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Sepsis is a host immune disorder induced by infection. It can lead to multiple organ
dysfunction syndrome (MODS), which has high morbidity and mortality. There has been
great progress in the clinical diagnosis and treatment of sepsis, such as improvements in
pathogen detection technology, innovations regarding anti-infection drugs, and the
development of organ function support. Abnormal immune responses triggered by
pathogens, ranging from excessive inflammation to immunosuppression, are
recognized to be an important cause of the high mortality rate. However, no drugs
have been approved specifically for treating sepsis. Here, we review the recent research
progress on immune responses in sepsis to provide a theoretical basis for the treatment of
sepsis. Constructing and optimizing a dynamic immune system treatment regimen based
on anti-infection treatment, fluid replacement, organ function support, and timely use of
immunomodulatory interventions may improve the prognosis of sepsis patients.
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INTRODUCTION

Sepsis is a life-threatening syndrome caused by an abnormal infection-induced immune response. It
is frequently seen in cases of severe infection, trauma, burns, shock, and major surgery. Sepsis can
further develop into multiple organ dysfunction syndrome (MODS), which is the primary cause of
death among acute and critically ill patients (Rhee et al., 2017). In recent years, the incidence rate of
sepsis has increased globally, severely threatening human health and posing a tremendous burden on
the economy and society (Adhikari et al., 2010; Fleischmann et al., 2016; Xie et al., 2020). Nowadays,
it is thought that sepsis is mainly induced by immune dysfunction. To be specific, it develops from an
initial excessive inflammatory response specific to pathogenic factors (such as infection or trauma)
into immune paralysis or immunosuppression. In the excessive inflammatory response stage, the
innate immune response, which should play a defensive role, causes cell and tissue injury, or even
MODS (van der et al., 2017; Muszynski der et al., 2018).

The understanding of sepsis has gone through three stages. In the first stage, the concept of
systemic inflammatory response syndrome (SIRS) was proposed (Bone et al., 1992), based on the
hypothesis that sepsis is an infection-induced systemic inflammatory response. However, there was
debate concerning this concept, with a focus on the specificity of the diagnosis. The low specificity of
the SIRS diagnostic criteria made the patient population that fulfilled the diagnostic criteria for sepsis
extremely complicated, which caused great difficulties in clinical research. In the second stage, to
improve the diagnostic specificity, it was proposed that the diagnostic criteria for sepsis should not
just be restricted to an inflammatory response. Instead, more attention should be paid to
hemodynamics, tissue perfusion, and organ functional status. However, the new diagnostic
criteria were not extensively applied in clinical practice due to their complexity (Levy et al.,
2003). In the third and current stage, The Third International Consensus Definition for Sepsis
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and Septic Shock (Sepsis-3) were proposed (Singer et al., 2016).
From the perspective of immunology, the essence of sepsis is
MODS induced by a disordered immune response to severe
infection, and the key factors include not only a systemic
inflammatory response, but also disordered immune regulation
(Figure 1B). In other words, sepsis develops from excessive
immune activation into extensive immunosuppression (van
der et al., 2017). This review explores the latest progress
regarding the understanding of the pathogenesis of infectious
sepsis-related immune dysfunction, so as to provide more
theoretical evidence for developing new sepsis treatments.
Immunity dysfunction caused by other causes such as trauma,
major surgery or shock will be explored in the future.

PATHOGENS AND IMMUNITY

Bacteria
The host’s innate and adaptive immune responses are activated
during bacterial infection, which is an important mechanism for
resisting pathogen infection. In the early stage of a bacterial
infection, the innate immune system is rapidly activated to locally
restrict the infection via inflammatory responses to prevent
further progression into systemic infection (Figure 1A). The
innate immune system resists the invading pathogenic bacteria
using immunologically active substances such as lysozyme and
antibacterial peptides. Furthermore, during infection, the family
of complement molecules in the blood can infiltrate the infected

tissues and exert antibacterial effects via three complement
activation pathways. If the infection persists, the infected cells
can recruit innate immune cells such as neutrophils and
monocytes in the blood by releasing chemokines such as C-X-
C motif chemokine ligand 1 (CXCL1) and C-C motif ligand 8
(CCL8). These cells migrate from the blood vessels to the local
tissue to exert an inflammatory effect. Toll-like receptors (TLRs)
are important receptors associated with innate immunity. They
specifically recognize and bind to pathogen-associated molecular
patterns (PAMPs) (Pradeu and Cooper, 2012; Netea et al., 2017),
triggering a series of signaling pathways that leads to
inflammatory factor release and ultimately activates the
adaptive immune system (Fitzgerald et al., 2003; Kawai and
Akria, 2010).

Regarding Gram-negative bacteria (Raetz and Whitfielg,
2002), lipopolysaccharide (LPS) in their outer membrane can
be recognized by TLR4 (Figure 2). After recognition of LPS,
TLR4 undergoes dimerization and further activates downstream
signals, including myeloid differentiation factor 88 (MYD88) and
MYD88 adaptor-like (MAL). MYD88 can recruit the
downstream kinases interleukin-1 receptor-associated kinase
1(IRAK1), IRAK4, and tumor necrosis factor receptor-
associated factor 6 (TRAF6), and ubiquitinate TRAF6. The
ubiquitinated TRAF6 can recruit Transforming growth factor-
β-activating kinase 1 (TAK1) TAK1 binding protein 1 and 2
(TAB1/2) complexes by acting as a scaffold molecule, and then
TAK1 can activate IκB kinase (IKK) β of the IKK complex. The
activated IKKβ phosphorylates the inhibitory molecule IkB of

FIGURE 1 | Immune response following pathogen infection. Figure (A): Pathogen invasion induces local inflammatory response in tissues. The activated innate
immune and adaptive immune cells migrate locally to tissues, inhibit microbe duplication and systematic dissemination, and finally clear the pathogen. Inflammation is
controlled and immune balance of the body is achieved. (B): Heavy load infection accompanied by local damage activated innate and adaptive immune cells are in a
hyperinflammatory state under the dual effects of pathogens and DAMPs. The cytokine storm generated by these cells inhibits the pathogens to a certain extent,
but also leads to further tissue damage. Microbes migrate to the whole body through damaged blood vessels, causing a strong inflammatory response and thus leading
to systemic immune dysregulation and injury.
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nuclear factor (NF)-κB in the cytoplasm, undergoes
ubiquitination followed by degradation, and causes activated
NF-κB to localize to the nucleus (Ghosh and Karin, 2002).
This promotes the production of key pro-inflammatory
cytokines such as interleukin (IL)-1β, IL-6, and tumor necrosis
factor (TNF)-α (Vaure and Liu, 2014). These core inflammatory
factors can act on vascular endothelial cells to increase blood
vessel permeability to further promote immune cell migration to
sites of inflammation. They can also inhibit bacterial growth by
increasing the body temperature to achieve infection control. In
addition, LPS can induce the transcription of type-1 interferon

(IFN) (O’Neill et al., 2013) and IFN-related genes (Yamamoto
et al., 2002) downstream of TLR4 via a MYD88-independent
signaling pathway, thus promoting antiviral and antibacterial
effects.

Similarly, the lipoprotein component of the cell wall of Gram-
positive bacteria or mycoplasma can be recognized by TLR2/
TLR1 or TLR2/TLR6, which activate the NF-κB transcription
factor via the same signaling pathway to induce inflammatory
responses (Figure 2). Other members of the TLR family, such as
TLR3, TLR7, TLR8, and TLR9, can recognize the nucleic acid
components of viruses and bacteria. The activation of these

FIGURE 2 | Immunity mechanism of sepsis induced by different pathogens. The predominant pathogens that cause sepsis are bacteria, fungi and viruses. The
lipopolysaccharide (LPS) in the outer membrane of Gram-negative bacteria can be recognized by TLR4, while the lipoprotein in the cell wall of Gram-positive bacteria can
be bound to TLR2/TLR1. They activate the downstream signaling molecule of MyD88 and ubiquitinate TRAF6. Ubiquitinized TRAF6K recruits the TAK1-TAB1/2 protein
complex, while TAK1 kinase activates the transcription factor NF-kB and facilitates the production of key pro-inflammatory cytokines such as IL-1, IL-6, and TNF.
Fungus β-glucan and mannose are commonly recognized by CLRs which mobilizes Syk protein kinases to coordinate the innate immune response, and eventually
activate NFkB to produce pro-inflammatory factors through the CARD9/BCL10/MALT1 complex. iIfluenza viruse causing common viral infection in sepsis can be
recognized by RIG-I in the cytoplasm and signal to TAK1 and TBK1 through oligomerization of MAVs molecules on mitochondria, which ultimately activates NF-kB and
IRF family transcription factors and promotes the production of inflammatory factors and type 1 interferon. These changes cause damage to important viscera of
airframe.
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receptors induces the production of pro-inflammatory cytokines
such as IL-1β, IL-6, TNF-α, and type I IFN. Take TLR3 as an
example (Zhang et al., 2013). The TRIF protein downstream of
TLR3 signaling can recruit the E3 ubiquitin ligase TRAF3 and
further activate TANK binding kinase 1 (TBK1) (Takeuchi and
Akira, 2010). The activated TBK1 can phosphorylate the IRF3
transcription factor, which promotes type I IFN production after
localizing to the nucleus. The activation of NF-κB and IRF3 can
lead to a strong early inflammatory response in patients with
sepsis. If the infection cannot be eliminated completely, the
continuous high-intensity inflammatory response damages
cells such as vascular endothelial cells, resulting in abnormal
blood coagulation and impaired organ function.

Infection can cause tissue damage and the release of damage-
associated molecular patterns (DAMPs). These are similar to
PAMPs, although DAMPs (Peiseler and Kubes, 2018) are mostly
endogenous proteins or nucleic acid molecules, such as high
mobility group box 1 (HMGB1) and mitochondrial DNA. They
can be recognized by innate immune cells after entering the
cytoplasm or extracellular space. Therefore, DAMP release is
another mechanism by which pathogens can affect the host’s
immune response (Gong et al., 2020). Once released into the
extracellular space, DAMPs can be sensed by afferent nerves,
followed by transmission of signals to the spleen and other organs
via the vagus nerve, involving acetylcholine release. Acetylcholine
can bind to cholinergic receptors on the surface of macrophages
and inhibit the release of pro-inflammatory cytokines.

Fungi
Many studies have confirmed that C-type lectin receptors (CLRs)
play a major role in the identification of β-dextran and mannosan of
pathogenic fungi. When dendritic cells (DCs) respond to Candida
albicans infection, spleen tyrosine kinase (Syk) is recruited by CLRs
to coordinate the innate immune response (rather than MYD88,
which is the downstream linker molecule of TLRs) (Whitney et al.,
2014). CLRs include Dectin-1, Dectin-2, Dectin-3, Mannose
receptor, Mincle, and DC-specific intercellular adhesion molecule-
3-grabbing non-integrin (DC-SING), which are mainly expressed in
the bone marrow and epithelial cells (Figure 2). Dectin-1 and
Dectin-2, as pattern recognition receptors (PRRs), can sense
Candida albicans and mycelium infections (Bain et al., 2021).
Upon ligand binding to these receptors, signaling pathways such
as NF-κB, mitogen-activated protein kinase (MAPK), and Calcium/
calmodulin-dependent protein kinase II (CaMKII) are activated via
Syk, which plays an important role in balancing the immune
response, inflammatory reactions, and fungal infection response
(Gringhuis et al., 2011). Dectin-1 does not rely on Ca2+ to
recognize fungal β-dextran, while Dectin-2 relies on Ca2+ to
recognize fungal α-mannosan. Moreover, Dectin-1 can activate
the NF-κB signaling pathway by activating all subunits of NF-κB,
while Dectin-2 can activate this pathway only by activating the
c-REL subunit of NF-κB. Dectin-3 can recognize α-mannosan on
fungal cell walls, and it plays an important role in the immune
response to Candida albicans, Blastomyces dermatitidis, and other
pathogens (Lobato and Pascual, 2013). It plays a synergistic role with
Dectin-2 in the identification of α-mannosan of pathogenic fungi
(Zhu et al., 2013).

CLRs respond to infection in a process that involves complex
synergy among the CLRs (Drummond and Lionakis, 2016).
However, it should be noted that the synergistic mechanism
among CLRs has not been thoroughly studied (Ostrop and
Lang, 2017). Additionally, CLRs play synergistic roles with
other receptors. For example, TLR2 and TLR4 can also
recognize glucuronic acid and mannosan of Cryptococcus
(Gibson and Johnston, 2015; Leopold et al., 2016). However,
the synergistic mechanism of CLRs and TLRs remains unclear.

When an invasive fungal infection develops further, the body
activates adaptive immunity to defend against the infection.
Antigen-presenting cells (APCs) initiate the adaptive immune
response by presenting antigens to T cells. Both CD4+ and CD8+

T cells are involved in the response to fungal infection (Leopold
et al., 2016; Marcos et al., 2016). The role of CD4+ T cells is the
most important out of the two. In response to antigen
stimulation, CD4+ T cells are activated, proliferate, and
differentiate into helper T cells (Th cells). Under the influence
of cytokines in the local immune microenvironment, Th cells
differentiate into Th1, Th2, Th17, or regulatory T cells (Treg
cells).

Th1 cells directly or indirectly secrete γ-IFN and IL family
members (IL-2, IL-6, and IL-12) to promote the activation and
proliferation of macrophages, natural killer (NK) cells, and CD8+

T cells. The fungi are then killed, including by phagocytosis
(Geginat et al., 2014; Murdock et al., 2014). Th2 and Th17 cells
are necessary for the response to mucous membrane candidiasis
(Conti and Gaffen, 2015; Fei et al., 2015). IL family members
(such as IL-4 and IL-10) secreted by Th2 cells can promote the
proliferation of B cells and the production of antibodies, which
mediate the humoral immune response. Moreover, Th2 cells
secrete IL-13 and transforming growth factor (TGF)-β, which
regulate the immune balance. For example, IL-13 can inhibit
macrophage activation by IFN-γ, and TGF-β can inhibit
neutrophil activation and proliferation. Th17 cells also play an
important role during fungal infections. However, the
mechanism of action still needs to be studied in depth (Fei
et al., 2015). Treg cells have important functions regarding
immune tolerance and maintaining homeostasis. Furthermore,
they play a role in resisting microbial infections, but the
mechanisms remain unclear (Shafiani et al., 2010; Leopold
et al., 2016). When stimulated by antigens, B cells are
activated, proliferate, and differentiate into B2 cells with the
help of Treg cells. They then form a germinal center and
produce specific antibodies to mediate the humoral immune
response.

Viruses
During viral sepsis, PRRs recognize specific endogenous or
exogenous ligands (Takeuchi and Akira, 2010) and then
trigger non-specific innate immunity, which involves
producing pro-inflammatory cytokines and chemotactic factors
(such as TNF-α, IL-1β, IL-12, and IL-18) and recruiting
phagocytes. Additionally, PRRs can trigger adaptive immunity
and locally activate the complement and coagulation systems
(Takeuchi and Akira, 2010; van et al., 2017; Iwasaki and
Medzhitov, 2004).
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Influenza viruses infecting alveolar cells, macrophage, and
DCs can be recognized by TLRs (TLR 3, TLR4, and TLR7).
The resultant NF-κB signaling upregulates pro-inflammatory
cytokines (such as TNF-α, IL-1β, IL-6, and IL-8) that damage
the epithelial–endothelial barrier (Short et al., 2014) (Figure 2).
Herpes simplex virus produces a strong response through the
TLR2 and TLR9 signaling pathways. The IL-6 level influences the
survival rate associated with herpes simplex encephalitis (Bociąga
Jasik, et al., 2011). In addition, herpes simplex virus can increase
the ratio of IL-8 to TNF-α in newborns . Human enterovirus
infection is characterized by a type I IFN response, induced by
PRRs that respond to RNA viruses. The characteristic enterovirus
infection response, which is a type I IFN response, mainly
involves RIG-I-like receptor (RLR) signaling and TLR
signaling [among the TLRs, TLR3, TLR7, TLR8, and TLR9 are
related to nonspecific immune responses (Triantafilou et al.,
2005; Richer et al., 2009; Coyne et al., 2011; Hsiao et al.,
2014)]. Enterovirus infection not only causes pro-
inflammatory cytokine release, but also induces cell death,
thereby aggravating the inflammatory reaction. Dengue virus
can also cause inflammatory reactions via the type I IFN
response. In SARS-CoV infection, a high initial viral titer is
related to extensive lung injury. Increases in monocyte,
macrophage, and pulmonary neutrophil infiltration, serum
pro-inflammatory cytokines (such as TNF-α, IL-6, IL-8, and
IFN-γ), and chemotactic factors may be related to poor
prognosis of Severe Acute Respiratory Syndrome Coronavirus
(SARS-CoV) infection (Wong et al., 2004; Kong et al., 2009).
Thus, sepsis related to SARS is associated with the direct
cytopathic effect and cytokine storm caused by SARS-CoV.
Middle East Respiratory Syndrome Coronavirus (MERS-CoV)
can infect immunocytes such as DCs and macrophages and
induce the production of pro-inflammatory cytokines and
chemotactic factors, such as TNF-α, IL-6, CXCL-10, CCL-2,
CCL-3, CCL-5, and IL-8 (Wong et al., 2004; Kong et al.,
2009). Recent research has shown that the levels of pro-
inflammatory cytokines and chemotactic factors in coronavirus
disease 2019 (COVID-19) patients are significantly increased
(Chu et al., 2014; Zhou et al., 2014; Huang et al., 2020; Liu
et al., 2020).

Immune Dysregulation During Sepsis
The pathogenesis of immune dysfunction in sepsis remains
unclear. However, as early as in 1996, the American researcher
Bone (1996) proposed that the development of sepsis is induced
by an imbalance between the pro- and anti-inflammatory
mechanisms in the body. Previous opinion maintained that
the development of sepsis could be classified as an early
systemic inflammatory response stage sequentially followed by
a later compensatory anti-inflammatory response stage
(Hotchkiss et al., 2013; Leentjens et al., 2013). However, since
2000, the hypothesis regarding SIRS sequentially followed by
compensatory anti-inflammatory response syndrome (CARS)
has gradually been discarded. Many studies suggest that, in the
early stage of sepsis, concurrent inflammatory responses and
immunosuppression can occur (Osuchowski et al., 2012;
Hotchkiss et al., 2013). Nowadays, more patients survive the

initial stage of sepsis owing to the development of early sepsis
detection and treatment, though others have to stay in an
intensive care unit for a long time, and experience a persistent
inflammatory response, immunosuppression, malnutrition,
muscle weakness characterized by myolysis, and sometimes
death. Therefore, some researchers have put forward the
concept of persistent inflammation, immunosuppression, and
metabolic failure syndrome (PICS) (Gentile et al., 2012).
According to this theory, after simultaneous inflammation and
immunosuppression, the sepsis patient may recover immune
homeostasis or develop an immunosuppression-induced
secondary infection. The latter can result in a persistent
inflammatory response and excessive energy consumption,
causing further immune dysfunction and inflammatory
responses (Delano and Ward, 2016; Mira et al., 2017;
Nomellini et al., 2018).

Immunosuppression mainly manifests as decreased immune
cell numbers and functions, including macrophage inactivation,
decreased antigen presentation ability, and reduced lymphocyte
proliferation (Delano and Ward, 2016). Additionally, inhibitory
cytokine release is an important cause of immunosuppression
(Kasten et al., 2010; Pillay et al., 2012). It is currently discovered
that the organ dysfunction and high mortality rate among sepsis
patients are mainly caused by the apoptosis of massive quantities
of immune cells involved in the immune response (Fisher et al.,
1996). Apoptosis is of great importance to immune homeostasis,
but during sepsis, immune cell apoptosis can affect immune cell
function and induce immune paralysis. In this situation, the risk
of secondary infection significantly increases, and the mortality
rate increases accordingly.

Neutrophils
Neutrophils are important components of the innate immune
system. They play a crucial role in suppressing and eradicating
microorganisms and the survival of sepsis patients. They
constitute the majority of cells in the bone marrow, and are
the first immune cells to respond to foreign invaders in humans
(Kolaczkowska and Kubes, 2013), representing important
participants in the normal innate and adaptive immune
responses.

After maturation in the bone marrow and entrance into the
circulatory system, neutrophils can only survive for several hours.
During this time, they clear extracellular pathogens mainly
through direct phagocytosis and extracellular release of
bactericidal substances (Davey et al., 2014). In recent years,
research has indicated that neutrophils can also form
neutrophil extracellular traps (NETs), which are primarily
composed of networks of DNA from the neutrophils, to clear
pathogens. NETs can restrict the supply of important nutrients
required for pathogens, and they can physically restrain
microorganisms. Moreover, histone and granulin in the NETs
enable them to kill pathogens (Brinkmann et al., 2004).

In sepsis, the number, phenotype, and function of circulatory
neutrophils are altered. In early sepsis, neutrophils can rapidly
migrate from the bone marrow and, within several hours, the
number of neutrophils can increase by 10-fold compared to
under normal conditions (Manz and Boettcher, 2014).
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Additionally, the proportion of immature neutrophils in patients
with septic shock increases (Demaret et al., 2015). These cells
have a different phenotype and morphology from mature
neutrophils, and much poorer functional performance (such as
phagocytosis). Circulating immature neutrophils in patients with
severe sepsis and septic shock have poor innate immunity
performance (Drifte et al., 2013). Changes in the number and
function of immature neutrophils increased the risk of death in
septic shock patients (Demaret et al., 2015). Neutrophils had
enhanced oxidative burst and phagocytosis functions, but their
chemotaxis ability was greatly suppressed in sepsis (due to
downregulation of integrin, selectin, and chemokine receptors,
which altered their in vitro migration in relation to various
chemical attractants) (Demaret et al., 2015). This reduced
chemotaxis was even more obvious among patients who died
of sepsis (Demaret et al., 2015), which is consistent with other
research (Tavares-Murta et al., 2002). Additionally, an
immunosuppressive neutrophil subset (CD16hiCD62low) was
found in the blood of LPS-exposed subjects (Pillay et al.,
2012). This subset might suppress T cell proliferation and
function and might be involved in sepsis-related
immunosuppression.

During sepsis, the cell membrane of neutrophils became stiffer
and transformation-resistant, which was closely related to the
severity of sepsis (Czaikoski et al., 2016). As a result, neutrophils
accumulated in capillary beds, resulting in microvascular
occlusion, especially in capillaries in the lungs and hepatic
sinusoids (Czaikoski et al., 2016).

Delayed neutrophil apoptosis also occurs in sepsis, which may
result in tissue injury andMODS (Hotchkiss andNicholson, 2006).
Inflammatory mediators such as granulocyte/macrophage colony-
stimulating factor (GM-CSF) and IL-18 can regulate pro- and anti-
apoptotic genes to regulate apoptosis (Tian et al., 2016). Notably,
the upstream regulatory factors of these apoptotic mediators also
participate in the delayed neutrophil apoptosis in sepsis.

During sepsis, neutrophils are recruited into the infection site
as the first line of defense against bacterial and fungal pathogens.
The classical white blood cell recruitment cascade includes
retention, rolling, adhesion, crawling, and membrane
penetration (Takatani et al., 2018). However, in sepsis, this
reaction is disordered, accompanied by impaired recruitment
of neutrophils into the infection site, and impaired neutrophil
migration (Shen et al., 2017). This may be related to the
downregulation of nitric oxide (NO) and inducible nitric oxide
synthase (iNOS) (Shen et al., 2017), but the complete mechanism
underlying the dysregulated neutrophil migration direction in
sepsis remains unclear.

In sepsis, NETs serve as a double-edged sword, as they can trap
pathogens but excessive NETs can cause organ injury and
coagulation disorder (Czaikoski et al., 2016). Taken together,
these phenotypic and functional changes of neutrophils in sepsis
reduce the pathogen clearance rate, increase the risk of secondary
(e.g., nosocomial) infection, and lead to poor prognosis.

Mononuclear Macrophages
Mononuclear macrophages, including pre-monocytes in the bone
marrow, monocytes in the peripheral blood, and fixed or free

macrophages in tissues, are an important component of the
innate immune system (Ardura et al., 2019). Typically,
macrophages are derived from monocytes in the blood,
whereas monocytes are derived from precursor cells in the
bone marrow. Mononuclear macrophages are important cells
in non-specific immune defense. They can non-specifically engulf
and kill multiple pathogens. When pathogens invade the sterile
environment of the body, mononuclear macrophages can
recognize, engulf, and kill them in a process that can involve
antigen presentation, and the mononuclear macrophages can also
release inflammatory mediators to regulate the adaptive immune
system (Hotchkiss et al., 2013). Most thymus-dependent antigens
are engulfed and processed by macrophages, are used to form
antigen peptide–major histocompatibility complex (MHC)
complexes, and get expressed on the cell surface and presented
to T cells. There are numerous adhesion molecules on the
macrophage surface that can bind to the co-stimulatory
receptors on T cells to produce a co-stimulatory signal, induce
T cell activation, and initiate an immune response. Thus,
mononuclear macrophages are not only a major factor in
innate immunity, but they are also a bridge connecting innate
and adaptive immunity. Sepsis is a complex syndrome involving
both innate and adaptive immune responses, and it is of
particular importance to explore the origin, differentiation,
and function of macrophages during sepsis occurrence and
development.

The most significant influence of sepsis on mononuclear
macrophages is that it impairs their response to subsequent
LPS stimulation or other inflammatory stimulation, which is
called the endotoxin tolerance phenomenon (Venet and
Monneret, 2018). Endotoxin-tolerant monocytes have
weakened antigen presentation function and chemotaxis, but
their killing and pathogen endocytosis abilities remain
unchanged. In sepsis, mononuclear macrophages release fewer
pro-inflammatory factors and more anti-inflammatory factors
(Yang et al., 2013). This has been confirmed by analyzing the gene
expression in monocytes from the blood of sepsis patients and
macrophages from tissue, which exhibit upregulation of anti-
inflammatory genes and downregulation of pro-inflammatory
genes (Monneret et al., 2004; Cavaillon and Adib-Conquy, 2006;
Biswas and Lopez-Collazo, 2009).

Human leukocyte antigen-DR (HLA-DR) on the monocyte
surface is the key molecule involved in foreign antigen processing
and presentation. When pathogenic microorganisms invade the
body, the body immediately initiates an immune response, and
then monocytes and other APCs present antigen components to
specific lymphocytes with the assistance of HLA-DR. During
sepsis, monocytes downregulate surface HLA-DR, indicating
immune paralysis in relation to monocytes (Cazalis et al.,
2013). Monocytes with HLA-DR downregulation exhibit
impaired pro-inflammatory cytokine release, antigen
presentation, and induction of T cell proliferation (Wolk et al.,
2000). HLA-DR expression on the monocyte surface is of great
value in predicting the prognosis of sepsis patients with immuno-
inflammatory dysfunction (Volk et al., 1996; Lekkou et al., 2004).

During sepsis, macrophages can differentiate into M2
macrophages. These differentiated macrophages produce
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arginase-1, which converts arginine into urea, thus suppressing
iNOS-induced NO production from arginine and thereby
decreasing the killing of pathogens. Therefore, in the late stage
of sepsis, the body has a weakened ability to resist pathogens; in
other words, the occurrence of immunosuppression may be
related to the M2 differentiation of macrophages (Lawrence
and Natoli, 2011).

DCs
First discovered by the Canadian researcher Steinman in 1973,
DCs are the most potent APCs. They are named because they
have numerous dendrite- or pseudopodium-like protrusions
when they mature. They highly express cell-surface MHCII
molecules. They are derived from bone marrow multipotential
hematopoietic stem cells, and they are highly heterogeneous and
extensively distributed at sites such as the skin, airways, and
lymphoid organs. DCs are the most potent specialized APCs in
the body, and they effectively absorb, process, and present
antigens. Immature DCs show strong migration ability,
whereas mature DCs can effectively activate primary T cells
and play a central role in initiating, regulating, and
maintaining the immune response. DCs can migrate to
lymphoid organs, stimulate primary T cell proliferation, and
exhibit relatively specific surface markers. Therefore, DCs,
which are extensively distributed in lymphoid and non-
lymphoid tissues, are considered the initiators of the immune
response and maintain homeostasis in the body (Heath and
Carbone, 2001; Steinman and Banchereau, 2007). Generally,
DCs can be classified as classical DCs (cDCs) and
plasmacytoid DCs (pDCs). The former are mainly derived
from myeloid progenitor cells, and they mainly express CD11c
and MHCII on their surface. Once tissue injury or pathogen
invasion is detected, cDCs upregulate the surface co-stimulatory
molecules CD80 and CD86, secrete the pro-inflammatory
cytokines IL-6 and TNF-α, and rapidly migrate to lymph node
T cell zones to initiate a T cell-mediated adaptive immune
response. In contrast, pDCs represent the major source of type
I IFN (Geissmann et al., 2010; Bouras et al., 2018).

The reduced DCs number and dysfunction are key causes
underlying sepsis-related immunosuppression and secondary
infection or even death. Splenic and circulatory DC counts
significantly decrease in sepsis patients, with both pDCs and
cDCs being affected (Guisset et al., 2007; Grimaldi et al., 2011;
Dreschler et al., 2012). Moreover, the number of circulatory DCs
was markedly decreased in sepsis patients who died compared to
those who survived (Guisset et al., 2007; Grimaldi et al., 2011). In
a mouse model of cecal ligation puncture-induced sepsis, the total
splenic cell count decreased by 50% at 2 days after sepsis, while
CD11c + cDC and CD11c-B220 + CD19−pDC counts decreased
by 75 and 50%, respectively, compared to the counts in the
control group. The reduced DC count directly causes insufficient
CD8+ T cell activity (Strother et al., 2016). The reduced DC count
is currently thought to be induced by enhanced sepsis-related
apoptosis. Importantly, the changes in DC count and function
last for several weeks after hospital admission (Wen et al., 2008),
and it takes several months for them to return to normal levels
after sepsis.

As mentioned, during sepsis, DC functions are also changed.
In the remaining circulatory DCs in sepsis patients, HLA-DR,
CD80, and CD86 are downregulated, while IL-10 production is
increased (Faivre et al., 2012), which is consistent with their
reduced ability to induce effector T cell responses and their ability
to prevent the response of T cells and the proliferation of Treg
cells (Faivre et al., 2007; Wen et al., 2008). These DCs express a
low level of IFN regulatory factor 4 (IRF4), which is directly
related to their antigen presentation ability (Roquilly et al., 2017).
Additionally, during sepsis, DCs produce lower levels of pro-
inflammatory cytokines (such as IL-12 and TNF-α) and higher
levels of anti-inflammatory cytokines (such as IL-10 and TGF-β)
(Wen et al., 2008; Faivre et al., 2012; Roquilly et al., 2017).
Normally, DCs activated at 6–24 h after bacterial infection
can induce neutrophil, NK cell, and mononuclear macrophage
immune responses. However, during sepsis, DCs undergoing
immune paralysis may lead to decreased scavenging of
bacteria by innate immune cells, including NK cells. Much
data suggests that the mechanisms underlying DC
dysfunction include apoptosis induction, Wnt signaling
pathway activation, reactive oxygen species (ROS) production,
TLR-dependent signaling, and abnormal epigenetic regulation
(Wu et al., 2017).

NK Cells
NK cells were discovered in humans and mice in the 1970s. They
are innate immune cells that are also called congenital
lymphocytes. Unlike T and B cells, NK cells are lymphocytes
that can non-specifically kill tumor cells and virus-infected cells
with no need for sensitization in advance. The exact origin of NK
cells remains unclear, though they are generally considered to be
directly derived from the bone marrow, and their differentiation
and development are dependent on the bone marrow and thymus
microenvironments. NK cells are the key effector cells in the
innate immune system. They are similar to large granular
lymphocytes in terms of their morphology, and their volume
is twice that of red blood cells. They are extensively distributed in
diverse tissues, mainly the abdominal cavity, placenta, and uterine
mucosa, and especially the liver. CD3−CD56+ cells are generally
considered NK cells, which account for about 5–20% of
monocytes in the blood (Cossarizza et al., 2017). NK cells can
produce rapid and non-specific innate immune responses to
cancer cells and cells infected with intracellular pathogens
(Campbell and Hasegawa, 2013; Padro and Luong, 2016).
Moreover, NK cells play important roles in initiating the host
defense and regulating the innate and adaptive immune responses.
In addition to cytotoxic effects, NK cells can secrete pro-
inflammatory cytokines, such as TNF-α and IFN-γ, which can
enhance the pro-inflammatory and anti-microbial functions of
other white blood cell populations (Guo et al., 2018). Based on the
cell-surface expression of CD56 and CD16, NK cells can be divided
into CD56dimCD16bright and CD56brightCD16−/dim NK cell
subsets. Typically, the former possesses stronger cytotoxicity and
expresses higher levels of killing immunoglobulin receptor (KIR),
whereas the latter exhibits improved proliferation and IFN-γ and
TNF-α secretion in response to pro-inflammatory cytokine
stimulation (Kumar, 2019).

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 7180897

Chen and Wei Rational Immunotherapy for Sepsis

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


Many studies indicate that the number of NK cells decreases
during sepsis, which is related to poor prognosis, including death.
One study reported that the NK cell count decreased in the blood
of sepsis patients within 24 h of onset (Boomer et al., 2012).
Another study reported that the number of NK cells in sepsis
patients continuously decreased in the first 14 days after
hospitalization, and the NK cell number was markedly
decreased in Gram-negative sepsis patients compared to
Gram-positive patients (Holub et al., 2000). The number of
NK cells may be related to the increased apoptosis and the
migration of NK cells from the peripheral blood to the
infection site during infection.

NK cells also show dysfunction during sepsis. NK cell
functions, such as cytotoxicity and cytokine secretion (IFN-γ),
significantly decrease during sepsis in mice and patients (Forel
et al., 2012). Similarly, the expression of surface receptors
expressed on immune competent cells, such as NKG2D are
lower in sepsis patients than non-sepsis patients, which may
reduce NK cell cytotoxicity (Kjaergaard et al., 2015). This
persistent NK cell dysfunction may be closely associated with
sepsis-induced immunosuppression. Persistent NK cell depletion
and dysfunction may impair the host defense against pathogens.
As a result, sepsis patients are more susceptible to secondary
infection and viral reactivation.

Although NK cells are of great significance in early infection
control, their excessive response amplifies the inflammation and
results in organ and tissue damage. Some studies suggest that,
during infection or endotoxin attack, NK cells represent the
promoter of systemic inflammation. In the process of sepsis,
NK cells may be excessively activated and produce excessive
amounts of IFN-γ and TNF-α, thus leading to systemic
inflammation aggravation, MODS, and an increased risk of
mortality (Sherwood et al., 2003; Sherwood et al., 2004; Tao
and Sherwood, 2004). Suppressing NK cell function by knocking
out IL-15 significantly improved the survival rate of septic mice
(Guo et al., 2017). In addition, sepsis patients with a reduced
number of NK cells have a higher survival rate (de Pablo et al.,
2012). These results reveal that the excessive activation of NK
cells results in poor prognosis of sepsis patients. The adverse
effects of NK cells are mediated by their ability to amplify the pro-
inflammatory response or directly cause organ injury, possibly via
cytotoxicity.

Lymphocytes
When the innate immune system is insufficient to defend against
pathogens, the adaptive immune response, dominated by T and
B cells, is of particular importance. B cells mainly mediate
humoral immunity. They can produce antigen-specific
antibodies with the assistance of T cells. These antibodies can
neutralize toxins, activate the complement system, and facilitate
phagocytosis of pathogens by mononuclear macrophages. T cells
mainly mediate cellular immunity, so they play an important role
in killing various pathogens. T cells are mainly derived from bone
marrow lymphoid stem cells. After differentiation, growth, and
maturation in the thymus, they are distributed to the systemic
immune organs and tissues via the lymphatic and blood
circulation to exert immune functions. Using cell-surface

T cell receptors, T cells can recognize microbial peptides
bound to MHC molecules on APCs, including mononuclear
macrophages and DCs, thus inducing a primary immune
response. Pluripotent stem cells can transform into lymphoid
progenitor cells and migrate to the thymus. Thereafter, thymosin
induces them to undergo a series of orderly differentiation
processes and gradually form a T cell library that can
recognize diverse antigens.

T cells can be divided into “helper” CD4+ T cells and “killer”
CD8+ T cells, based on their different growth paths and biological
functions. Naive CD4+ T cells released from the thymus further
differentiate into effector T cells and Treg cells. Depending on the
different cytokines secreted, effector T cells can be classified into
Th1, Th2, and Th17 cells. Th1 and Th17 cells produce pro-
inflammatory mediators, whereas Th2 cells generate anti-
inflammatory factors. Moreover, T cells can exhibit an
immune memory phenotype (Xie et al., 2019).

The lymphocyte count in the circulation significantly
decreases within 24 h after the diagnosis of sepsis. Based on
the autopsy results of sepsis patients, large quantities of immune
cells in the spleen of patients dying of sepsis underwent apoptosis,
including CD4+ T cells, CD8+ T cells, B cells, and DCs (Boomer
et al., 2011), which is an important cause of sepsis-related
immune paralysis. Moreover, compared to naive T cells,
memory T cells are more susceptible to apoptosis during
sepsis. In septic mice, the numbers of memory CD4+ and
CD8+ T cells in the spleen significantly decreased (Xie et al.,
2019). The T cell apoptosis mechanisms include upregulation of
pro-apoptotic protein Bim and downregulation of anti-apoptotic
protein Bcl-2 (Weber et al., 2008), and Bcl-2 and Bcl-xL
upregulation improves the prognosis in animal models of
sepsis (Schwulst et al., 2008). Additionally, extracellular
HMGB1 induces T cell apoptosis via the intrinsic apoptosis
pathway, while upregulation of Mitofusin 2 (Mfn2) protects
T cells (Zhao et al., 2012; Wu et al., 2014).

The non-apoptotic CD4+ and CD8+ T cells in sepsis cases
display inactivity or failure, with large phenotypic and functional
impairments. Clinical research has shown that inhibitory
molecules are upregulated in T cells in sepsis patients, and
T cells have reduced secretion of cytokines. Further, autopsy
results suggest that CD69, PD-1, and CD25 on T cells from the
spleen of patients dying of sepsis were upregulated, whereas
CD127 and CD28 were downregulated (Boomer et al., 2011).
Further research indicated significant upregulation of co-
inhibitory receptors, such as PD-1, cytotoxic T lymphocyte-
associated antigen-4 (CTLA-4), B and T lymphocyte
attenuator (BTLA), T cell immunoglobulin mucin03 (TIM-3),
and lymphocyte activation gene-3 (LAG-3), on T cells from the
blood of sepsis patients (Boomer et al., 2012). Epigenetic
reprogramming also participates in T cell dysfunction during
sepsis. In septic mice, histone methylation and chromatin
remodeling are observed in the promoters of genes that
encode adhesive protein Annexin-A1 (ANXA1) and GATA-
binding protein 3 (GATA-3), leading to lymphocytic
incompetence (Huang et al., 2016). The upregulation of T cell
co-inhibitory receptors, the reduced secretion of cytokines, and
epigenetic reprogramming jointly result in T cell exhaustion,
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which is another important mechanism underlying immune
paralysis in the late stage of sepsis.

Another type of immune cell in sepsis deserving our attention
is Treg cells. These cells can secrete the anti-inflammatory factor
IL-10 and suppress the excessive inflammatory response in early
sepsis (Mosser and Zhang, 2008). However, some researchers
believe that in the immune paralysis stage of sepsis, the increased
Treg cell proportion and their inhibitory function may aggravate
immunosuppression in sepsis, leading to PICS (Tatura et al.,
2015). Despite this, one study showed that the survival rate of
septic mice did not increase after Treg cell depletion using anti-
CD25 antibody (Hein et al., 2010). Likewise, Increased natural
CD4+CD25+ regulatory T cells and their suppressor activity did
not affect the mortality of septic mice (Scumpia et al., 2006).
Moreover, at 24 h after sepsis, both Treg cell-deficient and
wildtype mice exhibited a strong inflammatory response, along
with immune cell migration toward the peritoneum and bacterial
seeding (Kühlhorn et al., 2013). However, in the late stage of
sepsis, the wildtype mice rapidly recovered from sepsis compared
to the Treg cell-deficient mice (Kühlhorn et al., 2013). Therefore,
although increasing the Treg cell proportion in early sepsis may
be beneficial to suppress the inflammatory response, excessive
Treg cell suppression in the late stage appears to be detrimental;
nonetheless, this hypothesis requires more evidence from basic
and clinical research.

PATHOPHYSIOLOGICAL MECHANISMS OF
SEPSIS

Imbalance Between SIRS and CARS
As a result of the in-depth understanding of sepsis, SIRS and
CARS are now known to be able to occur at the same time in the
early stage (László et al., 2015; Taeb et al., 2017). The combined
effect of the two states can cause tissue damage. SIRS is
predominant in the early stage, which can lead to symptoms
such as high fever, tachypnea, hypotension, and tachycardia (van
der et al., 2017). During this stage, M1 macrophages release
excessive pro-inflammatory cytokines, such as IL family members
(IL-1, IL-3, IL-6, IL-8 etc.), TNF-α, and IFN-γ, which aggravate
the immune damage (Liu et al., 2014). In most cases, the innate
immune response can eliminate the invading pathogens.
However, when the pathogens dominate, the host response
may become unbalanced.

With the progress of sepsis, the inflammatory reaction
gradually changes from overactivation to immunosuppression,
with themainmanifestations being decreased immune cell counts
and dysfunction. As the number of immature neutrophils
increases, their ability to engulf pathogens decreases, which
seriously affects the removal of pathogens and the body’s
resistance to pathogens (McDonald, 2018). M2 macrophages
secrete high levels of anti-inflammatory cytokines, such as IL-4
and IL-10, thereby reducing the immune function (Liu et al.,
2014; Chen et al., 2019). During this stage, regarding the adaptive
immune system, T cell apoptosis increases, Treg cell
proportionincreases, and a Th1/Th2 imbalance occurs (Luan
et al., 2015; Yoon et al., 2017). Under the combined action of

the abovementioned mechanisms, the body loses its normal
immune function and gradually enters the phase of immune
paralysis or immunosuppression. DAMPs can be recognized by
and activate the PRRs of many PAMPs, leading to vicious cycles
of persistent immune activation and organ dysfunction (Chan
et al., 2012; Deutschman and Tracey, 2014). With the
advancement of monitoring and treatment technologies, some
sepsis patients can survive the acute phase but develop the
chronic critical illness PICS.

Immune Dysfunction and Autophagy
Autophagy refers to the orderly spontaneous death of cells after
stimulation in order to maintain homeostasis of the internal
environment, involving multiple proteins and organelles. It is also
involved in the interactions between the immune system and
pathogens. The extremely complex pathophysiological process of
sepsis involves not only an inflammatory reaction imbalance and
immune dysfunction but also the dysregulation of autophagy.
The occurrence and development of abnormal autophagy are
closely related to MODS in sepsis patients.

Autophagy is activated in the early stage of sepsis and then
enters a restricted phase. The functions of autophagy are to
protect sepsis patients from developing MODS by preventing
apoptosis, maintaining the balance between pro-inflammatory
and anti-inflammatory cytokine production, and ensuring
optimal mitochondrial function. When these processes are out
of balance, sepsis and organ dysfunction occur (Ho et al., 2016).
Autophagy can be triggered by inhibiting nicotinamide
phosphoribosyltransferase (NAMPT) and reducing the
secretion of pro-inflammatory cytokines such as TNF-α, IL-1β,
and IL-6 (Li et al., 2018). Macrophages with autophagy-related
16-like 1 (Atg16L1) deficiency oversecrete IL-1β and IL-18 under
LPS stimulation (Saitoh et al., 2008). Additionally, autophagy-
deficient monocytes without Atg7 exhibit mitochondrial
dysfunction, resulting in excessive secretion of IL-1β (van der
et al., 2014). Furthermore, deletion of the key autophagy gene
light chain 3 (LC3) in two mouse models of sepsis (cecal ligation
puncture and intraperitoneal LPS injection) exhibited
significantly increased IL-1β and IL-18 secretion (Nakahira
et al., 2011). This suggests that autophagy deficiency
participates in sepsis by leading to an increase in the release of
inflammatory factors. The reduction in autophagy promotes the
inflammatory reaction and leads to cell death, which further
aggravates sepsis (Zhang et al., 2018).

Autophagy in the innate immune system plays important
protective roles in infectious, autoimmune, and inflammatory
diseases. In sepsis, macrophages express surface receptors,
identify pathogens, and release a large quantity of pro-
inflammatory factors, thereby enhancing autophagy, which in
turn negatively regulates macrophages. Macrophage polarization
decreases inflammasome activation and inflammatory factor
release, thereby exerting a protective effect. Autophagy
inhibition or even lack of macrophages was observed in the
experiment. The number of damaged mitochondria increased,
producing an excessive amount of ROS. The number of damaged
phagosomes containing bacterial components also increased.
These increases activated NOD-like receptor family pyrin
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domain-containing 3 protein (NLRP3), which induced an
inflammatory reaction. Increased autophagy can reduce the
inflammatory reaction mediated by this pathway, protecting
the organism (Qiu et al., 2019).

As a type of white blood cell, neutrophils play an important
role in the immune response. Research using phorbol 12-myristic
13-acetate (PMA) to stimulate neutrophils obtained from
patients with early-stage sepsis showed that promoting
autophagy increased NET formation. The protective functions
of NETs include removing microorganisms and participating in
the inflammatory reaction (Park et al., 2017).

In addition to affecting innate immune cells, autophagy’s
protective effect also includes adaptive immune cells, involving
a variety of cellular receptors and intracellular signaling
pathways. Autophagy can maintain homeostasis by regulating
T cells. For example, CD4+ T cells can undergo autophagy in
response to environmental changes to alter their biological
functions (Jacquin and Apetoh, 2018). In a mouse model of
cecal ligation puncture-induced sepsis with T cell-specific
deletion of a mouse-specific autophagy gene (Atg7 or Atg5),
peripheral CD4+ and CD8+ T cells rapidly underwent
apoptosis and the number of secondary lymphoid organs
decreased (Oami et al., 2017). Even with antigen stimulation,
the T cells were unable to proliferate (Oami et al., 2017). In this
model, reduced autophagy inhibited T cell activation, ultimately
increasing the bacterial load (Oami et al., 2017). The increased
mortality of the mice shows that autophagy-deficient T cells can
cause immune dysfunction in sepsis (Oami et al., 2017).

Autophagy has dual effects in the body. Under mild
stimulation, autophagy promotes cell survival by acting as a
quality control mechanism. Under severe or chronic
stimulation, excessive or insufficient autophagy can cause
excessive self-degradation and accumulation of toxic
substances, which can lead to cell death. Therefore, treating
sepsis-related organ injury by regulating autophagy may
become an effective sepsis treatment in the future. Autophagy
regulation differs between different organs, which exhibit
different physiological levels of autophagy and functions
related to autophagy. Current studies on autophagy are still in
the basic research stage, and the regulatory mechanisms at the
cellular level need to be identified. Furthermore, the mechanisms
underlying the transformation of autophagy from being
protective to promoting cell death remain unclear, and further
exploration is required using both animal experiments and
clinical trials.

Gene Polymorphisms
Gene polymorphism refers to the variation of gene sequences in
the same population. Gene polymorphisms determine the
susceptibility or tolerance of the body to stress stimuli and the
diversity of clinical manifestations and drug therapeutic effects,
thus further affecting an infected host’s gene expression and
prognosis (Behnes et al., 2013; Thompson et al., 2014). With the
deepening understanding of genomics, genetic differences are
considered to be the internal basis for the occurrence and
development of many diseases. Sepsis is caused by the joint
action of environmental and genetic factors, and its

occurrence and development can be independently or
synergistically affected by various genetic variations.

The mechanisms underlying the effects of gene
polymorphisms on sepsis have not yet been clarified. Current
research on sepsis-related gene polymorphisms mainly involve
TNF family members, IL family members, heat shock protein 70
(HSP70) (Giacconi et al., 2014), CD14, plasminogen activator
inhibitor (PAI-1), and mannose-binding lectin (MBL) (Özkan
et al., 2012; Mao et al., 2017). Polymorphisms of these genes are
closely associated with 28-days mortality among sepsis patients
(Mansur et al., 2015; Giamarellos-Bourboulis and Opal, 2016).
Studies on the relationships between gene polymorphisms and
sepsis can not only reveal the pathogenesis of sepsis at the gene
level, but also provide a new theoretical basis for the early
identification of sepsis and MODS, gene therapy, and
prognostic prediction. Genetic studies have shown that host
genetic variants can be used as biomarkers of sepsis
susceptibility. In addition, recent research has shown that rare
harmful gene variants can predict the post-sepsis course and
some may even have protective effects (Taudien et al., 2016).
Haplotype variations related to TNF-α can prevent patients with
SIRS from developing sepsis (Retsas et al., 2018). However, these
variations have no effect on disease severity or mortality, so the
associations between gene polymorphisms and sepsis prognosis
need further study.

MODS
It is rare that sepsis causes dysfunction of a single organ, as it can
affect almost all organs of the body. In clinical practice, the six
commonly evaluated organ systems are the cardiovascular,
respiratory, renal, nervous, blood, and liver systems. The
sequence usually involves dysfunction of the respiratory and
cardiovascular systems, impairment of liver and kidney
function and blood coagulation, followed by disorders of the
gastrointestinal and central nervous systems. As the number of
failing organs increases, the mortality rate increases (Vincent
et al., 2006; Sakr et al., 2012). Sequential Organ Failure
Assessment (SOFA) is used to objectively quantify organ
dysfunction, and it is a valuable indicator of prognosis
(Vincent et al., 1996).

Patients with sepsis usually suffer from coagulopathy, which
often causes thrombocytopenia and even disseminated
intravascular coagulation (DIC) in the late stage of the disease,
leading to significant deterioration. This is mainly due to the
activation of the coagulation pathway, the inhibition of the
anticoagulation pathway, and the reduced fibrinolytic system
function (Tsao et al., 2015; Lipinska-Gediga, 2016).
Endothelial cells play an important role in regulating the
vasomotor tone, movement of cells in and out of tissues,
blood coagulation system, and balance of inflammation and
anti-inflammatory signals. In sepsis, endothelial cell
dysfunction can cause extensive tissue edema, which further
aggravates the condition (Aird, 2003). In severe sepsis, changes
in endothelial cells are closely related to changes in the barrier
function of many organs. The dysfunction of the alveolar
epithelial barrier and pulmonary interstitial and alveolar
edema can cause acute respiratory distress syndrome (Matthay
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et al., 2012). The combined destruction of the endothelial and
epithelial barriers is the major mechanism underlying extensive
organ dysfunction. This can cause bacterial translocation due to
intestinal dysfunction and intestinal injury triggered by digestive
fluids. Acute kidney injury is also common in severe sepsis
(Alobaidi et al., 2015). The mortality of sepsis patients with
acute kidney injury or DIC was 2–3 times higher than that of
patients with sepsis only (Kudo et al., 2018).

The prevention and treatment of MODS in sepsis mainly
involves early monitoring and identification, drug treatments,
and organ function support, such as mechanical ventilation,
blood purification, and extracorporeal membrane oxygenation
(ECMO).

IMMUNOTHERAPY FOR SEPSIS

The process of understanding sepsis has been very complex, and
it was previously suggested that sepsis mainly occurs due to an
excessive inflammatory immune response of the host to infection.
Consequently, in the 1990s, many clinical studies focused on
restricting excessive inflammation, but substantial success was
not achieved. These disappointing results, together with the
advances in the understanding of the pathophysiology of
sepsis, have allowed sepsis to be recognized as a dysregulated
inflammatory response, rather than excessive inflammation.
Restoring immune homeostasis may be beneficial for sepsis
patients. Constructing and optimizing a dynamic immune
system treatment regimen based on anti-infection treatment,
fluid replacement, organ function support, and timely use of
immunomodulatory interventions may improve the prognosis of
sepsis patients.

Drugs to Reduce the Cytokine Storm
Regarding the sepsis-related cytokine storm, the cytokines that
induce excessive pathological inflammation remain unclear.
Thus, antibiotics remain the major means of treatment.
Currently, clinical trials have not shown cytokine-specific
monoclonal antibodies to be effective. However, research is
being conducted on glucocorticoids, cytokine antagonists,
ulinastatin, and blood purification to reduce the cytokine storm.

Glucocorticoids
Glucocorticoids have been used for a few decades to treat sepsis,
and their advantages and disadvantages remain disputed. Their
major function is to downregulate genes regulating the
inflammatory response (including NF-kB and AP-1) to
suppress innate immunity (Heming et al., 2018). However,
some key mechanisms of action remain unclear.
Hydrocortisone can reduce the serum levels of pro-
inflammatory mediators (TNF, IL-1, IL-6, and IL-8) in
patients with septic shock, while inhibiting the activation of
endothelial cells (based on the level of soluble E-selectin) and
neutrophils (Keh et al., 2003; Oppert et al., 2005). A recent
multicenter, double-blind, factorial randomized controlled trial
(RCT) suggested that hydrocortisone combined with
fludrocortisone compared to placebo improved the 90-days

mortality rate of sepsis patients (Annane et al., 2018).
However, no clinical trial has verified that hydrocortisone
monotherapy can improve the survival rate of septic shock
patients (Heming et al., 2018). The 2018 Guidelines for
Emergency Treatment of Sepsis and Septic Shock in China state
that intravenous injection of 200 mg hydrocortisone can be used
in patients with unstable hemodynamics after the use of
vasoactive drugs and fluid replacement (Cao et al., 2018).
Hopefully, multicenter RCTs will be carried out to determine
the safety and effectiveness of glucocorticoids for treating sepsis.

Cytokine Antagonists
The pathogenic process of sepsis is accompanied by the
production of excessive cytokines to regulate the
immune–inflammatory response of the body. Therefore,
theoretically speaking, it seems to be a promising strategy to
modulate these cytokines to reduce the disadvantages of the
sepsis-related host response. However, in the 1990s, the use of
the fusion proteins TNF receptor–Fc and p55 TNF receptor–IgG
to antagonize TNF was not shown to reduce the mortality rate of
septic shock patients (Fisher et al., 1996; Abraham et al., 1997). In
another study, when the serum IL-6 level in patients was
>1,000 pg/ml, the 28-days mortality rate significantly decreased
when the neutralizing anti-TNF-α antibody afelimomab was used
to adjust IL-6 to appropriate levels (Panacek et al., 2004).
However, patients with a low IL-6 level did not benefit from
this treatment (Panacek et al., 2004). In the treatment of critical
COVID-19 patients, the anti-IL-6 receptor (IL-6R) antibody
tocilizumab, which can bind to both membrane-bound and
soluble IL-6R, blocked downstream signal transduction and
improved the prognosis (Xu et al., 2020). In another two
studies, anti-IL-6 antibody combined with corticosteroids was
more beneficial than the monotherapies (Remap-Cap et al., 2021;
RECOVERY Collaborative Group, 2021).

Although many experiments involving mice with sepsis
suggest that the use of antibodies against pro-inflammatory
cytokines can antagonize their activities, alleviate the
inflammatory response, and thus improve the survival rate,
these therapies have not achieved satisfactory effects in sepsis
patients (Fisher et al., 1996).We believe that if administered at an
appropriate time point, cytokine regulation is definitely beneficial
for some patients. However, if the inflammatory cascade has
already passed the irreversible point, anti-cytokine treatment may
not provide more benefits. Additionally, it is inadvisable to block
some cytokines at the early stage of the disease. This is because
many cytokines are major regulators of inflammation and
immunity, and anti-cytokine treatment at the early stage of
infection may block beneficial immune responses.
Consequently, we believe that the timing, dosage, and target
cytokine levels are the keys to successful therapeutic effects of
anti-cytokine treatment in sepsis patients.

Ulinastatin
Ulinastatin is a natural anti-inflammatory substance found in
vivo. It suppresses the production and release of inflammatory
mediators to protect the vascular endothelium, and it can be
used to treat sepsis-related acute circulatory failure. Ulinastatin
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can reduce the pro-inflammatory levels (including TNF-α, IL-6,
and IFN-γ), increase the anti-inflammatory factor IL-10 level
(Tao et al., 2017), and promote the balance between pro-
inflammatory and anti-inflammatory responses, thus blocking
the cytokine storm induced by the vicious circle of inflammatory
responses. Animal studies suggest that high-dose ulinastatin
achieves a comparable anti-inflammatory effect to
glucocorticoids (Xu et al., 2018). In 2017, a meta-analysis of
eight RCTs suggested that ulinastatin combined with thymosin
α1 (Tα1) in sepsis patients suppressed pro-inflammatory factor
production, reduced the Acute Physiology and Chronic Health
Evaluation (APACHE) II score, shortened the durations of
mechanical ventilation, and improved the 28-days survival
rate (Liu et al., 2017). In addition, it does not induce
immunosuppression and causes fewer side effects than
glucocorticoids.

Blood Purification
Continuous blood purification (CBP) has become an important
means of life support treatment for critically ill patients. In
patients treated with CBP, pro- and anti-inflammatory
responses remain at low levels, which can block the cytokine
storm at the early stage of sepsis, thus blocking the development
of life-threatening sepsis (Bagshaw et al., 2008). Recent studies
have focused on the use of plasma exchange for treating sepsis. A
clinical study reported that therapeutic plasma exchange
significantly reduced the pro-inflammatory cytokine levels and
improved the hemodynamics of septic shock patients
(Knaup et al., 2018). The blood purification techniques applied
in the clinic can rapidly scavenge cytokines and inflammatory
mediators in the body. However, relevant high-quality
RCTs are lacking, and no treatments of this kind are
currently recommended in sepsis treatment guidelines (Ronco
et al., 2003).

Drugs to Enhance Innate Immunity
IFN-γ
IFN-γ is mainly produced by Th1 and NK cells, and it is the
marker cytokine of Th1 cells. It can enhance the bacterial
phagocytosis function of macrophages, promote scavenging of
bacteria, and upregulate PRRs to accelerate antigen presentation
by APCs (Burke and Young, 2019). In 1997, Döcke et al. (1997)
first verified that IFN-γ treatment significantly upregulated
mHLA-DR, enhanced TNF-α production by mononuclear
cells. IFN-γ secretion after in vitro stimulation was impaired
in peripheral blood mononuclear cells (PBMCs) from sepsis
patients compared to those from healthy controls (Boomer
et al., 2012). Moreover, IFN-γ secretion was decreased in
PBMCs from sepsis patients who died compared to those
from sepsis patients who survived. Regardless of these
promising preliminary clinical results, special attention should
be paid to the clinical safety of IFN-γ, as it is a pro-inflammatory
cytokine.

GM-CSF
GM-CSF is a hematopoietic growth factor that stimulates the
proliferation and differentiation of multiple immune cells

from myeloid stem cells to mature granulocytes. During
sepsis, GM-CSF can enhance the phagocytosis and
antimicrobial activity of neutrophils and mononuclear
macrophages to improve immunity (Borriello et al., 2019).
In 2002, a randomized, double-blind, placebo-controlled
phase II study showed that intravenous injection of low-
dose GM-CSF (3 μg kg−1·d−1) improved the oxygenation
index in sepsis patients with respiratory insufficiency, but it
did not improve the 30-days survival rate (Presneill et al.,
2002). In 2006, a double-blind, placebo-controlled RCT
showed that low-dose GM-CSF (3 μg kg−1·d−1) reduced the
antibacterial treatment duration, length of hospital stay, and
infection-related complications in sepsis patients with
abdominal infection (Orozco et al., 2006). These two
clinical trials did not reduce the in-hospital mortality of
sepsis patients. However, in sepsis patients, GM-CSF
restored the HLA expression on mononuclear cells, and
increased TNF release by white blood cells after LPS
stimulation (Nierhaus et al., 2003). In 2009, a double-blind
RCT showed that GM-CSF (4 μg·kg−1·d−1) significantly
upregulated mHLA-DR and significantly reduced the
durations of ventilator use, hospital stay, and intensive care
unit stay, Compared with the control group of patients (Meisel
et al., 2009). In 2018, a clinical trial of 10 patients treated with
GM-CSF (3 μg·kg−1·d−1 on four consecutive days) showed that
phagocytosis by neutrophils increased by 50%, which was
significantly higher than the rate in the placebo group
(Pinder et al., 2018). The study showed that GM-CSF may
improved phagocytosis by innate immune cells, reduced the
incidence of secondary infections, and thus improved the
prognosis of sepsis patients. However, the optimum dose
and treatment duration should be further explored.

Drugs to Enhance Adaptive Immunity
IL-7
IL-7 is produced in the bone marrow and thymus, and it is
necessary for the maturation and survival of T cells. In septic
mice, IL-7 reduced lymphocyte apoptosis, induced T cell
proliferation, promoted the migration of white blood cells to
the infection site, and improved the survival rate (Shindo et al.,
2017). Recently, a prospective, randomized, double-
blind,placebo-controlled phase II RCT on the therapeutic
effect of recombinant human IL-7 (CYT107) in 27 septic
shock patients with lymphopenia showed that the absolute
lymphocyte count and CD4+ and CD8+ T cell counts
significantly increased (Francois et al., 2018). Moreover, T cells
maintained favorable activation, and CYT107 did not induce an
excessive inflammatory response or aggravate organ dysfunction.
This trial was the first on immunoadjuvant therapy in
immunodeficient sepsis patients, and the results indicated the
relative safety of IL-7. This treatment represents a potential new
approach for treating sepsis patients by recovering adaptive
immunity.

Immunoglobulin (Ig)
Ig is a natural protein secreted by B cells. It can be used to
neutralize toxins in the body, reduce immune cell apoptosis,
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suppress inflammation, and mediate phagocytosis by
macrophages. Therefore, supplementing with Ig may improve
the prognosis of sepsis patients. Clinical studies on the effect of
intravenous immunoglobulin (IVIg) in patients with sepsis
(Werdan et al., 2007) and patients with severe SIRS after
cardiac surgery (Werdan et al., 2008) showed that it did not
reduce the mortality rate. RCTs obtained inconsistent results, and
a meta-analysis of these studies did not indicate overall benefits.
Therefore, IVIg was not recommended in the guidelines of the
most recent Surviving Sepsis Campaign in 2016 (Rhodes et al.,
2017). However, a meta-analysis in 2019 (19 studies with >150
patients) suggested that intravenous immunoglobulin rich in IgM
(IVIgM) reduced the risk of death among sepsis patients
(Kalvelage et al., 2019). This suggests that IgM-rich
preparations might help to kill bacteria in the body, thus
improving the prognosis of sepsis patients. The routine use of
Ig for treating sepsis is not currently recommended, but Ig can be
considered in sepsis patients with low Ig.

Thymosin α1 (Tα1)
Tα1 is an endogenous peptide secreted by organs such as the
thymus. It is a natural small molecule that has important regulatory
function in innate and adaptive immunity. It can activate DCs,
improve NK cell activity, directly enhance macrophage-mediated

phagocytosis and antibacterial effects, upregulate HLA-DR and
programmed death ligand 1 (PD-L1) on mononuclear cells,
increase the T cell count and activity, and enhance the
antibacterial activity of Th1 cells (Camerini and Garaci, 2015;
Van der et al., 2017). In recent years, a series of clinical trials onTα1
for sepsis have been conducted in China. In 2013, a multicenter,
single-blind RCT in China suggested that the 28-days mortality
rate in the Tα1 group significantly decreased compared to that in
the placebo group (26 vs. 35%, relative risk � 0.74), HLA-DR was
significantly upregulated, and there were no severe adverse drug
reactions (Wu et al., 2013). Therefore, the use of Tα1 may improve
the prognosis of severe sepsis patients. In a recent retrospective
cohort study of 334 critical COVID-19 patients at eight centers,
Tα1 significantly increased the 28-days survival rate and improved
the oxygenation index (Wu et al., 2020). A meta-analysis of 19
studies reported that Tα1 improves the prognosis of sepsis patients;
unfortunately, the overall sample size was small. Therefore, we still
need large high-quality RCTs to further verify the role of Tα1,
optimal dose, treatment duration, and target population among
sepsis patients.

Anti-PD-L1 Antibody/anti-PD-1 Antibody
Anti-Programmed death-ligand 1 (PD-L1) antibody/anti-
programmed cell death -1 (PD-1) antibody can restore T cell

FIGURE 3 | The ideal treatment for sepsis is routine treatment throughout the course of disease, continuous immunity monitoring, and moderate immunnity
intervention. Patients with early sepsis are classified into two types: non-inflammatory storm and inflammatory storm according to the monitoring of immune indexes on
admission: patients without inflammatory storm are given routine treatment, and appropriate anti-inflammatory storm therapy is adopted for patients with inflammatory
storm. Some patients may achieve immune homeostasis after treatment improvement, and continuous immune monitoring found that the other patients may
develope immunosuppression with the prolonged course of disease, so immunostimulation therapy is needed to finally restore the immune homeostasis. The goal of
immunotherapy in sepsis is to maintain immune homeostasis by continuously monitoring the time of intervention, guiding the dose and course of intervention.

Frontiers in Pharmacology | www.frontiersin.org July 2021 | Volume 12 | Article 71808913

Chen and Wei Rational Immunotherapy for Sepsis

https://www.frontiersin.org/journals/pharmacology
www.frontiersin.org
https://www.frontiersin.org/journals/pharmacology#articles


function by blocking PD-1/PD-L1 signaling, and it is a novel
anti-tumor immunotherapy regimen. Sepsis and cancer
share many similarities regarding immune mechanisms. PD-
1 and PD-L1 were significantly upregulated in mononuclear
cells and CD4+ cells from septic shock patients compared
to healthy subjects (Guignant et al., 2011; Shao et al., 2016).
This upregulation was closely related to the high nosocomial
infection and mortality rates. In mice with sepsis, this treatment
suppressed apoptosis, reversed immune dysfunction, and
improved the survival rate (Brahmamdam et al., 2010).
Recently, a phase I RCT (NCT02576457, BMS-936559) of 24
patients with sepsis-related immunosuppression verified the
safety of anti-PD-L1 antibody for treating sepsis (Hotchkiss
et al., 2019). The patients received low-dose (10–100 mg) or
high-dose (300–900 mg) treatment. The high-dose treatment
significantly upregulated monocytic HLA-DR, and maintained
this increase for over 28 days. There were no increased levels of
cytokines (such as IL-6, IL-8, or IL-10). The study preliminarily
verified the safety and potential effectiveness of anti-PD-L1
antibody/anti-PD-1 antibody treatment in sepsis patients with
immunosuppression. However, the conclusions should be
validated in phase II and III RCTs.

CONCLUSION AND PERSPECTIVES

With the deepened understanding of sepsis, it has gradually been
realized that the initially useful anti-infection treatment may not
resolve all the problems. Due to the inherent complexity of the
inflammatory response, in addition to ensuring the correct anti-

infection treatment, therapeutic strategies for sepsis should also
consider the patient’s basic immune status, pathogen-induced
immunological changes, cytokine levels, and the endothelial
protection and nutrition and metabolic support required.
Recent studies have indicated that the immune changes caused
by sepsis can seriously affect prognosis. Further in-depth research
on the immune mechanisms underlying sepsis is crucial to
therapeutic breakthroughs. It is reasonable to develop immune
monitoring and evaluation techniques along with individualized
treatment regimens for sepsis patients according to their
individual immunological characteristics.The use of correct
anti-infection treatment, fluid replacement, organ function
support, timely use of immunomodulatory interventions, and
development of accurate biomarkers to guide the clinical
management (rather than relying only on clinical
manifestations) might improve the treatment of patients with
sepsis (Figure 3).
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