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Sepsis is a severe state of infection with high mortality. Pathogen-associated molecular
patterns and damage-associated molecular patterns (DAMPs) initiate dysregulated
systemic inflammation upon binding to pattern recognition receptors. Exosomes are
endosome-derived vesicles, which carry proteins, lipids and nucleic acids, and facilitate
intercellular communications. Studies have shown altered contents and function of
exosomes during sepsis. In sepsis, exosomes carry increased levels of cytokines and
DAMPs to induce inflammation. Exosomal DAMPs include, but are not limited to, high
mobility group box 1, heat shock proteins, histones, adenosine triphosphate, and
extracellular RNA. Exosomes released during sepsis have impact on multiple organs,
including the lungs, kidneys, liver, cardiovascular system, and central nervous system.
Here, we review the mechanisms of inflammation caused by exosomes, and their
contribution to multiple organ dysfunction in sepsis.
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INTRODUCTION

Sepsis is systemic inflammation that occurs due to dysregulated host immune response to infection
(1). Sepsis affects approximately 30 million people worldwide leading to 6 million deaths every year
(2). Innate immunity plays a central role in sepsis. The two major types of molecules which induce
sepsis are pathogen-associated molecular patterns (PAMPs) and damage-associated molecular
patterns (DAMPs). PAMPs are molecules derived from microorganisms, typically represented by
lipopolysaccharide (LPS) (3). DAMPs, on the other hand, are molecules released from stressed
or dying cells (3). PAMPs and DAMPs induce inflammation upon binding to pattern recognition
receptors (PRRs) (3). Systemic inflammation induced by PAMPs and DAMPs cause multiple organ
dysfunction, which is the main cause of death due to sepsis (4). Despite decades of research, most
of the clinical trials in sepsis have failed (5). A better understanding of sepsis pathology is essential
to break through the current situation and significantly improve sepsis outcomes.

Exosomes are ∼40–150 nm endosome-derived vesicles released from cells (6). To form
and release of exosomes, at first, intraluminal vesicles (ILV) are formed by inward budding
of endosomes to form multivesicular bodies (MVBs), and then MVBs fuse with plasma
membrane to release exosomes into extracellular space by exocytosis (6). Exosomes facilitate
intercellular communication by routinely transferring functional protein, lipid and nucleic
acid biomolecules from cell to cell (6, 7). Another type of vesicles are ectosomes, which
are generated by outward budding of the plasma membrane and have a size of ∼50 nm
to 1 mm (6). Extracellular vehicles (EVs) usually represent a broader definition, which
includes both two types of vesicles (6). Since there are still technical difficulties in isolating
and purifying exosomes, especially in the sense of distinguishing them from other EVs, the
International Society for Extracellular Vesicles (ISEV) encourages to use “EVs” unless authors
can provide enough evidence for the identification of the vesicles they worked on within their
own experimental system (8). In fact, most exosomes or EVs in their literature are isolated
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using the same strategy (i.e., ultracentrifugation at
>100,000 × g). Therefore, in this review we also included
articles on EVs. On the other hand, we have excluded the
literatures using lower-speed centrifugation, which isolates larger
vesicles, even when they were called exosomes or EVs in the
literature (9). Sometimes, the original articles use the terms
“microvesicles” or “microparticles” instead of EVs. However,
here we mark them either exosomes or EVs, based on their
method of isolation, to avoid any confusion.

The clinical importance of exosomes in sepsis, especially
pertaining to their use as biomarkers and mediators, has already
been reviewed extensively (10). Therefore, here we mainly focus
on the experimental models and the mechanisms revealed in
basic research. Although exosomes can be used for drug delivery,
we mainly summarize the characteristics of naturally occurring
exosomes as opposed to those artificially generated. Exosomes
derived from some cell types, such as mesenchymal stem cells
(MSC), and some biological contents of exosomes, such as a part
of miRNAs, have been shown to have therapeutic potential, but
here we mainly focus on the mechanisms of inflammation and
sepsis development (6). Even though not all the cited publications
had a primary focus on sepsis, we incorporated all identified
articles that were related with sepsis pathology.

Here we briefly summarize the overall impact of exosomes
in sepsis, followed by the detailed review of the studies, which
revealed their contents, the interacting signaling pathways, and
the impact on different cell types and organs.

EXOSOMES IN SEPSIS

Exosomes play a significant role in sepsis, since they can induce
inflammation by activating cells with their contents (6). The
number of exosomes was elevated in the sera of mice after the
injection of LPS, a major bacterial component which induces
endotoxemia – a syndrome that recapitulates most aspects of
sepsis (11). In vitro experiments also showed that the amount of
exosomes was increased in the media of LPS-challenged cells (12).
These experiments indicate the possibilities of increased release
and decreased uptake of exosomes during sepsis. Consistent with
the increase number of neutrophils in sepsis, neutrophil-derived
EVs dramatically increased in the blood of mice subjected to
cecal ligation and puncture (CLP), a commonly used animal
model of sepsis due to suppurated peritonitis (13). The overall
contribution of exosomes to sepsis was studied using GW4869,
which inhibits exosome generation. Treatment with GW4869
significantly improved the survival of mice subjected to LPS-
injection or CLP, suggesting exosomes might play important roles
in sepsis (14).

CONTENTS OF EXOSOMES AND
SIGNALING PATHWAYS TO INDUCE
INFLAMMATION

The contents of exosomes vary among different cell types of
origin, pathological condition, and environment. Besides sepsis,

many studies revealed the heterogeneity of exosomes in terms of
their markers and also their function. For example, the proteome
of exosomes of breast cancer was able to show whether the cell
of origin was epithelial like or mesenchymal like (6). Another
example is exosomes from antigen-presenting cells containing
MHC-II with the antigenic peptide together with co-stimulatory
signals, enable direct antigen presentation to T cells, followed by
T cells activation (6). In sepsis, as well, exosomes characteristics
and contents may differ compared to the healthy state.

Cytokines
Cytokines are small proteins which induce cellular signaling.
Cytokines are critical factors in sepsis, whose pathogenesis is
typically described as a “cytokine storm” (15). Sepsis patients
show increased levels of various cytokines, both proinflammatory
and immunosuppressive, locally, and systemically (15, 16).
Protein array analysis of exosomes from septic mice showed
that some of the pro-inflammatory cytokines, such as IL-1β,
IL-2, IL-6, and TNF-α, started to augment in the early phase
followed by other pro-inflammatory cytokines, including IL-
12, IL-15, IL-17, and IFN-γ, in the late phase (11). Consistent
with sepsis pathology, anti-inflammatory cytokines, IL-4 and
IL-10, contained in exosomes of sepsis mice increased in
the late phase (11). Moreover, GW4869, exosome inhibitor,
significantly attenuated the levels of systemic cytokines of mice
subjected to LPS-injection or CLP (14). Exosomal cytokines
were suggested to be biologically active upon interacting with
cells, even when they were encapsulated in the interior of the
exosomes (17).

TLR Signaling
Toll-like receptors (TLRs) are arguably the most important and
well-studied PRRs, which initiate innate immunity (18). The
most typical mechanism to describe the initiation of sepsis is
the activation of TLR4 by LPS, which is a major components
of the outer membrane of gram-negative bacteria (18). The
activation of TLR4 and its adaptor protein, MyD88, induces
the downstream signaling that leads to NF-κB activation and
results in cytokine production (18). Other types of TLRs,
such as TLR2, TLR7, and TLR9, have also been implicated
in sepsis pathogenesis (19). The involvement of TLRs in the
release of inflammatory exosomes in sepsis was suggested by
the cells’ responsiveness to LPS, and further demonstrated by
studies with DAMPs, described below. Conversely, exosomes
in sepsis were able to induce TLR signaling when they were
co-cultured with cells such as macrophages (20–25). Exosomes
isolated from septic mice or released from cells stimulated with
LPS or infected with pathogens initiated cellular signaling via
TLRs, including TLR2, TLR4, and TLR7, along with MyD88,
activated NF-κB, and promoted the production of cytokines and
chemokines, such as IL-6, TNF-α, IL-1β, and MIP-2 (20–25).
Exosomes from LPS-stimulated monocytes upregulated ICAM-
1 and chemokine ligand (CCL)-2 mRNAs in endothelial cells
via TLR4 and NF-κB, suggesting their potential contribution to
neutrophil migration and vascular leakage (25). Furthermore,
exosomes have been implicated in the transfer of TLR4 to
TLR4-negative cells by studies in which TLR4 knock-out cells
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co-cultured with WT exosomes regained cellular responsiveness
to LPS (26).

NLR/Inflammasome Signaling
Nod like receptors (NLRs) are other important PRRs in
inflammation, including sepsis (27). Among the most
characterized is NLR family pyrin domain containing 3
(NLRP3) inflammasome, which is a molecular complex known
to have potential to activate caspase-1 and induce IL-1β

release (27). Exosomes released from LPS-treated macrophages
induced NLRP3 inflammasome and caspase-1 activation of cells
in vitro and in vivo, which was associated with the infiltration
of macrophages and neutrophils into the tissues (28). The
proteomic profiling of the exosomes showed the upregulation
of exosomal proteins related with NOD-like receptor signaling
pathway (28). A relevant study showed that EVs derived from
Staphylococcus aureus activated NLRP3 inflammasome and
caspase-1 of human macrophages, which resulted in IL-1β

and IL-18 release (29). Pore forming toxins contained in EVs
were critical for the NLRP3-dependent caspase-1 activation
(29). Besides the role of exosomes on the activation of NLR
signaling, caspase-1 in the interior of exosomes (but not on
their surface) induced endothelial cell apoptosis (30). Given the
fact that inflammasome plays a pivotal role in sepsis-induced
inflammation and tissue injury, exosomal inflammasome may
take part in fueling inflammation in sepsis.

DAMPs
Damage-associated molecular patterns are endogenous
molecules released upon cellular stress or tissue injury and
initiate inflammatory signaling by binding to PRRs (3). DAMPs
are released not only passively by necrosis, but also actively via
cytoplasmic vesicles (3). Indeed, exosomes or EVs are shown
to carry increased levels of DAMPs, including high mobility
group box 1 (HMGB1), heat shock proteins, histones, adenosine
triphosphate (ATP), and extracellular RNAs (exRNAs), in
septic condition or upon LPS stimulation as described later
individually. Of note, most of the preceding studies about
DAMPs regarded them as contents of exosomes, and the impact
of DAMPs on exosomal release and exosomal characteristics is
still largely unknown. Here, we briefly describe the exosomal
contents of DAMPs and their impacts on inflammation (Figure 1
and Table 1).

HMGB1
High mobility group box 1 is a nuclear protein which regulates
gene expression and chromatin architecture intracellularly, but
is also known as a DAMP once it is released into the
extracellular space (3). Consistent with the elevated HMGB1
levels in sepsis patients, exosomes released from cells challenged
with LPS or infected with pathogen contain increased levels
of HMGB1 (24, 31). In addition, injection of GW4869,
exosome inhibitor, or knockdown of Rab27, a GTPase required
for exosome release, into LPS-challenged mice resulted in
significant lower levels of HMGB1 in the plasma, suggesting
the importance of exosomes as couriers of HMGB1 during
sepsis (31). Several mechanisms of the release of exosomal

HMGB1 from cells have been revealed so far, such as the
activation of TLR4 and caspase-11/gasdermin D (GSDMD)
signaling, decreased autophagy and endoplasmic reticulum (ER)
stress, all of which are important cellular mechanisms of
sepsis pathophysiology (31–33). HMGB1-enriched exosomes
released from autophagy-deficient cells treated with IL-1β

and TNF-α induced pro-inflammatory genes, including IL-
1α, IL-1β, IL-6, Ccl2, and Cox2, when it was co-cultured
with cells (32). Depletion of HMGB1 resulted in attenuated
NF-κB activation induced by the exosomes (24). HMGB1
usually induces intracellular signaling pathways by binding
to PRRs, including advanced glycation end products (RAGE),
TLR2, TLR4, TLR9, and triggering receptor expressed on
myeloid cells-1 (TREM-1) (3). However, it still remains to
be confirmed whether exosomal HMGB1 works via similar
mechanisms as free HMGB1.

Heat Shock Proteins
Heat shock proteins (HSPs) are molecular chaperones
maintaining cellular homeostasis, but extracellular HSPs
often work as DAMPs to induce inflammation (34). HSP70 is
one of the major molecules found in exosomes and often used
as a marker to identify exosomes (9). The clinical relevance
of HSP70 in sepsis was indicated by its elevated levels in
the sera of septic patients, which correlated with oxidative
damage (35). A couple of in vitro experiments showed that
the levels of exosomal HSP70 were increased after heat shock
and further augmented by LPS stimulation, as well as by ER
stress and mycobacterial infection (33, 36, 37). Similar to
extracellular HSP70, exosomal HSP70 has the potential to
become pro-inflammatory as it induced TNF-α release from
macrophages via NF-κB activation (37). HSP90 also works as
a DAMP by inducing inflammatory signaling or prolonging
neutrophil survival, and its inhibition is shown to attenuate
organ dysfunction and improve survival in experimental model
of sepsis (38, 39). Exosomal HSP90 was shown to be elevated
under autophagy deficiency with IL-1β and TNF-α treatment,
and was associated with the induction of pro-inflammatory
genes, including IL-1α, IL-1β, IL-6, Ccl2, and Cox2, of its
affecting cells (32).

Histones
Histones are proteins which are components of chromatin.
Histone families H2A, H2B, H3, and H4 form nucleosome
and regulate gene transcription and chromatin compaction.
Extracellular histones can bind to TLRs and act as DAMPs
(3). Histones are released to extracellular environment during
sepsis due to cellular stress and are related with its severity,
including multiple organ dysfunction, coagulopathy and even
mortality (40). Histones are also major components of neutrophil
extracellular traps (NETs), which trap pathogens but can also
result in tissue damage to the host (3). Consistent with sepsis
pathology, histone levels of EVs were elevated by LPS stimulation
and ER stress in vitro (21, 33). Histones were present on the
outer surface of exosomes, thus were suggested to interact
with TLR4 directly. Indeed, both anti-histone antibody and
trypsin, which was used to remove histones on the surface
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FIGURE 1 | Synopsis of release and impact of exosomes in sepsis. Cellular signaling initiated by PAMPs-PRRs interaction or cell stress promotes the release of
exosomes enriched with cytokines, DAMPs, and miRNAs. The released exosomes induce cellular signaling via PRRs, NF-κB or caspase-1, leading to apoptosis, M1
polarization, and cytokine release.

TABLE 1 | Exosomal DAMPs and their impact on inflammation.

DAMPs in exosomes Stimuli Interacting pathway Outcomes (production of
pro-inflammatory molecules)

HMGB1 LPS (31), Pathogen (24),
IL-1β (32), TNF-α (32)

TLR4 (31), Caspase-11/GSDMD
(31), Autophagy deficiency (32), ER
stress (33), NF-κB (24)

IL-1α (32), IL-1β (32), IL-6 (32), CCL2
(32), COX-2 (32)

HSPs Heat shock (36), LPS (36),
Pathogen (37), IL-1β (32),
TNF-α (32)

Autophagy deficiency (32), ER
stress (33), NF-κB (37)

TNF-α (37), IL-1α (32), IL-1β (32), IL-6
(32), CCL2 (32), COX-2 (32)

Histones LPS (21) TLR4 (21), ER stress (33) TNF-α (21), IL-1β (21), IL-6 (21)

ATP LPS (42) P2Y11 (42) TNF-α (42), IL-1β (42), IL-6 (42), IL-12
(42), M1 polarization (42)

exRNAs LPS (51, 53) TLRs (45), NLRs (45), RLRs (45),
Apoptosis (46), NF-κB (52, 53),
SOCS-1↓ (52, 53), SHIP1↓ (52)

MCP-1 (53), IL-1β (53), IL-6 (52, 53),
TNF-α (52, 53), iNOS (53), M8

proliferation (52), M1 polarization (53)

HMGB1, high mobility group box 1; TLR, Toll-like receptor; GSDMD, Gasdermin D; COX-2, cyclooxygenase-2; HSPs, heat shock proteins; ER, endoplasmic reticulum;
ATP, adenosine triphosphate; exRNA, extracellular RNA; SOCS, suppressors of cytokine signaling; MCP-1, monocyte chemoattractant protein 1; SHIP1, Src homology 2
(SH2) domain containing inositol polyphosphate 5-phosphatase 1.

of exosomes, significantly reduced the expression of pro-
inflammatory cytokines, including TNF-α, IL-1β, and IL-6 of the
treating cells in a TLR4-dependent manner (21).

ATP
Adenosine triphosphate is a nucleotide which plays a pivotal role
in cellular metabolism. Extracellular ATP has potential to induce
inflammation by binding to P2X receptors (P2XR), followed by
the activation of the p38 MAPK signaling pathway (3). Excessive
ATP in the serum of septic patients results in dysregulated
neutrophil activity by interfering with the autocrine purinergic
signaling system that regulates neutrophil function (41). ATP
was shown to be released from macrophages by LPS stimulation
via exocytosis, and ATP-enriched vesicles were found in cytosol
of those cells, indicating EV-dependent pathway of ATP release

in sepsis. ATP released via exocytosis were suggested to play a
role in the production of cytokines, including IL-1β, IL-6, IL-12,
and TNF-α, and M1 polarization of macrophages through P2Y11
receptor in vitro and in vivo (42).

Extracellular RNAs
While a number of extracellular RNAs or exRNAs with different
function have been discovered, a part of them have potential
to induce inflammatory response and act as DAMPs in sepsis
(43). In general, exosomes are important couriers of exRNAs.
Exosomes encapsulate exRNAs and thus protect them from
degradation by RNAases in the biological fluid e.g., blood, urine,
saliva, cerebrospinal fluid, breast milk, and follicular fluid (44).
Exosomal exRNAs are recognized by PRRs, such as TLRs, NLRs,
and RIG-I-like receptors (RLRs) of their interacting cells and
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initiate immune response (45). A recent study showed that
exosomes released from apoptotic endothelial cells contained
enormous amount of diversified viral-like RNAs, which have
potential to activate PRRs (46).

Exosomes are abundant in microRNAs (miRNAs), small
non-coding RNAs which regulate gene expression (44, 47).
Dysregulated miRNAs in sepsis patients include, but not limited
to, miR-25, miR-130b-3p, miR-133a, miR-146, miR-150, and
miR-223 (48, 49). MiR-146 and miR-155 are well-characterized
miRNAs induced by proinflammatory stimuli such as LPS and
linked to TNF-α production (50). After both in vitro and in vivo
LPS stimulation, exosomes contained increased amount of miR-
146a and miR-155 (51). Exosomal miR-155 induced IL-6 and
TNF-α production via NF-kB activation by targeting suppressor
of cytokine signaling-1 (SOCS-1), and promoted macrophage
proliferation by targeting SHIP1 (52). Exosomal miR-19b-3p was
also increased by LPS stimulation and promoted M1 polarization
and cytokine production (53). In the serum of CLP mice,
exosomes showed elevated levels of miR-16, miR-17, miR-20a,
miR-20b, miR-26a, and miR-26b, however their effects were not
tested in the study (54).

IMPACT OF EXOSOMES ON IMMUNE
CELLS

Exosomes have an impact on different types of immune cells
during sepsis. In sepsis, exosomes affect macrophages to induce
NF-κB activation, cytokine production, such as IL-1β, IL-6, IL-
12, and TNF-α, and M1 polarization as we aforementioned
(20–23, 42, 53). Regulatory T cell-derived exosomes increased IL-
10 and decreased IL-6 production of dendritic cells upon LPS
stimulation, indicating their contribution to immunosuppression
in sepsis (55). Lymphocytes are also affected by extracellular
exosomes. Septic mice release exosomes, which promote Th1 and
Th2 differentiation and induce the proliferation and migration
of lymphocytes (11). A study showed that exosomes from LPS-
treated dendritic cells endowed B cells with the ability to activate
naive T cells in vitro and primed naive T cells via MHC class II
and ICAM-1 in vivo (56). Another study showed that exosomes
from LPS-challenged dendritic cells encountered with activated
T cells were enriched in miR-155, HLA-I and ICAM-1, and were
able to activate peptide-specific CD8+ T-cells (57).

In the above sections while describing the impact of
exosomal contents in inducing inflammation in immune-reactive
cells, macrophages, and lymphocytes were mainly emphasized.
However, in sepsis neutrophils are one of the major leukocytes to
play first line of defense as well as cause exaggerated inflammation
and tissue injury when they are aberrantly activated (3). Upon
activation, neutrophils expel their chromatin contents decorated
with citrulinated histone H3, MPO, and DAMPs, which are
collectively called NETs (3). Although NETs may trap and kill
bacteria, excessive NET formation in sepsis cause tissue damage
(3). DAMPs like eCIRP directly induces NETosis in sepsis in
lungs and blood (58, 59). This implies that exosomes may induce
NET formation as they contain DAMPs and other stimulants
of NETs (Table 1). Further studies are awaited to confirm this

implication. Besides DAMPs, exosomal miR-146a released from
macrophages challenged with oxidized low-density lipoprotein
(oxLDL), a molecular complex shown to be involved in sepsis
pathology, promoted NET formation via inducing oxidative
stress (60, 61).

IMPACT OF EXOSOMES ON ORGAN
SYSTEMS

Organ dysfunction is the major cause of death during sepsis (4).
Organ dysfunction in sepsis has been particularly highlighted
after it was explicitly included in the current SEPSIS-3
diagnostic criteria requiring a≥2-point increase in the Sequential
Organ Failure Assessment (SOFA) Score (1). Exosomes can
promote the dysfunction of multiple organs in sepsis. Here, we
described about exosomes in sepsis and their impact on organ
dysfunction (Table 2).

Lungs
Lung is one of the most vulnerable organs to systemic
inflammation (62). Therefore, septic patients are often
accompanied by acute lung injury (ALI) or acute respiratory
distress syndrome (ARDS), which further increases the sepsis-
associated mortality (62). In sepsis, circulating inflammatory
molecules damage the alveolar-capillary barrier to induce
the influx of pulmonary edema fluid and lung injury (62).
Exosomes were increased in the bronchoalveolar lavage fluid
(BALF) of infectious and non-infectious ALI mice (63). Caspase-
1 encapsulated in exosomes released from LPS-challenged
macrophages induced lung endothelial cell apoptosis, indicating
their contribution to the disruption of the alveolar-capillary
barrier (30). The injection of exosomes isolated from the serum
of LPS-challenged mice increased the number of total and
M1 macrophages and the levels of TNF-α and IL-6 in the
lungs, which was associated with the increase of miR-155 (52).
Although ARDS has attracted clinical attention for decades, none
of the proposed therapies for ARDS including sivelestat sodium,
neutrophil elastase inhibitor, have yet to show its clinical effect
sufficiently (64). We might have overlooked the significance of
exosomes as they cause inflammatory response and cell death in
lungs independent of neutrophil activity (30, 52).

Kidneys
Acute kidney injury (AKI) is a common complication of sepsis
and is associated with increased morbidity and mortality (65).
PAMPs and DAMPs activate PRRs of immune cells, endothelial
cells, and tubular epithelial cells to induce cytokine production
and cause inflammation in kidney during sepsis (65). MiRNA-
19b-3p derived from tubular epithelial cells of LPS-induced AKI
mice promoted M1 macrophage activation, which was associated
with the activation of NF-κB and the upregulation of MCP-1,
IL-1β, IL-6, TNF-α, and iNOS, by suppressing SOCS-1 in vitro,
and induced the upregulation of MCP-1 and IL-6, macrophage
infiltration, and tubulointerstitial inflammation of kidney in vivo
(53). Exosomes of patients with AKI, not only limited to sepsis,
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TABLE 2 | Exosomes in sepsis and their impact on organ dysfunction.

Organs Exosomal contents Outcomes (ex vivo) Outcomes (in vivo)

Lungs Caspase-1 (30), MiR-155 (52) Apoptosis (30) TNF-α (52), IL-6 (52), MPO (52),
M8 infiltration (52), M1 polarization
(52)

Kidneys MiR-19b-3p (53), GPRC5B (66) NF-κB (53), SOCS-1↓(53), ERK1/2
(66), MCP-1 (53), IL-1β (53), IL-6
(53), TNF-α (53), iNOS (53), M1
polarization (53), Tubulogenesis (66)

MCP-1 (53), IL-6 (53), M8

infiltration (53), Tubulointerstitial
inflammation (53)

Liver HMGB1 (32), HSP90 (32), MiR-155
(70), MiR-103-3p (72)

NLRP3 (28), Caspase-1 (28), IL-1α

(32), IL-1β (32), IL-6 (32), CCL2,(32)
COX-2 (32), α-SMA (72), TGF-β
(72), Col1a1 (72), KLF4↓ (72)

NLRP3 (28), Caspase-1 (28), M8

and neutrophil infiltration (28), AST
(28), ALT (28), LDH (28)

Cardiovascular System NADPH (76), ROS (76, 79), RNS
(76, 77, 79)

RNS (77), Myocardial dysfunction
(77), Caspase-3 (79), Apoptosis
(79)

Cardiac dysfunction (14) (Ejection
fraction↓, Fractional shortening↓)

CNS MiR-146a (51, 81), MiR-155 (51) NF-κB (51), TNF-α (51), IL-1β (51),
IL-6 (51), Nitric oxide (51)

NF-κB (51), TNF-α (51, 81), IL-1β

(51), IL-6 (51, 81), Nitric oxide (51)

Abbreviations: MiR, microRNA; MPO, myeloperoxidase; GPRC5B, GPCR class C group 5 member B; SOCS, suppressors of cytokine signaling; MCP-1,
monocyte chemoattractant protein 1; iNOS, Inducible nitric oxide synthase; HMGB1, high mobility group box 1; HSP90, heat shock protein 90; NLRP3, nucleotide-binding
domain leucine-rich repeat (NLR) and pyrin domain containing receptor 3; COX-2, cyclooxygenase-2; α-SMA, α-Smooth muscle actin; TGF-β, transforming growth factor-
β; KLF4, Kruppel-like factor 4; AST, aspartate aminotransferase; ALT, alanine aminotransferase; LDH, lactate dehydrogenase; NADPH, nicotinamide adenine dinucleotide
phosphate; ROS, reactive oxygen species; RNS, reactive nitrogen species.

carried increased GPRC5B, which promoted extracellular signal-
regulated kinase 1/2 (ERK1/2) activation and tubulogenesis, a
mechanism which has potential to attenuate AKI (66). Renal
replacement therapy has been proposed in sepsis not only to
support renal function but also to remove cytokines in the
circulation to improve patient’s outcomes and maintenance of the
kidney function, however its effect seems to be limited as to the
later purpose according to the randomized controlled trials (67,
68). Exosomes are one of the potential targets in sepsis-induced
AKI considering their contribution to the organ damage.

Liver
Sepsis causes liver dysfunction typically indicated by increased
bilirubin concentration and prolonged prothrombin time (69).
Kupffer cells, neutrophils, hepatocytes and liver sinusoidal
endothelial cells all contribute to the hepatic response in sepsis
(70). Several potential mechanisms have been reported for the
contribution of exosomes to liver dysfunction. Exosomes of LPS-
treated macrophages were taken up by the hepatocytes and,
subsequently, induced the activation of NLRP3 inflammasome
and caspase-1, the infiltration of macrophages and neutrophils,
and the elevation of AST, ALT, and LDH in the serum (28).
Exosomes released from autophagy-deficient cells contained
DAMPs, including HMGB1 and HSP90, and increased pro-
inflammatory genes, including IL-1α, IL-1β, IL-6, Ccl2, and
Cox2, of Kupffer cells (32). Exosomal miR-155, a micro-
RNA with pro-inflammatory activity, was elevated in the liver
of mice subjected to LPS and/or the TLR9 ligand cytidine-
phosphate-guanosine (CpG), suggesting its contribution to liver
dysfunction (71). Exosomes might also contribute to chronic
liver dysfunction after sepsis, as exosomal miR-103-3p from LPS-
activated macrophages targeted Krüppel-like factor 4 (KLF4) to
increase α-SMA, TGF-β, and Col1a1 of hepatic stellate cells,
which can contribute to liver fibrosis (72). As a whole, exosomes

induce acute and chronic liver dysfunction in sepsis by inducing
local inflammation and remodeling, respectively. Fresh frozen
plasma transfusion and plasma exchange are performed to sepsis
patients especially with liver failure (73). Exosomes have potential
to predict and improve the efficacy of the treatment as a
study showed exosomal characteristics are responsible for the
responsiveness to plasma exchange (74).

Cardiovascular System
Sepsis-induced cardiomyopathy is a main contributor to
septic shock together with hypovolemia (75). Sepsis-induced
cardiomyopathy is caused by pro-inflammatory mediators,
mitochondrial dysfunction, oxidative stress, altered calcium
regulation, abnormal autonomic nervous activity, and
endothelial dysfunction (75). Exosomes from septic patients
displayed increased levels of nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase activity and exhibited intrinsic
production of reactive oxygen species (ROS) and reactive
nitrogen species (RNS), all of them cause oxidative stress (76).
A study showed exosomes from sepsis patients were enriched
with nitric oxide (NO) and in turn induced myocardial NO
production. Isolated heart and papillary muscle preparations
exposed to those exosomes developed myocardial dysfunction,
which supports their functional significance (77). Peroxynitrite
was shown to be a major contributor to cytokine induced
myocardial contractile failure (78). Exosomes in sepsis generated
peroxynitrite while containing cytokines as we showed in the
previous section (79), suggesting their synergistic contribution to
cardiomyopathy in sepsis. In vivo experiments showed exosome
inhibitor GW4869 significantly improved the cardiac function of
mice subjected to LPS-injection or CLP, indicating the clinical
impact of exosomes on sepsis-induced cardiomyopathy (14).

Exosomes also contribute to vascular damage in sepsis.
A study showed that exosomes from sepsis patients induced
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apoptosis of endothelial cells and vascular smooth muscle cells
as a result of increased NADPH activity of the exosomes (76).
Similarly, another study showed exosomes in sepsis induced
endothelial cell apoptosis via caspase-3 activation by generating
superoxide, NO, and peroxynitrite (79). Taken together,
exosomes link to oxidative stress closely and induce myocardial
dysfunction and vascular cell apoptosis to develop septic shock.

Central Nervous System (CNS)
Sepsis patients often present impaired consciousness not only
due to shock but also due to septic encephalopathy (80).
Septic encephalopathy is characterized by diffuse cerebral
dysfunction caused by the systemic inflammatory response to
an infection, even without direct infection in central nervous
system (CNS) (80). Exosomes were increased in the cerebrospinal
fluid (CSF) of mice injected with LPS peripherally, suggesting
their importance for the molecular transport across blood-
brain barrier (BBB) during sepsis (51). Exosomes purified from
LPS-challenged mice were taken up by the microglia and
astrocyts and promoted the production of pro-inflammatory
cytokines, including TNF-α, IL-1β, and IL-6, in vitro and
in vitro, associated with the elevated levels of miR-146a and
miR-155 of the exosomes (51, 81). In addition, LPS acts on
microglia to release EVs containing increased levels of TNF-
α and IL-6, which might be clinically relevant as at least a
portion of LPS was shown to be able to penetrate into the
brain across BBB (82, 83). These studies show exosomes both
in the circulation or released locally induce inflammation in
the brain. Exosomes not only contribute to encephalopathy
directly but also have potential to cause systemic immune
dysfunction due to the collapse of neuroendocrine immune
networks, which ultimately results in a vicious cycle of
immunosuppression (84).

CONCLUSION AND FUTURE
DIRECTIONS

Exosomes play pleiotropic roles in sepsis, as they carry a myriad
of pro-inflammatory molecules, activate cellular signaling, and
induce multiple organ dysfunction. This review demonstrated the
release of exosomes, contents of exosomes, and the underlying
mechanism of exosome-mediated immune cell activation and
organ dysfunction in sepsis. As such, targeting excess exosome
release or maintaining their homeostasis by facilitating cellular
uptake could be the promising therapeutic approaches to treat
sepsis. We have recently discovered eCIRP, a DAMP to exaggerate
inflammation (85). Since several DAMPs were shown to be
present in the exosomes of septic mice and patients, identification
of eCIRP in exosomes isolated from sepsis mice or patients will be
of great interest. Future studies should be focused on determining
the interior and exterior molecules of exosomes and their impact
on sepsis pathophysiology.

AUTHOR CONTRIBUTIONS

AM and MA designed, wrote, and revised the manuscript. MB
critically reviewed the manuscript. PW reviewed and edited the
manuscript, and conceived the idea. MA and PW supervised the
project. All authors contributed to the article and approved the
submitted version.

FUNDING

This study was supported by the National Institutes of Health
(NIH) grants R35GM118337 (PW) and R01GM129633 (MA).

REFERENCES
1. Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer

M, et al. The third international consensus definitions for sepsis and septic
shock (Sepsis-3). JAMA. (2016) 315:801–10. doi: 10.1001/jama.2016.0287

2. Fleischmann C, Scherag A, Adhikari NK, Hartog CS, Tsaganos T, Schlattmann
P, et al. Assessment of global incidence and mortality of hospital-treated
sepsis. current estimates and limitations. Am J Respir Crit Care Med. (2016)
193:259–72. doi: 10.1164/rccm.201504-0781OC

3. Denning NL, Aziz M, Gurien SD, Wang P. DAMPs and NETs in sepsis. Front
Immunol. (2019) 10:2536. doi: 10.3389/fimmu.2019.02536

4. Vincent JL, Nelson DR, Williams MD. Is worsening multiple organ failure the
cause of death in patients with severe sepsis? Crit Care Med. (2011) 39:1050–5.
doi: 10.1097/CCM.0b013e31820eda29

5. Marshall JC. Why have clinical trials in sepsis failed? Trends Mol Med. (2014)
20:195–203. doi: 10.1016/j.molmed.2014.01.007

6. Kalluri R, LeBleu VS. The biology, function, and biomedical applications of
exosomes. Science. (2020) 367:eaau6977. doi: 10.1126/science.aau6977

7. Zhang ZG, Buller B, Chopp M. Exosomes–beyond stem cells for restorative
therapy in stroke and neurological injury. Nat Rev Neurol. (2019) 15:193–203.
doi: 10.1038/s41582-018-0126-4

8. Théry C, Witwer KW, Aikawa E, Alcaraz MJ, Anderson JD, Andriantsitohaina
R, et al. Minimal information for studies of extracellular vesicles 2018
(MISEV2018): a position statement of the International Society for
Extracellular Vesicles and update of the MISEV2014 guidelines. J Extracell
Vesicles. (2018) 7:1535750.

9. Colombo M, Raposo G, Théry C. Biogenesis, secretion, and intercellular
interactions of exosomes and other extracellular vesicles. Annu Rev
Cell Dev Biol. (2014) 30:255–89. doi: 10.1146/annurev-cellbio-101512-12
2326

10. Raeven P, Zipperle J, Drechsler S. Extracellular vesicles as markers and
mediators in sepsis. Theranostics. (2018) 8:3348–65. doi: 10.7150/thno.23453

11. Gao K, Jin J, Huang C, Li J, Luo H, Li L, et al. Exosomes derived from septic
mouse serum modulate immune responses via exosome-associated cytokines.
Front Immunol. (2019) 10:1560. doi: 10.3389/fimmu.2019.01560

12. Ti D, Hao H, Tong C, Liu J, Dong L, Zheng J, et al. LPS-preconditioned
mesenchymal stromal cells modify macrophage polarization for resolution
of chronic inflammation via exosome-shuttled let-7b. J Transl Med. (2015)
13:308. doi: 10.1186/s12967-015-0642-6

13. Herrmann IK, Bertazzo S, O’Callaghan DJ, Schlegel AA, Kallepitis C, Antcliffe
DB, et al. Differentiating sepsis from non-infectious systemic inflammation
based on microvesicle-bacteria aggregation. Nanoscale. (2015) 7:13511–20.
doi: 10.1039/c5nr01851j

14. Essandoh K, Yang L, Wang X, Huang W, Qin D, Hao J, et al. Blockade of
exosome generation with GW4869 dampens the sepsis-induced inflammation
and cardiac dysfunction. Biochim Biophys Acta. (2015) 1852:2362–71. doi:
10.1016/j.bbadis.2015.08.010

15. Chousterman BG, Swirski FK, Weber GF. Cytokine storm and sepsis disease
pathogenesis. Semin Immunopathol. (2017) 39:517–28. doi: 10.1007/s00281-
017-0639-8

16. Lin WC, Lin CF, Chen CL, Chen CW, Lin YS. Prediction of outcome in
patients with acute respiratory distress syndrome by bronchoalveolar lavage

Frontiers in Immunology | www.frontiersin.org 7 September 2020 | Volume 11 | Article 2140

https://doi.org/10.1001/jama.2016.0287
https://doi.org/10.1164/rccm.201504-0781OC
https://doi.org/10.3389/fimmu.2019.02536
https://doi.org/10.1097/CCM.0b013e31820eda29
https://doi.org/10.1016/j.molmed.2014.01.007
https://doi.org/10.1126/science.aau6977
https://doi.org/10.1038/s41582-018-0126-4
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://doi.org/10.1146/annurev-cellbio-101512-122326
https://doi.org/10.7150/thno.23453
https://doi.org/10.3389/fimmu.2019.01560
https://doi.org/10.1186/s12967-015-0642-6
https://doi.org/10.1039/c5nr01851j
https://doi.org/10.1016/j.bbadis.2015.08.010
https://doi.org/10.1016/j.bbadis.2015.08.010
https://doi.org/10.1007/s00281-017-0639-8
https://doi.org/10.1007/s00281-017-0639-8
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-02140 September 7, 2020 Time: 18:46 # 8

Murao et al. Exosomes in Sepsis

inflammatory mediators. Exp Biol Med (Maywood). (2010) 235:57–65. doi:
10.1258/ebm.2009.009256

17. Fitzgerald W, Freeman ML, Lederman MM, Vasilieva E, Romero R, Margolis
LA. System of cytokines encapsulated in extracellular vesicles. Sci Rep. (2018)
8:8973. doi: 10.1038/s41598-018-27190-x

18. Vaure C, Liu Y. A comparative review of toll-like receptor 4 expression and
functionality in different animal species. Front Immunol. (2014) 5:316. doi:
10.3389/fimmu.2014.00316

19. Weighardt H, Holzmann B. Role of Toll-like receptor responses for sepsis
pathogenesis. Immunobiology. (2007) 212:715–22. doi: 10.1016/j.imbio.2007.
09.010

20. Bhatnagar S, Shinagawa K, Castellino FJ, Schorey JS. Exosomes released
from macrophages infected with intracellular pathogens stimulate a
proinflammatory response in vitro and in vivo. Blood. (2007) 110:3234–44.
doi: 10.1182/blood-2007-03-079152

21. Nair RR, Mazza D, Brambilla F, Gorzanelli A, Agresti A, Bianchi ME. LPS-
challenged macrophages release microvesicles coated with histones. Front
Immunol. (2018) 9:1463. doi: 10.3389/fimmu.2018.01463

22. Xu J, Feng Y, Jeyaram A, Jay SM, Zou L, Chao W. Circulating plasma
extracellular vesicles from septic mice induce inflammation via MicroRNA-
and TLR7-dependent mechanisms. J Immunol. (2018) 201:3392–400. doi: 10.
4049/jimmunol.1801008

23. McDonald MK, Tian Y, Qureshi RA, Gormley M, Ertel A, Gao R, et al.
Functional significance of macrophage-derived exosomes in inflammation and
pain. Pain. (2014) 155:1527–39. doi: 10.1016/j.pain.2014.04.029

24. Wang Y, Shen Y, Liu H, Yin J, Zhang XT, Gong AY, et al. Induction of
inflammatory responses in splenocytes by exosomes released from intestinal
epithelial cells following cryptosporidium parvum infection. Infect Immun.
(2019) 87:e705–18. doi: 10.1128/IAI.00705-18

25. Tang N, Sun B, Gupta A, Rempel H, Pulliam L. Monocyte exosomes induce
adhesion molecules and cytokines via activation of NF-κB in endothelial cells.
FASEB J. (2016) 30:3097–106. doi: 10.1096/fj.201600368RR

26. Zhang Y, Meng J, Zhang L, Ramkrishnan S, Roy S. Extracellular vesicles with
exosome-like features transfer tlrs between dendritic cells. Immunohorizons.
(2019) 3:186–93. doi: 10.4049/immunohorizons.1900016

27. Swanson KV, Deng M, Ting JP. The NLRP3 inflammasome: molecular
activation and regulation to therapeutics. Nat Rev Immunol. (2019) 19:477–89.
doi: 10.1038/s41577-019-0165-0

28. Wang G, Jin S, Ling X, Li Y, Hu Y, Zhang Y, et al. Proteomic profiling of
LPS-induced macrophage-derived exosomes indicates their involvement in
acute liver injury. Proteomics. (2019) 19:e1800274. doi: 10.1002/pmic.20180
0274

29. Wang X, Eagen WJ, Lee JC. Orchestration of human macrophage NLRP3
inflammasome activation by Staphylococcus aureus extracellular vesicles. Proc
Natl Acad Sci USA. (2020) 117:3174–84. doi: 10.1073/pnas.1915829117

30. Mitra S, Wewers MD, Sarkar A. Mononuclear phagocyte-derived
microparticulate caspase-1 induces pulmonary vascular endothelial cell
injury. PLoS One. (2015) 10:e0145607. doi: 10.1371/journal.pone.0145607

31. Li W, Deng M, Loughran PA, Yang M, Lin M, Yang C, et al. LPS Induces active
HMGB1 Release from hepatocytes into exosomes through the coordinated
activities of TLR4 and caspase-11/GSDMD signaling. Front Immunol. (2020)
11:229. doi: 10.3389/fimmu.2020.00229

32. Shen Y, Malik SA, Amir M, Kumar P, Cingolani F, Wen J, et al. Decreased
hepatocyte autophagy leads to synergistic IL-1β and TNF mouse liver injury
and inflammation. Hepatology (2020). doi: 10.1002/hep.31209 [Epub ahead of
print].

33. Collett GP, Redman CW, Sargent IL, Vatish M. Endoplasmic reticulum
stress stimulates the release of extracellular vesicles carrying danger-associated
molecular pattern (DAMP) molecules. Oncotarget. (2018) 9:6707–17. doi: 10.
18632/oncotarget.24158

34. Calderwood SK, Gong J, Murshid A. Extracellular HSPs: the complicated
roles of extracellular HSPs in immunity. Front Immunol. (2016) 7:159. doi:
10.3389/fimmu.2016.00159

35. Gelain DP, de Bittencourt Pasquali MA, Comim M, Grunwald MS, Ritter
C, Tomasi CD, et al. Serum heat shock protein 70 levels, oxidant
status, and mortality in sepsis. Shock. (2011) 35:466–70. doi: 10.1097/SHK.
0b013e31820fe704

36. Tulapurkar ME, Ramarathnam A, Hasday JD, Singh IS. Bacterial
lipopolysaccharide augments febrile-range hyperthermia-induced heat
shock protein 70 expression and extracellular release in human THP1 cells.
PLoS One. (2015) 10:e0118010. doi: 10.1371/journal.pone.0118010

37. Anand PK, Anand E, Bleck CK, Anes E, Griffiths G. Exosomal Hsp70 induces a
pro-inflammatory response to foreign particles including mycobacteria. PLoS
One. (2010) 5:e10136. doi: 10.1371/journal.pone.0010136

38. Gupta S, Lee CM, Wang JF, Parodo J, Jia SH, Hu J, et al. Heat-shock protein-90
prolongs septic neutrophil survival by protecting c-Src kinase and caspase-8
from proteasomal degradation. J Leukoc Biol. (2018) 103:933–44. doi: 10.1002/
JLB.4A0816-354R

39. Chatterjee A, Dimitropoulou C, Drakopanayiotakis F, Antonova G, Snead C,
Cannon J, et al. Heat shock protein 90 inhibitors prolong survival, attenuate
inflammation, and reduce lung injury in murine sepsis. Am J Respir Crit Care
Med. (2007) 176:667–75. doi: 10.1164/rccm.200702-291OC

40. Yokoyama Y, Ito T, Yasuda T, Furubeppu H, Kamikokuryo C, Yamada S,
et al. Circulating histone H3 levels in septic patients are associated with
coagulopathy, multiple organ failure, and death: a single-center observational
study. Thromb J. (2019) 17:1. doi: 10.1186/s12959-018-0190-4

41. Ledderose C, Bao Y, Kondo Y, Fakhari M, Slubowski C, Zhang J, et al.
Purinergic signaling and the immune response in sepsis: a review. Clin Ther.
(2016) 38:1054–65. doi: 10.1016/j.clinthera.2016.04.002

42. Sakaki H, Tsukimoto M, Harada H, Moriyama Y, Kojima S. Autocrine
regulation of macrophage activation via exocytosis of ATP and activation
of P2Y11 receptor. PLoS One. (2013) 8:e59778. doi: 10.1371/journal.pone.
0059778

43. Roers A, Hiller B, Hornung V. Recognition of endogenous nucleic acids by the
innate immune system. Immunity. (2016) 44:739–54. doi: 10.1016/j.immuni.
2016.04.002

44. Sadik N, Cruz L, Gurtner A, Rodosthenous RS, Dusoswa SA, Ziegler O, et al.
Extracellular RNAs: a new awareness of old perspectives. Methods Mol Biol.
(2018) 1740:1–15. doi: 10.1007/978-1-4939-7652-2_1

45. O’Brien K, Breyne K, Ughetto S, Laurent LC, Breakefield XO. RNA delivery by
extracellular vesicles in mammalian cells and its applications. Nat Rev Mol Cell
Biol. (2020) 20:1–22. doi: 10.1038/s41580-020-0251-y

46. Hardy MP, Audemard É, Migneault F, Feghaly A, Brochu S, Gendron P, et al.
Apoptotic endothelial cells release small extracellular vesicles loaded with
immunostimulatory viral-like RNAs. Sci Rep. (2019) 9:7203. doi: 10.1038/
s41598-019-43591-y

47. Kloosterman WP, Plasterk RH. The diverse functions of microRNAs in animal
development and disease. Dev Cell. (2006) 11:441–50. doi: 10.1016/j.devcel.
2006.09.009

48. Benz F, Roy S, Trautwein C, Roderburg C, Luedde T. Circulating MicroRNAs
as biomarkers for sepsis. Int J Mol Sci. (2016) 17:78. doi: 10.3390/
ijms17010078

49. Gurien SD, Aziz M, Jin H, Wang H, He M, Al-Abed Y, et al. Extracellular
microRNA 130b-3p inhibits eCIRP-induced inflammation. EMBO Rep. (2020)
21:e48075. doi: 10.15252/embr.201948075

50. Sheedy FJ, O’Neill LA. Adding fuel to fire: microRNAs as a new class of
mediators of inflammation. Ann Rheum Dis. (2008) 67(Suppl. 3):iii50–5. doi:
10.1136/ard.2008.100289

51. Balusu S, Van Wonterghem E, De Rycke R, Raemdonck K, Stremersch
S, Gevaert K, et al. Identification of a novel mechanism of blood-brain
communication during peripheral inflammation via choroid plexus-derived
extracellular vesicles. EMBO Mol Med. (2016) 8:1162–83. doi: 10.15252/
emmm.201606271

52. Jiang K, Yang J, Guo S, Zhao G, Wu H, Deng G. Peripheral circulating
exosome-mediated delivery of miR-155 as a novel mechanism for acute
lung inflammation. Mol Ther. (2019) 27:1758–71. doi: 10.1016/j.ymthe.2019.
07.003

53. Lv LL, Feng Y, Wu M, Wang B, Li ZL, Zhong X, et al. Exosomal miRNA-
19b-3p of tubular epithelial cells promotes M1 macrophage activation in
kidney injury. Cell Death Differ. (2020) 27:210–26. doi: 10.1038/s41418-019-
0349-y

54. Wu SC, Yang JC, Rau CS, Chen YC, Lu TH, Lin MW, et al. Profiling
circulating microRNA expression in experimental sepsis using cecal ligation
and puncture. PLoS One. (2013) 8:e77936. doi: 10.1371/journal.pone.0077936

Frontiers in Immunology | www.frontiersin.org 8 September 2020 | Volume 11 | Article 2140

https://doi.org/10.1258/ebm.2009.009256
https://doi.org/10.1258/ebm.2009.009256
https://doi.org/10.1038/s41598-018-27190-x
https://doi.org/10.3389/fimmu.2014.00316
https://doi.org/10.3389/fimmu.2014.00316
https://doi.org/10.1016/j.imbio.2007.09.010
https://doi.org/10.1016/j.imbio.2007.09.010
https://doi.org/10.1182/blood-2007-03-079152
https://doi.org/10.3389/fimmu.2018.01463
https://doi.org/10.4049/jimmunol.1801008
https://doi.org/10.4049/jimmunol.1801008
https://doi.org/10.1016/j.pain.2014.04.029
https://doi.org/10.1128/IAI.00705-18
https://doi.org/10.1096/fj.201600368RR
https://doi.org/10.4049/immunohorizons.1900016
https://doi.org/10.1038/s41577-019-0165-0
https://doi.org/10.1002/pmic.201800274
https://doi.org/10.1002/pmic.201800274
https://doi.org/10.1073/pnas.1915829117
https://doi.org/10.1371/journal.pone.0145607
https://doi.org/10.3389/fimmu.2020.00229
https://doi.org/10.1002/hep.31209
https://doi.org/10.18632/oncotarget.24158
https://doi.org/10.18632/oncotarget.24158
https://doi.org/10.3389/fimmu.2016.00159
https://doi.org/10.3389/fimmu.2016.00159
https://doi.org/10.1097/SHK.0b013e31820fe704
https://doi.org/10.1097/SHK.0b013e31820fe704
https://doi.org/10.1371/journal.pone.0118010
https://doi.org/10.1371/journal.pone.0010136
https://doi.org/10.1002/JLB.4A0816-354R
https://doi.org/10.1002/JLB.4A0816-354R
https://doi.org/10.1164/rccm.200702-291OC
https://doi.org/10.1186/s12959-018-0190-4
https://doi.org/10.1016/j.clinthera.2016.04.002
https://doi.org/10.1371/journal.pone.0059778
https://doi.org/10.1371/journal.pone.0059778
https://doi.org/10.1016/j.immuni.2016.04.002
https://doi.org/10.1016/j.immuni.2016.04.002
https://doi.org/10.1007/978-1-4939-7652-2_1
https://doi.org/10.1038/s41580-020-0251-y
https://doi.org/10.1038/s41598-019-43591-y
https://doi.org/10.1038/s41598-019-43591-y
https://doi.org/10.1016/j.devcel.2006.09.009
https://doi.org/10.1016/j.devcel.2006.09.009
https://doi.org/10.3390/ijms17010078
https://doi.org/10.3390/ijms17010078
https://doi.org/10.15252/embr.201948075
https://doi.org/10.1136/ard.2008.100289
https://doi.org/10.1136/ard.2008.100289
https://doi.org/10.15252/emmm.201606271
https://doi.org/10.15252/emmm.201606271
https://doi.org/10.1016/j.ymthe.2019.07.003
https://doi.org/10.1016/j.ymthe.2019.07.003
https://doi.org/10.1038/s41418-019-0349-y
https://doi.org/10.1038/s41418-019-0349-y
https://doi.org/10.1371/journal.pone.0077936
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


fimmu-11-02140 September 7, 2020 Time: 18:46 # 9

Murao et al. Exosomes in Sepsis

55. Tung SL, Boardman DA, Sen M, Letizia M, Peng Q, Cianci N, et al. Regulatory
T cell-derived extracellular vesicles modify dendritic cell function. Sci Rep.
(2018) 8:6065. doi: 10.1038/s41598-018-24531-8

56. Segura E, Nicco C, Lombard B, Véron P, Raposo G, Batteux F, et al. ICAM-
1 on exosomes from mature dendritic cells is critical for efficient naive T-cell
priming. Blood. (2005) 106:216–23. doi: 10.1182/blood-2005-01-0220

57. Lindenbergh MFS, Koerhuis DGJ, Borg EGF, van ’t Veld EM, Driedonks
TAP, Wubbolts R, et al. Bystander T-cells support clonal T-cell activation
by controlling the release of dendritic cell-derived immune-stimulatory
extracellular vesicles. Front Immunol. (2019) 10:448. doi: 10.3389/fimmu.2019.
00448

58. Ode Y, Aziz M, Jin H, Arif A, Nicastro JG, Wang P. Cold-inducible RNA-
binding protein induces neutrophil extracellular traps in the lungs during
sepsis. Sci Rep. (2019) 9:6252. doi: 10.1038/s41598-019-42762-1

59. Murao A, Arif A, Brenner M, Denning NL, Jin H, Takizawa S, et al.
Extracellular CIRP and TREM-1 axis promotes ICAM-1-Rho-mediated
NETosis in sepsis. FASEB J. (2020) 34:9771–86. doi: 10.1096/fj.202000482R

60. Zhang YG, Song Y, Guo XL, Miao RY, Fu YQ, Miao CF, et al. Exosomes derived
from oxLDL-stimulated macrophages induce neutrophil extracellular traps to
drive atherosclerosis. Cell Cycle. (2019) 18:2674–84. doi: 10.1080/15384101.
2019.1654797

61. Al-Banna N, Lehmann C. Oxidized LDL and LOX-1 in experimental sepsis.
Mediators Inflamm. (2013) 2013:761789. doi: 10.1155/2013/761789

62. Englert JA, Bobba C, Baron RM. Integrating molecular pathogenesis and
clinical translation in sepsis-induced acute respiratory distress syndrome. JCI
Insight. (2019) 4:e124061. doi: 10.1172/jci.insight.124061

63. Lee H, Zhang D, Laskin DL, Jin Y. Functional evidence of pulmonary
extracellular vesicles in infectious and noninfectious lung inflammation. J
Immunol. (2018) 201:1500–9. doi: 10.4049/jimmunol.1800264

64. Pu S, Wang D, Liu D, Zhao Y, Qi D, He J, et al. Effect of sivelestat sodium
in patients with acute lung injury or acute respiratory distress syndrome: a
meta-analysis of randomized controlled trials. BMC Pulm Med. (2017) 17:148.
doi: 10.1186/s12890-017-0498-z

65. Gomez H, Ince C, De Backer D, Pickkers P, Payen D, Hotchkiss J, et al.
A unified theory of sepsis-induced acute kidney injury: inflammation,
microcirculatory dysfunction, bioenergetics, and the tubular cell adaptation
to injury. Shock. (2014) 41:3–11. doi: 10.1097/SHK.0000000000000052

66. Kwon SH, Liu KD, Mostov KE. Intercellular transfer of GPRC5B via exosomes
drives HGF-mediated outward growth. Curr Biol. (2014) 24:199–204. doi:
10.1016/j.cub.2013.12.010

67. Va/Nih Acute Renal Failure Trial Network, Palevsky PM, Zhang JH, O’Connor
TZ, Chertow GM, Crowley ST, et al. Intensity of renal support in critically
ill patients with acute kidney injury. N Engl J Med. (2008) 359:7–20. doi:
10.1056/NEJMoa0802639

68. Park JT, Lee H, Kee YK, Park S, Oh HJ, Han SH, et al. High-dose versus
conventional-dose continuous venovenous hemodiafiltration and patient and
kidney survival and cytokine removal in sepsis-associated acute kidney injury:
a randomized controlled trial. Am J Kidney Dis. (2016) 68:599–608. doi: 10.
1053/j.ajkd.2016.02.049

69. Nesseler N, Launey Y, Aninat C, Morel F, Mallédant Y, Seguin P. Clinical
review: the liver in sepsis. Crit Care. (2012) 16:235. doi: 10.1186/cc
11381

70. Wang D, Yin Y, Yao Y. Advances in sepsis-associated liver dysfunction. Burns
Trauma. (2014) 2:97–105. doi: 10.4103/2321-3868.132689

71. Bala S, Petrasek J, Mundkur S, Catalano D, Levin I, Ward J, et al. Circulating
microRNAs in exosomes indicate hepatocyte injury and inflammation in
alcoholic, drug-induced, and inflammatory liver diseases. Hepatology. (2012)
56:1946–57. doi: 10.1002/hep.25873

72. Chen L, Yao X, Yao H, Ji Q, Ding G, Liu X. Exosomal miR-103-3p from LPS-
activated THP-1 macrophage contributes to the activation of hepatic stellate
cells. FASEB J. (2020) 34:5178–92. doi: 10.1096/fj.201902307RRR

73. Knaup H, Stahl K, Schmidt BMW, Idowu TO, Busch M, Wiesner O, et al.
Early therapeutic plasma exchange in septic shock: a prospective open-
label nonrandomized pilot study focusing on safety, hemodynamics, vascular
barrier function, and biologic markers. Crit Care. (2018) 22:285. doi: 10.1186/
s13054-018-2220-9

74. Ramanathan S, Douglas SR, Alexander GM, Shenoda BB, Barrett JE, Aradillas
E, et al. Exosome microRNA signatures in patients with complex regional
pain syndrome undergoing plasma exchange. J Transl Med. (2019) 17:81.
doi: 10.1186/s12967-019-1833-3

75. Liu YC, Yu MM, Shou ST, Chai YF. Sepsis-induced cardiomyopathy:
mechanisms and treatments. Front Immunol. (2017) 8:1021. doi: 10.3389/
fimmu.2017.01021

76. Janiszewski M, Do Carmo AO, Pedro MA, Silva E, Knobel E, Laurindo
FR. Platelet-derived exosomes of septic individuals possess proapoptotic
NAD(P)H oxidase activity: a novel vascular redox pathway. Crit Care Med.
(2004) 32:818–25. doi: 10.1097/01.ccm.0000114829.17746.19

77. Azevedo LC, Janiszewski M, Pontieri V, Pedro Mde A, Bassi E, Tucci
PJ, et al. Platelet-derived exosomes from septic shock patients induce
myocardial dysfunction. Crit Care. (2007) 11:R120. doi: 10.1186/
cc6176

78. Ferdinandy P, Danial H, Ambrus I, Rothery RA, Schulz R. Peroxynitrite is a
major contributor to cytokine-induced myocardial contractile failure. Circ Res.
(2000) 87:241–7. doi: 10.1161/01.res.87.3.241

79. Gambim MH, do Carmo Ade O, Marti L, Veríssimo-Filho S, Lopes
LR, Janiszewski M. Platelet-derived exosomes induce endothelial cell
apoptosis through peroxynitrite generation: experimental evidence for a novel
mechanism of septic vascular dysfunction. Crit Care. (2007) 11:R107. doi:
10.1186/cc6133

80. Sonneville R, Verdonk F, Rauturier C, Klein IF, Wolff M, Annane D, et al.
Understanding brain dysfunction in sepsis. Ann Intensive Care. (2013) 3:15.
doi: 10.1186/2110-5820-3-15

81. Li JJ, Wang B, Kodali MC, Chen C, Kim E, Patters BJ, et al. In vivo evidence
for the contribution of peripheral circulating inflammatory exosomes to
neuroinflammation. J Neuroinflammation. (2018) 15:8. doi: 10.1186/s12974-
017-1038-8

82. Vargas-Caraveo A, Sayd A, Maus SR, Caso JR, Madrigal JLM, García-Bueno
B, et al. Lipopolysaccharide enters the rat brain by a lipoprotein-mediated
transport mechanism in physiological conditions. Sci Rep. (2017) 7:13113.
doi: 10.1038/s41598-017-13302-6

83. Yang Y, Boza-Serrano A, Dunning CJR, Clausen BH, Lambertsen KL,
Deierborg T. Inflammation leads to distinct populations of extracellular
vesicles from microglia. J Neuroinflammation. (2018) 15:168. doi: 10.1186/
s12974-018-1204-7

84. Ren C, Yao RQ, Zhang H, Feng YW, Yao YM. Sepsis-associated
encephalopathy: a vicious cycle of immunosuppression. J Neuroinflammation.
(2020) 17:14. doi: 10.1186/s12974-020-1701-3

85. Qiang X, Yang WL, Wu R, Zhou M, Jacob A, Dong W, et al. Cold-
inducible RNA-binding protein (CIRP) triggers inflammatory responses in
hemorrhagic shock and sepsis. Nat Med. (2013) 19:1489–95. doi: 10.1038/nm.
3368

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

Copyright © 2020 Murao, Brenner, Aziz and Wang. 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) and the copyright owner(s) 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.

Frontiers in Immunology | www.frontiersin.org 9 September 2020 | Volume 11 | Article 2140

https://doi.org/10.1038/s41598-018-24531-8
https://doi.org/10.1182/blood-2005-01-0220
https://doi.org/10.3389/fimmu.2019.00448
https://doi.org/10.3389/fimmu.2019.00448
https://doi.org/10.1038/s41598-019-42762-1
https://doi.org/10.1096/fj.202000482R
https://doi.org/10.1080/15384101.2019.1654797
https://doi.org/10.1080/15384101.2019.1654797
https://doi.org/10.1155/2013/761789
https://doi.org/10.1172/jci.insight.124061
https://doi.org/10.4049/jimmunol.1800264
https://doi.org/10.1186/s12890-017-0498-z
https://doi.org/10.1097/SHK.0000000000000052
https://doi.org/10.1016/j.cub.2013.12.010
https://doi.org/10.1016/j.cub.2013.12.010
https://doi.org/10.1056/NEJMoa0802639
https://doi.org/10.1056/NEJMoa0802639
https://doi.org/10.1053/j.ajkd.2016.02.049
https://doi.org/10.1053/j.ajkd.2016.02.049
https://doi.org/10.1186/cc11381
https://doi.org/10.1186/cc11381
https://doi.org/10.4103/2321-3868.132689
https://doi.org/10.1002/hep.25873
https://doi.org/10.1096/fj.201902307RRR
https://doi.org/10.1186/s13054-018-2220-9
https://doi.org/10.1186/s13054-018-2220-9
https://doi.org/10.1186/s12967-019-1833-3
https://doi.org/10.3389/fimmu.2017.01021
https://doi.org/10.3389/fimmu.2017.01021
https://doi.org/10.1097/01.ccm.0000114829.17746.19
https://doi.org/10.1186/cc6176
https://doi.org/10.1186/cc6176
https://doi.org/10.1161/01.res.87.3.241
https://doi.org/10.1186/cc6133
https://doi.org/10.1186/cc6133
https://doi.org/10.1186/2110-5820-3-15
https://doi.org/10.1186/s12974-017-1038-8
https://doi.org/10.1186/s12974-017-1038-8
https://doi.org/10.1038/s41598-017-13302-6
https://doi.org/10.1186/s12974-018-1204-7
https://doi.org/10.1186/s12974-018-1204-7
https://doi.org/10.1186/s12974-020-1701-3
https://doi.org/10.1038/nm.3368
https://doi.org/10.1038/nm.3368
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

	Exosomes in Sepsis
	Introduction
	Exosomes in Sepsis
	Contents of Exosomes and Signaling Pathways to Induce Inflammation
	Cytokines
	TLR Signaling
	NLR/Inflammasome Signaling
	DAMPs
	HMGB1
	Heat Shock Proteins
	Histones
	ATP
	Extracellular RNAs


	Impact of Exosomes on Immune Cells
	Impact of Exosomes on Organ Systems
	Lungs
	Kidneys
	Liver
	Cardiovascular System
	Central Nervous System (CNS)

	Conclusion and Future Directions
	Author Contributions
	Funding
	References


