS, et al. T-cell autoph-
agy deficiency increases mortality and suppresses immune responses 
after sepsis. PLoS One (2014) 9(7):e102066. doi:10.1371/journal.pone. 
0102066 

10. Oami T, Watanabe E, Hatano M, Sunahara S, Fujimura L, Sakamoto A, et al. 
Suppression of T cell autophagy results in decreased viability and function of 
T cells through accelerated apoptosis in a murine sepsis model. Crit Care Med 
(2017) 45(1):e77–85. doi:10.1097/CCM.0000000000002016 

11. Takahashi W, Watanabe E, Fujimura L, Watanabe-Takano H, Yoshidome H,  
Swanson PE, et  al. Kinetics and protective role of autophagy in a mouse 
cecal ligation and puncture-induced sepsis. Crit Care (2013) 17(4):R160. 
doi:10.1186/cc12839 

12. Wan SX, Shi B, Lou XL, Liu JQ, Ma GG, Liang DY, et al. Ghrelin protects small 
intestinal epithelium against sepsis-induced injury by enhancing the auto-
phagy of intestinal epithelial cells. Biomed Pharmacother (2016) 83:1315–20. 
doi:10.1016/j.biopha.2016.08.048 

13. Nakagawa I, Amano A, Mizushima N, Yamamoto A, Yamaguchi H, Kamimoto T,  
et  al. Autophagy defends cells against invading group A Streptococcus.  
Science (2004) 306(5698):1037–40. doi:10.1126/science.1103966 

14. Xu Y, Jagannath C, Liu XD, Sharafkhaneh A, Kolodziejska KE, Eissa NT. Toll-
like receptor 4 is a sensor for autophagy associated with innate immunity. 
Immunity (2007) 27(1):135–44. doi:10.1016/j.immuni.2007.05.022 

15. Djavaheri-Mergny M, Amelotti M, Mathieu J, Besancon F, Bauvy C,  
Codogno P. Regulation of autophagy by NF-kappaB transcription factor 
and reactives oxygen species. Autophagy (2007) 3(4):390–2. doi:10.4161/
auto.4248 

16. Kim MJ, Kim EH, Pun NT, Chang JH, Kim JA, Jeong JH, et  al. Globular 
adiponectin inhibits lipopolysaccharide-primed inflammasomes activation 
in macrophages via autophagy induction: the critical role of AMPK signaling. 
Int J Mol Sci (2017) 18(6):1275. doi:10.3390/ijms18061275 

17. Wu HM, Wang J, Zhang B, Fang L, Xu K, Liu RY. CpG-ODN promotes phago-
cytosis and autophagy through JNK/P38 signal pathway in Staphylococcus 
aureus-stimulated macrophage. Life Sci (2016) 161:51–9. doi:10.1016/j.
lfs.2016.07.016 

18. Piquereau J, Godin R, Deschenes S, Bessi VL, Mofarrahi M, Hussain SN, et al. 
Protective role of PARK2/Parkin in sepsis-induced cardiac contractile and 
mitochondrial dysfunction. Autophagy (2013) 9(11):1837–51. doi:10.4161/
auto.26502 

19. Yen YT, Yang HR, Lo HC, Hsieh YC, Tsai SC, Hong CW, et al. Enhancing 
autophagy with activated protein C and rapamycin protects against sepsis- 
induced acute lung injury. Surgery (2013) 153(5):689–98. doi:10.1016/j.surg. 
2012.11.021 

20. Hsiao HW, Tsai KL, Wang LF, Chen YH, Chiang PC, Chuang SM, et al. The 
decline of autophagy contributes to proximal tubular dysfunction during 
sepsis. Shock (2012) 37(3):289–96. doi:10.1097/SHK.0b013e318240b52a 

21. Su Y, Qu Y, Zhao F, Li H, Mu D, Li X. Regulation of autophagy by the nuclear 
factor kappaB signaling pathway in the hippocampus of rats with sepsis. 
J Neuroinflammation (2015) 12:116. doi:10.1186/s12974-015-0336-2 

22. Kambas K, Mitroulis I, Apostolidou E, Girod A, Chrysanthopoulou A, 
Pneumatikos I, et al. Autophagy mediates the delivery of thrombogenic tissue 
factor to neutrophil extracellular traps in human sepsis. PLoS One (2012) 
7(9):e45427. doi:10.1371/journal.pone.0045427 

23. Cho HI, Kim SJ, Choi JW, Lee SM. Genipin alleviates sepsis-induced liver 
injury by restoring autophagy. Br J Pharmacol (2016) 173(6):980–91. 
doi:10.1111/bph.13397 

24. Carchman EH, Whelan S, Loughran P, Mollen K, Stratamirovic S, Shiva S, 
et al. Experimental sepsis-induced mitochondrial biogenesis is dependent on 
autophagy, TLR4, and TLR9 signaling in liver. FASEB J (2013) 27(12):4703–
11. doi:10.1096/fj.13-229476 

25. Chang AL, Ulrich A, Suliman HB, Piantadosi CA. Redox regulation of mito-
phagy in the lung during murine Staphylococcus aureus sepsis. Free Radic  
Biol Med (2015) 78:179–89. doi:10.1016/j.freeradbiomed.2014.10.582 

26. Zou X, Xu J, Yao S, Li J, Yang Y, Yang L. Endoplasmic reticulum stress- 
mediated autophagy protects against lipopolysaccharide-induced apoptosis 
in HL-1 cardiomyocytes. Exp Physiol (2014) 99(10):1348–58. doi:10.1113/
expphysiol.2014.079012 

27. Karagiannidis I, Kataki A, Glustianou G, Memos N, Papalois A, Alexakis N,  
et al. Extended cytoprotective effect of autophagy in the late stages of sepsis 
and fluctuations in signal transduction pathways in a rat experimental 
model of kidney injury. Shock (2016) 45(2):139–47. doi:10.1097/SHK. 
0000000000000505 

28. Lin CW, Lo S, Perng DS, Wu DB, Lee PH, Chang YF, et al. Complete activa-
tion of autophagic process attenuates liver injury and improves survival in 
septic mice. Shock (2014) 41(3):241–9. doi:10.1097/SHK.0000000000000111 

29. Bonilla DL, Bhattacharya A, Sha Y, Xu Y, Xiang Q, Kan A, et al. Autophagy 
regulates phagocytosis by modulating the expression of scavenger receptors. 
Immunity (2013) 39(3):537–47. doi:10.1016/j.immuni.2013.08.026 

30. Shibutani ST, Saitoh T, Nowag H, Munz C, Yoshimori T. Autophagy and 
autophagy-related proteins in the immune system. Nat Immunol (2015) 
16(10):1014–24. doi:10.1038/ni.3273 

31. Ma Y, Galluzzi L, Zitvogel L, Kroemer G. Autophagy and cellular immune 
responses. Immunity (2013) 39(2):211–27. doi:10.1016/j.immuni.2013.07.017 

32. Giegerich AK, Kuchler L, Sha LK, Knape T, Heide H, Wittig I, et  al. 
Autophagy-dependent PELI3 degradation inhibits proinflammatory IL1B 
expression. Autophagy (2014) 10(11):1937–52. doi:10.4161/auto.32178 

33. Henault J, Martinez J, Riggs JM, Tian J, Mehta P, Clarke L, et al. Noncanonical 
autophagy is required for type I interferon secretion in response to 
DNA-immune complexes. Immunity (2012) 37(6):986–97. doi:10.1016/j.
immuni.2012.09.014 

34. Zang F, Chen Y, Lin Z, Cai Z, Yu L, Xu F, et al. Autophagy is involved in 
regulating the immune response of dendritic cells to influenza A (H1N1) 
pdm09 infection. Immunology (2016) 148(1):56–69. doi:10.1111/imm.12587 

35. Liu E, Van Grol J, Subauste CS. Atg5 but not Atg7 in dendritic cells enhances 
IL-2 and IFN-gamma production by Toxoplasma gondii-reactive CD4+  
T cells. Microbes Infect (2015) 17(4):275–84. doi:10.1016/j.micinf.2014.12.008 

36. Parekh VV, Pabbisetty SK, Wu L, Sebzda E, Martinez J, Zhang J, et  al. 
Autophagy-related protein Vps34 controls the homeostasis and function 
of antigen cross-presenting CD8 alpha+ dendritic cells. Proc Natl Acad Sci  
U S A (2017) 114(31):E6371–80. doi:10.1073/pnas.1706504114 

37. Bhattacharya A, Parillon X, Zeng S, Han S, Eissa NT. Deficiency of autophagy 
in dendritic cells protects against experimental autoimmune encephalomy-
elitis. J Biol Chem (2014) 289(38):26525–32. doi:10.1074/jbc.M114.575860 

38. Hickey MJ, Kubes P. Intravascular immunity: the host-pathogen encounter 
in blood vessels. Nat Rev Immunol (2009) 9(5):364–75. doi:10.1038/nri2532 

39. Sanz MJ, Kubes P. Neutrophil-active chemokines in in  vivo imaging of 
neutrophil trafficking. Eur J Immunol (2012) 42(2):278–83. doi:10.1002/
eji.201142231 

40. Sonego F, Alves-Filho JC, Cunha FQ. Targeting neutrophils in sepsis. Expert 
Rev Clin Immunol (2014) 10(8):1019–28. doi:10.1586/1744666X.2014.922876 

41. Hattar K, Grandel U, Moeller A, Fink L, Iglhaut J, Hartung T, et al. Lipoteichoic 
acid (LTA) from Staphylococcus aureus stimulates human neutrophil 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1056/NEJMra1208623
https://doi.org/10.1097/CCM.0000000000000710
https://doi.org/10.1164/rccm.201503-0483OC
https://doi.org/10.1038/nri3552
https://doi.org/10.1111/imr.12499
https://doi.org/10.1097/CCM.0000000000002380
https://doi.org/10.1097/CCM.0000000000002380
https://doi.org/10.1097/CCM.0000000000002294
https://doi.org/10.3390/ijms16022559
https://doi.org/10.1371/journal.pone.
0102066
https://doi.org/10.1371/journal.pone.
0102066
https://doi.org/10.1097/CCM.0000000000002016
https://doi.org/10.1186/cc12839
https://doi.org/10.1016/j.biopha.2016.08.048
https://doi.org/10.1126/science.1103966
https://doi.org/10.1016/j.immuni.2007.05.022
https://doi.org/10.4161/auto.4248
https://doi.org/10.4161/auto.4248
https://doi.org/10.3390/ijms18061275
https://doi.org/10.1016/j.lfs.2016.07.016
https://doi.org/10.1016/j.lfs.2016.07.016
https://doi.org/10.4161/auto.26502
https://doi.org/10.4161/auto.26502
https://doi.org/10.1016/j.surg.2012.11.021
https://doi.org/10.1016/j.surg.2012.11.021
https://doi.org/10.1097/SHK.0b013e318240b52a
https://doi.org/10.1186/s12974-015-0336-2
https://doi.org/10.1371/journal.pone.0045427
https://doi.org/10.1111/bph.13397
https://doi.org/10.1096/fj.13-229476
https://doi.org/10.1016/j.freeradbiomed.2014.10.582
https://doi.org/10.1113/expphysiol.2014.079012
https://doi.org/10.1113/expphysiol.2014.079012
https://doi.org/10.1097/SHK.
0000000000000505
https://doi.org/10.1097/SHK.
0000000000000505
https://doi.org/10.1097/SHK.0000000000000111
https://doi.org/10.1016/j.immuni.2013.08.026
https://doi.org/10.1038/ni.3273
https://doi.org/10.1016/j.immuni.2013.07.017
https://doi.org/10.4161/auto.32178
https://doi.org/10.1016/j.immuni.2012.09.014
https://doi.org/10.1016/j.immuni.2012.09.014
https://doi.org/10.1111/imm.12587
https://doi.org/10.1016/j.micinf.2014.12.008
https://doi.org/10.1073/pnas.1706504114
https://doi.org/10.1074/jbc.M114.575860
https://doi.org/10.1038/nri2532
https://doi.org/10.1002/eji.201142231
https://doi.org/10.1002/eji.201142231
https://doi.org/10.1586/1744666X.2014.922876


9

Ren et al. Modulating Autophagy for Sepsis-Induced Immunosuppression

Frontiers in Immunology | www.frontiersin.org December 2017 | Volume 8 | Article 1832

cytokine release by a CD14-dependent, Toll-like-receptor-independent 
mechanism: autocrine role of tumor necrosis factor-alpha in mediating 
LTA-induced interleukin-8 generation. Crit Care Med (2006) 34(3):835–41. 
doi:10.1097/01.CCM.0000202204.01230.44 

42. Alves-Filho JC, Spiller F, Cunha FQ. Neutrophil paralysis in sepsis. Shock 
(2010) 34(Suppl 1):15–21. doi:10.1097/SHK.0b013e3181e7e61b 

43. Alves-Filho JC, de Freitas A, Russo M, Cunha FQ. Toll-like receptor 4 
signaling leads to neutrophil migration impairment in polymicrobial sepsis. 
Crit Care Med (2006) 34(2):461–70. doi:10.1097/01.CCM.0000198527.71819 

44. Tikhonov I, Doroshenko T, Chaly Y, Smolnikova V, Pauza CD, Voitenok N. 
Down-regulation of CXCR1 and CXCR2 expression on human neutrophils 
upon activation of whole blood by S. aureus is mediated by TNF-alpha. Clin 
Exp Immunol (2001) 125(3):414–22. doi:10.1046/j.1365-2249.2001.01626.x 

45. Secher T, Vasseur V, Poisson DM, Mitchell JA, Cunha FQ, Alves-Filho JC, 
et al. Crucial role of TNF receptors 1 and 2 in the control of polymicrobial 
sepsis. J Immunol (2009) 182(12):7855–64. doi:10.4049/jimmunol.0804008 

46. Souto FO, Alves-Filho JC, Turato WM, Auxiliadora-Martins M, Basile- 
Filho A, Cunha FQ. Essential role of CCR2 in neutrophil tissue infiltration 
and multiple organ dysfunction in sepsis. Am J Respir Crit Care Med (2011) 
183(2):234–42. doi:10.1164/rccm.201003-0416OC 

47. Ramachandran G, Gade P, Tsai P, Lu W, Kalvakolanu DV, Rosen GM, et al. 
Potential role of autophagy in the bactericidal activity of human PMNs for 
Bacillus anthracis. Pathog Dis (2015) 73(9):ftv080. doi:10.1093/femspd/ftv080 

48. Matsuo H, Itoh H, Kitamura N, Kamikubo Y, Higuchi T, Shiga S, et  al. 
Intravenous immunoglobulin enhances the killing activity and autophagy 
of neutrophils isolated from immunocompromised patients against  
multidrug-resistant bacteria. Biochem Biophys Res Commun (2015) 464(1): 
94–9. doi:10.1016/j.bbrc.2015.06.004 

49. Mitroulis I, Kourtzelis I, Kambas K, Rafail S, Chrysanthopoulou A,  
Speletas M, et al. Regulation of the autophagic machinery in human neutro-
phils. Eur J Immunol (2010) 40(5):1461–72. doi:10.1002/eji.200940025 

50. Teimourian S, Moghanloo E. Role of PTEN in neutrophil extracellular 
trap formation. Mol Immunol (2015) 66(2):319–24. doi:10.1016/j.molimm. 
2015.03.251 

51. Itakura A, McCarty OJ. Pivotal role for the mTOR pathway in the formation 
of neutrophil extracellular traps via regulation of autophagy. Am J Physiol  
Cell Physiol (2013) 305(3):C348–54. doi:10.1152/ajpcell.00108.2013 

52. Aguirre A, Lopez-Alonso I, Gonzalez-Lopez A, Amado-Rodriguez L, 
Batalla-Solis E, Astudillo A, et al. Defective autophagy impairs ATF3 activity 
and worsens lung injury during endotoxemia. J Mol Med (Berl) (2014) 
92(6):665–76. doi:10.1007/s00109-014-1132-7 

53. Lo S, Yuan SS, Hsu C, Cheng YJ, Chang YF, Hsueh HW, et  al. Lc3 over- 
expression improves survival and attenuates lung injury through increasing 
autophagosomal clearance in septic mice. Ann Surg (2013) 257(2):352–63. 
doi:10.1097/SLA.0b013e318269d0e2 

54. Pliyev BK, Menshikov M. Differential effects of the autophagy inhibitors 
3-methyladenine and chloroquine on spontaneous and TNF-alpha-induced 
neutrophil apoptosis. Apoptosis (2012) 17(10):1050–65. doi:10.1007/
s10495-012-0738-x 

55. Oshio T, Kawashima R, Kawamura YI, Hagiwara T, Mizutani N, Okada T, 
et al. Chemokine receptor CCR8 is required for lipopolysaccharide-triggered 
cytokine production in mouse peritoneal macrophages. PLoS One (2014) 
9(4):e94445. doi:10.1371/journal.pone.0094445 

56. Hotchkiss RS, Monneret G, Payen D. Immunosuppression in sepsis: a novel 
understanding of the disorder and a new therapeutic approach. Lancet Infect 
Dis (2013) 13(3):260–8. doi:10.1016/S1473-3099(13)70001-X 

57. Otto GP, Sossdorf M, Claus RA, Rodel J, Menge K, Reinhart K, et al. The late 
phase of sepsis is characterized by an increased microbiological burden and 
death rate. Crit Care (2011) 15(4):R183. doi:10.1186/cc10332 

58. Monneret G, Lepape A, Voirin N, Bohe J, Venet F, Debard AL, et al. Persisting 
low monocyte human leukocyte antigen-DR expression predicts mortality 
in septic shock. Intensive Care Med (2006) 32(8):1175–83. doi:10.1007/
s00134-006-0204-8 

59. Biswas SK, Lopez-Collazo E. Endotoxin tolerance: new mechanisms, 
molecules and clinical significance. Trends Immunol (2009) 30(10):475–87. 
doi:10.1016/j.it.2009.07.009 

60. Cavaillon JM, Adib-Conquy M. Bench-to-bedside review: endotoxin tol-
erance as a model of leukocyte reprogramming in sepsis. Crit Care (2006) 
10(5):233. doi:10.1186/cc5055 

61. Delano MJ, Scumpia PO, Weinstein JS, Coco D, Nagaraj S, Kelly- 
Scumpia KM, et al. MyD88-dependent expansion of an immature GR-1(+)
CD11b(+) population induces T  cell suppression and Th2 polarization in 
sepsis. J Exp Med (2007) 204(6):1463–74. doi:10.1084/jem.20062602 

62. Lauw FN, ten Hove T, Dekkers PE, de Jonge E, van Deventer SJ, van Der 
Poll T. Reduced Th1, but not Th2, cytokine production by lymphocytes 
after in vivo exposure of healthy subjects to endotoxin. Infect Immun (2000) 
68(3):1014–8. doi:10.1128/IAI.68.3.1014-1018.2000 

63. Levine B, Mizushima N, Virgin HW. Autophagy in immunity and inflamma-
tion. Nature (2011) 469(7330):323–35. doi:10.1038/nature09782 

64. Ho J, Yu J, Wong SH, Zhang L, Liu X, Wong WT, et al. Autophagy in sepsis: 
degradation into exhaustion? Autophagy (2016) 12(7):1073–82. doi:10.1080
/15548627.2016.1179410 

65. Pu Q, Gan C, Li R, Li Y, Tan S, Li X, et al. Atg7 deficiency intensifies inflam-
masome activation and pyroptosis in Pseudomonas sepsis. J Immunol (2017) 
198(8):3205–13. doi:10.4049/jimmunol.1601196 

66. Kim MJ, Yoon JH, Ryu JH. Mitophagy: a balance regulator of NLRP3 
inflammasome activation. BMB Rep (2016) 49(10):529–35. doi:10.5483/
BMBRep.2016.49.10.115 

67. Lee S, Lee SJ, Coronata AA, Fredenburgh LE, Chung SW, Perrella MA, 
et  al. Carbon monoxide confers protection in sepsis by enhancing beclin 
1-dependent autophagy and phagocytosis. Antioxid Redox Signal (2014) 
20(3):432–42. doi:10.1089/ars.2013.5368 

68. Yang M, Cao L, Xie M, Yu Y, Kang R, Yang L, et al. Chloroquine inhibits 
HMGB1 inflammatory signaling and protects mice from lethal sepsis. 
Biochem Pharmacol (2013) 86(3):410–8. doi:10.1016/j.bcp.2013.05.013 

69. Criollo A, Chereau F, Malik SA, Niso-Santano M, Marino G, Galluzzi L, et al. 
Autophagy is required for the activation of NF-kappaB. Cell Cycle (2012) 
11(1):194–9. doi:10.4161/cc.11.1.18669 

70. Djavaheri-Mergny M, Amelotti M, Mathieu J, Besancon F, Bauvy C, 
Souquere S, et  al. NF-kappaB activation represses tumor necrosis factor- 
alpha-induced autophagy. J Biol Chem (2006) 281(41):30373–82. doi:10.1074/
jbc.M602097200 

71. Martinez-Outschoorn UE, Whitaker-Menezes D, Lin Z, Flomenberg N, 
Howell A, Pestell RG, et  al. Cytokine production and inflammation drive 
autophagy in the tumor microenvironment: role of stromal caveolin-1 
as a key regulator. Cell Cycle (2011) 10(11):1784–93. doi:10.4161/cc.10. 
11.15674 

72. O’Keeffe M, Mok WH, Radford KJ. Human dendritic cell subsets and 
function in health and disease. Cell Mol Life Sci (2015) 72(22):4309–25. 
doi:10.1007/s00018-015-2005-0 

73. de Jong EC, Smits HH, Kapsenberg ML. Dendritic cell-mediated T cell polar-
ization. Springer Semin Immunopathol (2005) 26(3):289–307. doi:10.1007/
s00281-004-0167-1 

74. Fan X, Liu Z, Jin H, Yan J, Liang HP. Alterations of dendritic cells in sepsis: 
featured role in immunoparalysis. Biomed Res Int (2015) 2015:903720. 
doi:10.1155/2015/903720 

75. Strother RK, Danahy DB, Kotov DI, Kucaba TA, Zacharias ZR, Griffith TS, 
et al. Polymicrobial sepsis diminishes dendritic cell numbers and function 
directly contributing to impaired primary CD8 T  cell responses in  vivo. 
J Immunol (2016) 197(11):4301–11. doi:10.4049/jimmunol.1601463 

76. Efron PA, Martins A, Minnich D, Tinsley K, Ungaro R, Bahjat FR, et  al. 
Characterization of the systemic loss of dendritic cells in murine lymph 
nodes during polymicrobial sepsis. J Immunol (2004) 173(5):3035–43. 
doi:10.4049/jimmunol.173.5.3035 

77. Grimaldi D, Louis S, Pene F, Sirgo G, Rousseau C, Claessens YE, et  al. 
Profound and persistent decrease of circulating dendritic cells is associated 
with ICU-acquired infection in patients with septic shock. Intensive Care 
Med (2011) 37(9):1438–46. doi:10.1007/s00134-011-2306-1 

78. Pene F, Courtine E, Ouaaz F, Zuber B, Sauneuf B, Sirgo G, et  al. Toll-like 
receptors 2 and 4 contribute to sepsis-induced depletion of spleen dendritic 
cells. Infect Immun (2009) 77(12):5651–8. doi:10.1128/IAI.00238-09 

79. Xu L, Kwak M, Zhang W, Lee PC, Jin JO. Time-dependent effect of E. coli 
LPS in spleen DC activation in  vivo: alteration of numbers, expression of 
co-stimulatory molecules, production of pro-inflammatory cytokines, and 
presentation of antigens. Mol Immunol (2017) 85:205–13. doi:10.1016/j.
molimm.2017.02.017 

80. Poehlmann H, Schefold JC, Zuckermann-Becker H, Volk HD, Meisel C. 
Phenotype changes and impaired function of dendritic cell subsets in 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1097/01.CCM.0000202204.01230.44
https://doi.org/10.1097/SHK.0b013e3181e7e61b
https://doi.org/10.1097/01.CCM.0000198527.71819
https://doi.org/10.1046/j.1365-2249.2001.01626.x
https://doi.org/10.4049/jimmunol.0804008
https://doi.org/10.1164/rccm.201003-0416OC
https://doi.org/10.1093/femspd/ftv080
https://doi.org/10.1016/j.bbrc.2015.06.004
https://doi.org/10.1002/eji.200940025
https://doi.org/10.1016/j.molimm.2015.03.251
https://doi.org/10.1016/j.molimm.2015.03.251
https://doi.org/10.1152/ajpcell.00108.2013
https://doi.org/10.1007/s00109-014-1132-7
https://doi.org/10.1097/SLA.0b013e318269d0e2
https://doi.org/10.1007/s10495-012-0738-x
https://doi.org/10.1007/s10495-012-0738-x
https://doi.org/10.1371/journal.pone.0094445
https://doi.org/10.1016/S1473-3099(13)70001-X
https://doi.org/10.1186/cc10332
https://doi.org/10.1007/s00134-006-0204-8
https://doi.org/10.1007/s00134-006-0204-8
https://doi.org/10.1016/j.it.2009.07.009
https://doi.org/10.1186/cc5055
https://doi.org/10.1084/jem.20062602
https://doi.org/10.1128/IAI.68.3.1014-1018.2000
https://doi.org/10.1038/nature09782
https://doi.org/10.1080/15548627.2016.1179410
https://doi.org/10.1080/15548627.2016.1179410
https://doi.org/10.4049/jimmunol.1601196
https://doi.org/10.5483/BMBRep.2016.49.10.115
https://doi.org/10.5483/BMBRep.2016.49.10.115
https://doi.org/10.1089/ars.2013.5368
https://doi.org/10.1016/j.bcp.2013.05.013
https://doi.org/10.4161/cc.11.1.18669
https://doi.org/10.1074/jbc.M602097200
https://doi.org/10.1074/jbc.M602097200
https://doi.org/10.4161/cc.10.
11.15674
https://doi.org/10.4161/cc.10.
11.15674
https://doi.org/10.1007/s00018-015-2005-0
https://doi.org/10.1007/s00281-004-0167-1
https://doi.org/10.1007/s00281-004-0167-1
https://doi.org/10.1155/2015/903720
https://doi.org/10.4049/jimmunol.1601463
https://doi.org/10.4049/jimmunol.173.5.3035
https://doi.org/10.1007/s00134-011-2306-1
https://doi.org/10.1128/IAI.00238-09
https://doi.org/10.1016/j.molimm.2017.02.017
https://doi.org/10.1016/j.molimm.2017.02.017


10

Ren et al. Modulating Autophagy for Sepsis-Induced Immunosuppression

Frontiers in Immunology | www.frontiersin.org December 2017 | Volume 8 | Article 1832

patients with sepsis: a prospective observational analysis. Crit Care (2009) 
13(4):R119. doi:10.1186/cc7969 

81. Mohr A, Polz J, Martin EM, Griessl S, Kammler A, Potschke C, et al. Sepsis 
leads to a reduced antigen-specific primary antibody response. Eur J Immunol 
(2012) 42(2):341–52. doi:10.1002/eji.201141692 

82. Zhang Y, Zhou Y, Lou J, Li J, Bo L, Zhu K, et al. PD-L1 blockade improves 
survival in experimental sepsis by inhibiting lymphocyte apoptosis and 
reversing monocyte dysfunction. Crit Care (2010) 14(6):R220. doi:10.1186/
cc9354 

83. Zhang H, Zheng L, Chen J, Fukata M, Ichikawa R, Shih DQ, et  al. The 
protection role of Atg16l1 in CD11c+dendritic cells in murine colitis. 
Immunobiology (2017) 222:831–41. doi:10.1016/j.imbio.2017.03.002 

84. Reed M, Morris SH, Jang S, Mukherjee S, Yue Z, Lukacs NW. Autophagy-
inducing protein beclin-1 in dendritic cells regulates CD4 T cell responses 
and disease severity during respiratory syncytial virus infection. J Immunol 
(2013) 191(5):2526–37. doi:10.4049/jimmunol.1300477 

85. D’Eliseo D, Di Renzo L, Santoni A, Velotti F. Docosahexaenoic acid (DHA) 
promotes immunogenic apoptosis in human multiple myeloma cells, induces 
autophagy and inhibits STAT3 in both tumor and dendritic cells. Genes 
Cancer (2017) 8(1–2):426–37. doi:10.18632/genesandcancer.131 

86. Hubbard-Lucey VM, Shono Y, Maurer K, West ML, Singer NV, Ziegler CG,  
et  al. Autophagy gene Atg16L1 prevents lethal T  cell alloreactivity medi-
ated by dendritic cells. Immunity (2014) 41(4):579–91. doi:10.1016/j.
immuni.2014.09.011 

87. Inoue S, Suzuki K, Komori Y, Morishita Y, Suzuki-Utsunomiya K,  
Hozumi K, et  al. Persistent inflammation and T  cell exhaustion in severe 
sepsis in the elderly. Crit Care (2014) 18(3):R130. doi:10.1186/cc13941 

88. Hotchkiss RS, Tinsley KW, Swanson PE, Schmieg  RE Jr, Hui JJ, Chang KC, 
et al. Sepsis-induced apoptosis causes progressive profound depletion of B 
and CD4+ T  lymphocytes in humans. J Immunol (2001) 166(11):6952–63. 
doi:10.4049/jimmunol.166.11.6952 

89. Wesche-Soldato DE, Swan RZ, Chung CS, Ayala A. The apoptotic pathway 
as a therapeutic target in sepsis. Curr Drug Targets (2007) 8(4):493–500. 
doi:10.2174/138945007780362764 

90. Stieglitz D, Schmid T, Chhabra NF, Echtenacher B, Mannel DN, Mostbock S.  
TNF and regulatory T  cells are critical for sepsis-induced suppression of 
T cells. Immun Inflamm Dis (2015) 3(4):374–85. doi:10.1002/iid3.75 

91. Zhu J, Yamane H, Paul WE. Differentiation of effector CD4 T  cell popu-
lations (*). Annu Rev Immunol (2010) 28:445–89. doi:10.1146/annurev- 
immunol-030409-101212 

92. Li J, Li M, Su L, Wang H, Xiao K, Deng J, et  al. Alterations of T helper  
lymphocyte subpopulations in sepsis, severe sepsis, and septic shock: a 
prospective observational study. Inflammation (2015) 38(3):995–1002. 
doi:10.1007/s10753-014-0063-3 

93. Ohkura N, Sakaguchi S. Regulatory T cells: roles of T cell receptor for their 
development and function. Semin Immunopathol (2010) 32(2):95–106. 
doi:10.1007/s00281-010-0200-5 

94. Heuer JG, Zhang T, Zhao J, Ding C, Cramer M, Justen KL, et al. Adoptive 
transfer of in  vitro-stimulated CD4+CD25+ regulatory T  cells increases 

bacterial clearance and improves survival in polymicrobial sepsis.  
J Immunol (2005) 174(11):7141–6. doi:10.4049/jimmunol.174.11.7141 

95. Scumpia PO, Delano MJ, Kelly KM, O’Malley KA, Efron PA, McAuliffe PF, 
et al. Increased natural CD4+CD25+ regulatory T cells and their suppressor 
activity do not contribute to mortality in murine polymicrobial sepsis. 
J Immunol (2006) 177(11):7943–9. doi:10.4049/jimmunol.177.11.7943 

96. Hsieh YC, Athar M, Chaudry IH. When apoptosis meets autophagy: decid-
ing cell fate after trauma and sepsis. Trends Mol Med (2009) 15(3):129–38. 
doi:10.1016/j.molmed.2009.01.002 

97. Groesdonk HV, Wagner F, Hoffarth B, Georgieff M, Senftleben U. 
Enhancement of NF-kappaB activation in lymphocytes prevents T  cell 
apoptosis and improves survival in murine sepsis. J Immunol (2007) 
179(12):8083–9. doi:10.4049/jimmunol.179.12.8083 

98. Kabat AM, Harrison OJ, Riffelmacher T, Moghaddam AE, Pearson CF,  
Laing A, et  al. The autophagy gene Atg16l1 differentially regulates Treg 
and TH2 cells to control intestinal inflammation. Elife (2016) 5:e12444. 
doi:10.7554/eLife.12444 

99. Wei J, Long L, Yang K, Guy C, Shrestha S, Chen Z, et al. Autophagy enforces 
functional integrity of regulatory T  cells by coupling environmental cues 
and metabolic homeostasis. Nat Immunol (2016) 17(3):277–85. doi:10.1038/
ni.3365 

100. Zeng H, Yang K, Cloer C, Neale G, Vogel P, Chi H. mTORC1 couples immune 
signals and metabolic programming to establish T(reg)-cell function. Nature 
(2013) 499(7459):485–90. doi:10.1038/nature12297 

101. Marcel N, Sarin A. Notch1 regulated autophagy controls survival and sup-
pressor activity of activated murine T-regulatory cells. Elife (2016) 5:e14023. 
doi:10.7554/eLife.14023 

102. Qu X, Yu J, Bhagat G, Furuya N, Hibshoosh H, Troxel A, et al. Promotion of 
tumorigenesis by heterozygous disruption of the beclin 1 autophagy gene. 
J Clin Invest (2003) 112(12):1809–20. doi:10.1172/JCI20039 

103. Li W, Zhu S, Li J, Assa A, Jundoria A, Xu J, et  al. EGCG stimulates auto-
phagy and reduces cytoplasmic HMGB1 levels in endotoxin-stimulated 
macrophages. Biochem Pharmacol (2011) 81(9):1152–63. doi:10.1016/j.
bcp.2011.02.015 

104. Yang X, Jing T, Li Y, He Y, Wang B, Zhang W, et al. Hydroxytyrosol attenuates 
LPS-induced acute lung injury in mice by regulating autophagy and sirtuin 
expression. Curr Mol Med (2017) 17(2):149–59. doi:10.2174/156652401766
6170421151940 

Conflict of Interest Statement: The authors declare that the research was con-
ducted in the absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Copyright © 2017 Ren, Zhang, Wu and Yao. This is an open-access article distributed 
under the terms of the Creative Commons Attribution License (CC BY). The use, 
distribution or reproduction in other forums is permitted, provided the original 
author(s) or licensor are credited and that the original publication in this journal 
is cited, in accordance with accepted academic practice. No use, distribution or 
reproduction is permitted which does not comply with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1186/cc7969
https://doi.org/10.1002/eji.201141692
https://doi.org/10.1186/cc9354
https://doi.org/10.1186/cc9354
https://doi.org/10.1016/j.imbio.2017.03.002
https://doi.org/10.4049/jimmunol.1300477
https://doi.org/10.18632/genesandcancer.131
https://doi.org/10.1016/j.immuni.2014.09.011
https://doi.org/10.1016/j.immuni.2014.09.011
https://doi.org/10.1186/cc13941
https://doi.org/10.4049/jimmunol.166.11.6952
https://doi.org/10.2174/138945007780362764
https://doi.org/10.1002/iid3.75
https://doi.org/10.1146/annurev-
immunol-030409-101212
https://doi.org/10.1146/annurev-
immunol-030409-101212
https://doi.org/10.1007/s10753-014-0063-3
https://doi.org/10.1007/s00281-010-0200-5
https://doi.org/10.4049/jimmunol.174.11.7141
https://doi.org/10.4049/jimmunol.177.11.7943
https://doi.org/10.1016/j.molmed.2009.01.002
https://doi.org/10.4049/jimmunol.179.12.8083
https://doi.org/10.7554/eLife.12444
https://doi.org/10.1038/ni.3365
https://doi.org/10.1038/ni.3365
https://doi.org/10.1038/nature12297
https://doi.org/10.7554/eLife.14023
https://doi.org/10.1172/JCI20039
https://doi.org/10.1016/j.bcp.2011.02.015
https://doi.org/10.1016/j.bcp.2011.02.015
https://doi.org/10.2174/1566524017666170421151940
https://doi.org/10.2174/1566524017666170421151940
http://creativecommons.org/licenses/by/4.0/

	Autophagy: A Potential Therapeutic Target for Reversing Sepsis-Induced Immunosuppression
	Introduction
	The Protective Role of Autophagy in Sepsis
	Autophagy and Immune Response
	Neutrophils
	Monocytes and Macrophages
	Dendritic Cells
	T Lymphocytes
	Clinical Perspectives and Conclusion
	Author Contributions
	Acknowledgments
	References


