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Abstract

Excessive inflammatory responses in sepsis result in multiorgan dysfunction, with the majority of these responses being modulated by
the activity of a disintegrin and metalloproteinase 10 (ADAM10). Due to the widespread distribution of ADAM10 and its numerous
substrates, therapies targeting ADAM10 will have a range of physiological effects, including modulating inflammation, but may also
cause toxic side effects. Precise therapeutic targets for regulating ADAM10 in specific diseases are needed. In several studies, tetraspanin
familymembers have been identified as regulators of specific proteins, including ADAM10. In various cell types, the identical tetraspanin
exhibits distinct effects on the regulation of ADAM10, indicating that tetraspanins possess cell-specific roles in modulating ADAM10.
Furthermore, the interaction of diverse tetraspanins with ADAM10 results in the cleavage of various substrates. In this review, we
provide a summary of the diverse tetraspanins that are currently recognized to interact with ADAM10 to identify potential new targets
for regulating ADAM10 in sepsis.
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1. Introduction
Sepsis, defined as life-threatening organ dysfunction

caused by a dysregulated host response to infection, has
high morbidity and mortality rates [1,2]. Global epidemi-
ological data from 2017 indicate that sepsis resulted in an
estimated 48.9 million incident cases and 11.0 million at-
tributable deaths, constituting 19.7% of worldwide mortal-
ity during this period [3]. Sepsis is also associated with
frequent hospital readmissions following discharge. Within
the US healthcare system, sepsis and other infectious com-
plications are leading causes of 30-day hospital readmis-
sions, with mean expenditures reaching $16,852 per read-
mission episode. In China, epidemiological studies show
that sepsis affects approximately 20% of ICU-admitted pa-
tients, correlating with 90-day mortality rates as high as
35.5% [4,5]. Thus, sepsis imposes a significant burden on
both the medical system and society.

Extensive efforts have been made by health care pro-
fessionals and researchers to elucidate the pathophysiology
of sepsis and to develop effective therapeutic strategies to
mitigate its progression. Sepsis pathogenesis involves mul-
tifactorial dysregulation encompassing infection-triggered
inflammatory cascades, immune dysfunction, coagulopa-
thy, and tissue damage. Central to this process is a dys-
regulated hyperinflammatory response characterized by ex-

cessive proinflammatory mediator release and profound
autoimmune injury, culminating in multiorgan dysfunc-
tion syndrome [6]. During the inflammatory response, in-
creased cleavage and release of the extracellular domains
of inflammatory cytokines on the surface of various cells,
such asmacrophages and endothelial cells, leads to elevated
liberation of soluble mediators including tumor necrosis
factor-α (TNF-α), Interleukin-6 receptor α (IL-6Rα), and
C-X3-C motif chemokine ligand 1 (CX3CL1). These dif-
fusible ligands engage cognate receptors, triggering down-
stream activation of nuclear factor kappa-B (NF-κB) and
mitogen-activated protein kinase (MAPK) signaling cas-
cades that upregulate transcriptional activity of proinflam-
matory genes [7–9]. At the same time, a disintegrin and
metalloproteinase 10 (ADAM10) increases endothelial per-
meability by mediating vascular endothelial (VE)-cadherin
cleavage, which disrupts adhesion junctions between en-
dothelial cells. Simultaneous shedding of chemokines
(especially CX3CL1 and CXCL16) enhances leukocyte
chemotaxis through the establishment of a gradient. The re-
sulting leukocyte migration exacerbates endothelial injury
through reactive oxygen species (ROS) production and pro-
tease release, thus establishing a feed-forward loop of vas-
cular injury [8,9].
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ADAM10 is a type I transmembrane protein with
a complex protein structure consisting of different parts.
These parts include (1) anN-terminal signal peptide respon-
sible for regulating the secretion of inactive ADAM10; (2)
a prodomain that inhibits the enzyme activity of ADAM10;
(3) a metalloproteinase domain that serves as the primary
site of sheddase activity; (4) a disintegrin domain and
cysteine-rich region that are associated with substrate speci-
ficity; and (5) transmembrane domains and cytoplasmic
tails that facilitate the formation of homologous dimers of
ADAM10 on the cell membrane [10–12]. ADAM10 can
be widely found in the cells of various organs, it can regu-
late signaling in the affected cell or neighboring cells either
directly through the modulation of cell surface receptors
or indirectly through the release of soluble mediators from
membrane-bound precursors, as extracellular domain shed-
ding of transmembrane proteins mediated by ADAM10 oc-
curs [13]. Building upon our prior research, we have estab-
lished that ADAM10, functioning as a pivotal “multitasker”
protease due to its diverse array of substrates, critically
modulates vascular inflammatory homeostasis while simul-
taneously driving pathogenic mechanisms in acute inflam-
mation. This dualistic involvement—safeguarding vascu-
lar integrity under physiological conditions yet contribut-
ing to dysregulated inflammation during acute insults—
underscores ADAM10’s central role in the complex patho-
physiology of sepsis. Consequently, the strategic modula-
tion of ADAM10 activity and its post-translational process-
ing of keymembrane-bound targets represents a compelling
therapeutic avenue for sepsis intervention [9]. However,
given the wide distribution of ADAM10 and the diversity
of its substrates, dysregulation of the expression or activ-
ity of this enzyme can lead to various pathological con-
sequences. For instance, elevated ADAM10 levels, fre-
quently observed in certain malignancies and inflammatory
conditions, can drive pathological processes, including tu-
mor cell proliferation and the amplification of inflammatory
cascades. Conversely, diminished ADAM10 function, par-
ticularly within the central nervous system, compromises
the generation of neuroprotective soluble amyloid precur-
sor protein α (sAPPα) fragments through its α-secretase
activity, thereby undermining a critical homeostatic func-
tion. This exemplifies the pleiotropic effects of ADAM10,
where its activity must be precisely regulated across mul-
tiple levels to maintain physiological balance; deviations
in either direction contribute significantly to disease patho-
genesis [14]. To mitigate the potential harmful effects of
treatments targeting ADAM10, it is essential to identify
precise therapeutic targets for selectively modulating the
domain shedding activity of this protein in specific disease
states.

Several studies have found that specific members of
the tetraspanin family regulate the activities of various
ADAMproteins, particularly ADAM10. These studies also
revealed that a large proportion of ADAM10 molecules

on the cell membrane interact with tetraspanins [15,16].
Tetraspanins are a family of ubiquitously expressed and
evolutionarily conserved proteins in multicellular organ-
isms, and there are 33 identified members [17,18] with dif-
ferent distributions in different cells and tissues [19–21].
On the basis of their amino acid sequences, these mem-
bers can be classified into different subfamilies, such as
the TspanC8 subfamily and the Tspan8 subfamily [22–25].
By interacting with other tetraspanins and a variety of in-
teracting partners, facilitated by gangliosides, palmitoyla-
tion, and cholesterol, tetraspanins form wide-ranging com-
plexes of fewer than 10 transmembrane proteins ranging
in size from 100 to 200 nm known as the tetraspanin web
[17,26,27]. These tetraspanin webs facilitate the lateral as-
sembly of integrins, immunoreceptors, and signaling ef-
fectors into functional clusters, thereby modulating criti-
cal vascular processes, including leukocyte adhesion, para-
cellular permeability, and angiogenic signaling cascades.
The spatial organization within the tetraspanin web enables
bidirectional regulation of signal transduction—enhancing
agonist sensitivity through co-receptor recruitment while
simultaneously constraining excessive activation via in-
tramembrane compartmentalization. This sophisticated ar-
chitecture underpins endothelial barrier homeostasis and in-
flammatory responses, positioning tetraspanins as pivotal
coordinators of vascular pathophysiology [19]. Cellular ex-
osomes containing tetraspanins such as CD63 and CD81
can deliver their contents (e.g., microRNAs (miRNAs)) to
specific target cells and participate in intercellular commu-
nication [28]. This enables them to assume diverse roles in
response to various pathogenic infections, such as bacteria
and viruses [21,28].

Critically, members of the TspanC8 tetraspanin sub-
family exhibit cell type-dependent specificity in modulat-
ing ADAM10 function, profoundly influencing its sub-
strate selectivity, subcellular localization, and catalytic ef-
ficiency. This regulatory heterogeneity is exemplified by
Tspan15, which acts as a key molecular chaperone, direct-
ing ADAM10 trafficking and stabilizing its active confor-
mation within distinct plasma membrane microdomains.
Consequently, Tspan15 expression dictates divergent out-
comes in ADAM10-dependent ectodomain shedding: in
neuronal contexts, it enhances α-secretase processing of
amyloid precursor protein (APP), promoting neuroprotec-
tive sAPPα generation, whereas in certain non-neuronal
cell lines, it may differentially alter APP cleavage kinetics
or favor the shedding of alternative substrates (e.g., Notch
receptors), thereby modulating context-specific signaling
cascades [29,30]. These findings indicate a potential strat-
egy for selectively modulating the shedding enzyme ac-
tivity of ADAM10 or the expression levels of the protein
through various tetraspanins in the context of disease, with
the aim of improving outcomes for sepsis patients while
minimizing toxic side effects on the organism. This review
aims to identify tetraspanin family members that interact
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with ADAM10, potentially revealing new targets for inter-
ventions involving the specific regulation of ADAM10 reg-
ulation for treating sepsis.

2. Role of ADAM10 in the Pathogenesis of
Sepsis

ADAM10, a member of the ADAM family, is a zinc-
dependent metalloprotease found in most tissue cells and
immune cells. It can impact cell signaling by cleaving the
extracellular domains of proteins, affecting cell functions
such as adhesion, growth, and migration [14].

Several studies have shown that ADAM10 plays a key
role in sepsis (Fig. 1). Our team identified ADAM10 as a
risk gene for sepsis and showed that upregulation of the
ADAM10 gene promotes the inflammatory response and en-
dothelial damage in sepsis, ultimately leading to the dete-
rioration of sepsis patients and poor prognosis [31,32]. By
cleaving the Notch receptors Fas ligand (FASL), CD154,
and CD23, ADAM10 can regulate the growth and devel-
opment as well as the activation and differentiation of T
and B cells [33]. ADAM10 also promotes the cleavage
of Notch receptors on the surface of macrophages and in-
duces macrophage polarization to the macrophage pheno-
type M1 (M1 phenotype), which in turn results in the re-
lease of large amounts of inflammatory factors [33]. Fur-
thermore, ADAM10 promotes the regulation of inflamma-
tory cytokines such as TNF-α, Interleukin-1β (IL-1β), and
IL-6 on the surface of macrophages and vascular endothe-
lial cells and induces the dysregulation of inflammatory
signaling pathways such as the Notch and NF-κB path-
ways [7,34]. In addition, ADAM10 facilitates the cleavage
of Intercellular cell adhesion molecule-1 (ICAM-1), VE-
cadherin, CX3CL1, and CXCL16, thereby promoting the
transmembrane migration of monocytes, neutrophils, and
T lymphocytes, ultimately exacerbating inflammatory tis-
sue damage [35–37]. Hyaluronic acid (HA) is a component
of the glycocalyx. ADAM10 is an enzyme that cleaves the
HA receptor CD44, and cleavage of CD44 results in the re-
lease ofHA,which induces glycocalyx degradation, leading
to increased platelet and neutrophil adhesion and capillary
leakage [33,38].

Pathogenic infection is the initiating factor of sepsis.
Through the action of ADAM10, various bacterial toxins
can exacerbate endothelial damage during sepsis [39–44].
ADAM10, a binding receptor for α-hemolysin in Staphy-
lococcus aureus, mediates α-hemolysin-induced vascular
endothelial damage and accelerates death in septic mice.
When Neisseria meningitidis adheres to endothelial cells,
it activates ADAM10, which inhibits the activation of the
circulating potent anticoagulant protein C (PC) through hy-
drolysis of endothelial cell protein C receptor (EPCR), re-
sulting in coagulation dysfunction [40]. BothPseudomonas
aeruginosa PFT exolysin (ExlA) and Serratia marcescens
hemolysin (ShlA) activate ADAM10 indirectly by promot-
ing Ca2+ influx, which leads to the cleavage of downstream

substrates and exacerbates inflammatory responses [41].
ADAM10 knockdown protects mice against P. aeruginosa,
Streptococcus. pneumoniae, and other bacteria by dimin-
ishing inflammatory cell infiltration and enhancing vascu-
lar endothelial function [39,42–44].

The human ADAM10 gene comprises 16 exons. Many
transcription factors, such as retinoic acid, sirtuin, mela-
tonin, SRY-Box transcription Factor 2 (SOX-2), and early
growth response 1 (EGR1), regulate the transcription of the
ADAM10 gene. After being transcribed to mature mRNA,
posttranslational modifications can alter the RNA structure
of ADAM10 and RNA binding proteins, thus impacting
ADAM10 protein expression [31,45]. By binding to the
3′UTR of the ADAM10 gene, miRNAs affect ADAM10 ex-
pression at the posttranscriptional level [45,46]. In addi-
tion to regulating chromatin structure and transcript splic-
ing, long non-coding RNAs (lncRNAs) can also serve as
decoys for other transcripts or regulate protein recruitment
[46]. Translated in the cytoplasm by the ribosomal ma-
chinery, the full-length form of ADAM10, consisting of
748 amino acids, is not catalytically active. The 195-amino
acid prestructural domain of ADAM10 maintains the pro-
tein in a dormant state, which permits its proper folding and
transport. Upon reaching the endoplasmic reticulum (ER),
the C-terminal retention motif of ADAM10 hinders the ex-
port of the protein from the ER. Tetraspanins are required
to transport ADAM10 out of the ER, as shown by Dornier
et al. (2012) [22]. Tetraspanins transport ADAM10 to the
Golgi, where preprotein convertases remove the prestruc-
tural domain to activate it. Subsequently, ADAM10 is co-
operatively transported by tetraspanins to various cellular
compartments or ultimately anchored to the cell membrane
to execute its physiological function [14,47]. Therefore,
tetraspanins are indispensable for the function of ADAM10.

3. Basis of the Interaction Between
Tetraspanins and ADAM10

Tetraspanin family members typically consist of four
transmembrane domains, two extracellular domains (com-
prising a larger loop and a smaller loop), and three intra-
cellular domains (including a short loop and N-terminal
and C-terminal regions) [24]. The interaction of these
proteins with their interaction partners appears to be fa-
cilitated primarily by their large extracellular loops [48,
49], which demonstrate remarkable stability even in the
presence of strong detergents [50]. Homotypic or het-
erotypic tetraspanin proteins may also utilize weaker in-
teractions that are susceptible to disruption by common
detergents to form sheets. Additionally, the palmitoyla-
tion of tetraspanins, along with the presence of cholesterol,
gangliosides, and other factors, enhances cohesion within
tetraspanin-enriched microdomains (Fig. 2).

Considering the intricate interactions within the
tetraspanin web, it is hypothesized that the molecule exert-
ing the most significant regulatory influence on ADAM10
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Fig. 1. The role of a disintegrin and metalloproteinase 10 (ADAM10) in sepsis. a⃝ Bacterial toxins such as Serratia marcescens
hemolysin (ShlA), Pseudomonas aeruginosa PFT exolysin (ExlA), and α-hemolysin (Hla) activate ADAM10 by creating pores in the
cell membrane, allowing Ca2⁺ to enter. b⃝ ADAM10 controls the growth, development, and activation of T and B cells by cleaving
various proteins, including the Notch receptor, Fas ligand (FASL), CD154, and CD23. c⃝ By releasing inflammatory cytokines and
cleaving vascular endothelial (VE)-cadherin, ADAM10 promotes the migration of inflammatory cells and exacerbates inflammation.
d⃝ When ADAM10 is activated by Neisseria meningitidis (N. meningitidis), it hydrolyzes endothelial cell protein C receptor (EPCR),
inhibiting the activation of the potent circulating anticoagulant protein C (PC), leading to coagulation dysfunction. TNF-α, tumor necrosis
factor-α; IL-6R, Interleukin-6 receptor.

Fig. 2. Basis of the interaction between ADAM10 and tetraspanins. ¬ Multiple tetraspanins incorporate ADAM10 into tetraspanin-
enriched domains by interacting with each other. ­ Tetraspanins interact directly with ADAM10 by binding to it through a large extra-
cellular loop. ® Tetraspanins indirectly interacts with ADAM10 by interacting with other tetraspanins.
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activity is likely the one with which it is most directly as-
sociated. Therefore, elucidating the spatial proximity of
interactions between tetraspanins and ADAM10 could fa-
cilitate the identification of molecules capable of precisely
regulating ADAM10 in the context of sepsis. The associa-
tion of various tetraspanins to ADAM10 has been validated
through immunoprecipitation, and these tetraspanins can be
categorized into two groups on the basis of the impact of
detergents of varying strengths on them [22]: tetraspanins
that can directly interact with ADAM10 in the presence
of potent detergents and tetraspanins that can only indi-
rectly interact with ADAM10 in the presence of weaker
detergents. It appears that only the interactions between
ADAM10 and the six members of the subfamily TspanC8
(tspan5, pspan10, pspan14, tpan15, pspan17, and tpan33),
which are the best known cellular regulators of ADAM10,
are resistant to stronger detergents, while the interactions
between the remaining tetraspanins and ADAM10 are gen-
erally weak and susceptible to standard detergents [22,50].

Immunoprecipitation is a classic and well-established
method for studying protein interactions. However, vari-
ations in the composition and concentration of the deter-
gents utilized by researchers for immunoprecipitation (Ta-
ble 1, Ref. [22,28,51–75]) present challenges in accurately
determining the nature of interactions through this method;
for instance, Brij97 and 3-[(3-Chloamidopropyl)dimethyl-
ammonium]-1-propanesulfonate (CHAPS), which have
weak effects, and concentrations of detergents lower than
the standard ones are sometimes used for immunoprecipi-
tation. Additionally, the majority of researchers have not
employed experimental techniques other than coprecipita-
tion to elucidate the mechanism of interaction among inter-
acting proteins. Arduise et al. (2008) [16] used fluores-
cence staining to observe the colocalization of tetraspanins
with ADAM10 and its substrates on the cell membrane after
antibody stimulation. However, it is well known that fluo-
rescence colocalization analysis is predicated on the spatial
distribution of fluorescence tags attached to distinct pro-
teins. It is widely acknowledged that the colocalization of
distinct fluorescent signals is indicative of spatial proximity
between the corresponding proteins and suggests the poten-
tial for interaction but does not provide conclusive evidence
of such interactions. Thus, it has not yet been determined
whether the association between tetraspanins andADAM10
is indirect or direct, necessitating additional research to con-
firm this relationship. In a recent study, Lipper et al. (2022)
[76] reported a new method for validating a protein-protein
interaction between ADAM10 and Tspan15 and determin-
ing the structural basis for this direct interaction by using
cryo-electron microscopy (cryo-EM).

For tetraspanins, where direct binding has been con-
firmed through immunoprecipitation experiments utilizing
strong detergents, it has been determined that they pos-
sess ADAM10-specific binding sites located on their large
extracellular loops [51,76]. The domains through which

these proteins interact withADAM10 vary significantly and
include disintegrin, cysteine-rich, and stalk domains [51].
Multiple studies have demonstrated that tetraspanins are in-
volved in the cleavage of the extracellular structural do-
mains of various substrates by ADAM10 [29,47,51,77,78].
Lipper et al. (2023) [79] recently elucidated the molecular
mechanism underlying the interaction between ADAM10
and its classical interaction partner Tspan15. The interac-
tion between Tspan15 and ADAM10 disrupts the autoinhi-
bition of the enzyme activity of ADAM10, leading to the
localization of the enzyme’s active center near the plasma
membrane. Being fixed near the plasma membrane influ-
ences the preferential cleavage site of ADAM10 for its sub-
strate [79]. This discovery confirms a previously hypothe-
sized explanation for the substrate specificity of ADAM10
bound to various tetraspanins, suggesting that distinct tetra-
transmembrane proteins bind to ADAM10 and position
their active sites at varying distances from the plasmamem-
brane to facilitate the cleavage of diverse substrates.

4. Role of the TspanC8 Subfamily in the
Regulation of ADAM10

The six tetraspanins tspan5, tspan10, tspan14,
tspan15, tspan17, and tspan33, are collectively referred to
as the tspanC8 subfamily because of the eight cysteines in
their large extracellular structural domains. All members
of the TspanC8 subfamily are known to interact with
ADAM10 directly, facilitating its trafficking from the
ER and increasing its cellular localization and expression
levels, either intracellularly or at the plasma membrane
[22,52]. Consequently, the interactions between these
tetraspanins and ADAM10 may have implications for
disease pathology [80–82] (Fig. 3).

4.1 Tspan5
Tspan5, a highly conserved tetraspanin, has an iden-

tical protein sequence in humans, mice, and rats. Tspan5
is linked with ADAM10 in human cell lines and major
mouse tissues like the brain, lung, kidney, and intestine.
Saint-Pol et al. (2017) [83] have found that two TspanC8-
specific motifs in tspan5’s large extracellular domain are
crucial for interacting with ADAM10 and exiting the en-
doplasmic reticulum. Tspan5 facilitates the clustering of
major histocompatibility complex (MHC) class I molecules
on the cell surface, thereby promoting CD8+ T-cell activa-
tion [84]. This may help alleviate immunosuppression in
patients with sepsis, as Lu et al. (2024) [85] have found
that the activation of immune cells, including CD8+ T-cells,
is suppressed in patients with early-stage sepsis. Tspan5
also reduces VE-cadherin expression on vascular endothe-
lial cell membranes, thereby promoting the transendothelial
migration of T lymphocytes during inflammation [53].

Tspan5 facilitates ADAM10-mediated cleavage of the
extracellular domain of CD44 on cell membranes, poten-
tially leading to cell migration and disruption of intercellu-
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Table 1. List of tetraspanins that interact with ADAM10.
Tetraspanin Aliases Effects on ADAM10 Interaction with

ADAM10 a⃝
Detergent(s) used

for Co-IP
Reference

Tspan5 TM4SF9, NET-4 ADAM10 trafficking,
maturation, substrate

selectivity, endocytosis &
half-life

Direct 1% digitonin [22,52,53]

Tspan-10 OCSP ADAM10 trafficking &
subcellular distribution

Direct 1% digitonin [22,59]

Tspan-14 TM4SF14,
DC-TM4F2

ADAM10 trafficking,
maturation & substrate

selectivity

Direct 1% digitonin/1%
Triton X-100

[22,51,59]

Tspan-15 NET-7, TM4SF15 ADAM10 trafficking,
maturation, substrate
selectivity & half-life

Direct 1% digitonin/1%
Triton X-100

[22,52,55,57,59]

Tspan-17 FBX23, FBXO23,
TM4SF17

ADAM10 trafficking,
Maturation & substrate

selectivity

Direct 1% digitonin [22,53]

Tspan-33 PEN ADAM10 trafficking,
maturation & substrate

selectivity

Direct 1% digitonin/1%
Triton X-100

[22,54,56–59]

CD81 TAPA1, Tspan28 ADAM10 activity Indirect 1% digitonin [22]
CD151 GP27, SFA-1,

PETA-3
ADAM10 maturation &

activity (maybe)
Indirect 1% digitonin/1%

Brij97 & 1% Triton
X-100

[22,59,69]

Tspan-12 EVR5, NET2,
TM4SF12

ADAM10 maturation &
substrate selectivity

Indirect 0.5% Brij97/1%
digitonin

[22,61,73,74]

CD9 P24, 5H9 Antigen,
MIC3, TSPAN29,

GIG2

ADAM10 trafficking &
activity

To be
determined

1% digitonin/0.1%
Triton X-100/0.2%

NP-40

[22,63,64]

CD82 KAI1, Tspan27 ADAM10 activity; ADAM10
gene transcription (maybe)

To be
determined

1% Brij97 [28,67,68]

CD53 Tspan25, MOX44 ADAM10 activity (maybe) To be
determined

1% Brij97 [28,70–72]

Tspan3 TM4-A, TM4SF8 ADAM10 substrate
selectivity & activity

To be
determined

0.5% NP-40 [60,75]

Tspan2 NET3, TSN2 ADAM10 gene transcription
(maybe)

To be
determined

0.5% CHAPS [62,65–67]

a⃝We conducted a review of the cell lysis detergents utilized in the literature, and found that 1% digitonin and 1% Triton X-100 were
the strongest concentrations and detergents used. Consequently, these detergents and concentrations were utilized as standards for
assessing the direct interactions between tetraspanins and ADAM10.

lar adhesion junctions [29,38,86]. Researchers have iden-
tified 35 signature genes that predict mortality from sepsis,
including CD44 [87]. In endothelial cells, stimulation with
dengue virus nonstructural protein 1 (NS1) decreases CD44
expression, which leads to impaired vessel integrity [88].
These findings indicate that tspan5 may influence sepsis by
regulating CD44.

Sepsis is highly influenced by Notch signaling. Inacti-
vation or deletion of Notch1 leads to impaired T-cell devel-
opment and reduced lipopolysaccharide (LPS)-stimulated
B-cell antibody secretion [89]. Through the Notch path-
way, Notch ligands activate cellular immune responses,

leading to the release of proinflammatory cytokines [90].
The stimulation of LPS triggers the activation of the Toll-
like receptor 4 (TLR4) and Notch signaling pathways in
cardiac tissues, which in turn amplifies the inflammatory
response in the hearts of septic rats, ultimately causes car-
diac dysfunction and myocardial damage [91]. In a ce-
cal ligation and puncture (CLP)-induced sepsis mouse
model, Notch2 is involved in angiotensin converting en-
zyme (ACE) system activation and angiotensin II release
and causes vascular endothelial injury via angiotensin II-
induced ROS production [92]. Modulation of Notch re-
ceptors could represent a new therapeutic strategy for sep-
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Fig. 3. TspanC8 subfamily members can directly affect the subcellular localization and substrate selectivity of ADAM10. Each
TspanC8 member binds directly to ADAM10, assists in the transport of ADAM10 out of the ER, and facilitates the distribution of
ADAM10 either intracellularly (Tspan10 and Tspan17) or at the cell membrane (Tspan5, Tspan14, Tspan17, Tspan15, and Tspan33).
At the plasma membrane, Tspan5, Tspan14, Tspan15 and Tspan33 bind to the tetraspanin web in different ways and affect ADAM10
cleavage of various substrates (e.g., CD44, VE-cadherin, Notch, Glycoprotein VI (GPVI)).

sis. Coincidentally, tspan5 activates Notch signaling by en-
hancing the enzyme-mediated maturation of ADAM10 and
the cleavage of the Notch1 receptor by the γ-secretase com-
plex [80]. This finding implies that tspan5, which has a reg-
ulatory effect on Notch signaling through ADAM10, may
be an important therapeutic target for sepsis.

4.2 Tspan15

The tspan15 protein, which is expressed in various
tissue types, is perhaps the tetratransmembrane partner
that is functionally most closely related to ADAM10 [93].
ADAM10 is the main interacting protein of tspan15 and can
affect its glycosylation. Furthermore, the majority of en-
dogenous tspan15 molecules must complex with ADAM10
to be expressed on the cell membrane [77]. Moreover,
Tspan15 is essential for the cleavage of specific substrates
by ADAM10 at the cell membrane and contributes to the
stable expression of ADAM10 on the cell membrane sur-
face [29,30,52,54,77].

Whole-exome sequencing (WES) in patients with
complex cases of pneumococcal pneumonia (empyema) re-
vealed an association between single nucleotide polymor-
phisms (SNPs) in the Tspan15 gene and the disease. De-
creased levels of tspan15 gene expression were observed in

the tissues of Streptococcus. Pneumoniae (S. pneumoniae)-
infected humans and mice compared to those of healthy
controls [55]. Koo CZ et al. (2022) [54] reported that
Tspan15 promotes the ADAM10-mediated cleavage of the
extracellular domain of GPVI on the platelet membrane to a
greater extent than other tspanC8 members to play a role in
the inflammatory response. While inhibition of the NF-κB
signaling pathway has been shown to contribute to remis-
sion in sepsis, tspan15 has been identified as an activator of
NF-κB signaling [94–97]. These findings suggest a role for
tspan15 in the pathogenesis of sepsis.

The impact of tspan15 on substrate cleavage by
ADAM10 varies depending on the cell type: tspan15 ex-
pression in U2OS-N1 cells results in a significant decrease
in ligand-induced Notch signaling [29], whereas in in-
trahepatic cholangiocarcinoma (ICC) cells, tspan15 acti-
vates Notch1 by facilitating the translocation of activated
mADAM10 from the cytoplasm to the cell membrane [98].
In HEK-293T cells, VE-cadherin serves as a cleavage sub-
strate for the Tspan15/ADAM10 complex, and the regula-
tory effect of this complex on VE-cadherin levels on en-
dothelial cells is less pronounced than that of complexes
composed of other tspanC8 proteins and ADAM10 [53,77].
These findings further suggest that tspan15 may play differ-
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ent regulatory roles in ADAM10-associated inflammatory
responses in different tissues and organs and even in differ-
ent cell types in sepsis.

4.3 Tspan33

Tspan33 is found in various human tissues, particu-
larly in the kidneys, and activated B cells in the blood. It
is considered a key indicator of B-cell activation [99]. It
has been reported that tspan33 plays a role in various cel-
lular functions of B lymphocytes, including plasma mem-
brane protrusion formation, adhesion, phagocytosis, and
cell motility. Overexpression or partial loss of TSPAN33
induces morphological changes and cell adhesion defects
and thus affects the immune function of B cells in sepsis
[100,101].

One of the most common organs affected by sepsis is
the kidney, and even a single episode of septic acute kidney
injury (AKI) is associated with an increased risk of subse-
quent chronic kidney disease [102,103]. A study conducted
by Ghasemi et al. (2022) [104] identified Tspan33 as a po-
tential causative gene for chronic kidney disease. The im-
portant role of ADAM10, a tspan33 interaction—partner, in
renal physiopathology has long been recognized [105]. Per-
haps in the near future, there will be evidence suggesting a
role for tspan33 and ADAM10 in septic kidney injury.

Tspan33 is one of the only identified tspanC8 subfam-
ily members that can play a role in inflammation by me-
diating ADAM10 cleavage of the extracellular domain of
Glycoprotein VI (GPVI) on the platelet membrane [54]. In
contrast to tspan15, which is localized at the lateral junc-
tions of the cell membrane, tspan33 mediates the aggrega-
tion of ADAM10 at the apical junctions of the cell mem-
brane through the formation of complexes with proteins
such as PLEKHA7 [56]. This coordination promotes cell
death during Staphylococcus aureus (S. aureus) infection
by facilitating the formation of stable α-toxin aggregates
[56]. As mentioned in the previous section, Notch signal-
ing plays an important role in the development of sepsis.
The role of tspan33 in regulating Notch signaling may not
be the same in different cells. Notch signaling is attenu-
ated in U2OS-N1 cells transfected with tspan33, whereas
Dunn et al. (2010) [57] reported that tspan33 contributes
to the γ-secretase cleavage of Notch1 in both HeLa cells
and T-ALL tissues and that the promotion of Notch sig-
naling by tspan5 is observed only after tspan33 is depleted
[29]. Additionally, tspan33 in activated macrophages en-
hances Notch signaling by promoting Notch processing at
the cell membrane through the regulation of ADAM10 ac-
tivity [58]. siRNAs targeting tspan33 have been shown to
decrease glucose-stimulated insulin secretion [106]. Addi-
tionally, elevated serum levels of ADAM10 in patients with
type 2 diabetes mellitus have been linked to glucose and
insulin therapy [107]. Patients with sepsis show reduced
insulin sensitivity [108], and it is worth exploring whether
there is an interaction between ADAM10 and tspan33.

4.4 Tspan14
In HUVECs and mouse megakaryocytes, tspan14 is

the predominantly expressed TspanC8 protein. Knockdown
of tspan14 significantly reduces the surface expression and
activity of ADAM10 in these cells [59]. In human platelets,
tspan14 acts differently from tspan15/tspan33 by inhibiting
the cleavage ofGPVI byADAM10 [51]. S. aureus is known
to cause various infections and produces the pore-forming
toxin alpha-hemolysin (αHL), which binds to and enhances
the protease activity of ADAM10, ultimately disrupting ep-
ithelial barrier function and causing organ damage [109].
Genome-wide CRISPR screening identified tspan14 as a
factor required for the binding of this toxin to the cell sur-
face, and the mechanism is thought to be related to the cell
surface expression of ADAM10 [110]. Notably, in addi-
tion to the formation ofα-toxin pores, the anchoringmecha-
nism ofADAM10 to the cell membrane by tspan33 has been
shown to occur during S. aureus infection [56]. However,
further research is needed to investigate the specific mecha-
nisms by which tspan14 interacts with the α-toxin. This in-
cludes exploring whether tspan14 acts synergistically with
tspan33, transports ADAM10 to the cell membrane and fa-
cilitates its interaction with tspan33 or, like tspan33, inde-
pendently anchors ADAM10 to the cell membrane when it
is bound by α-toxin.

ADAM10 plays a crucial role in mediating Notch sig-
naling, which in turn influences inflammatory responses
[111]. Dornier et al. (2012) [22] were the first to identify
the role of human tspan14 in positively regulating ligand-
induced ADAM10-dependent Notch1 signaling. Saint-
Pol et al. (2017) [83] subsequently demonstrated that
tspan14 and tspan5 can functionally compensate for each
other in Notch signaling. In addition, some researchers
have suggested that there may be a causal relationship be-
tween the regulation of the ADAM10 and Notch-1 pro-
teins by tspan14 and the expression of Matrix metallo-
proteinases 2 (MMP2) and MMP9, as they reported that
the silencing of tspan14 was accompanied by elevated ex-
pression of MMPs; however, this hypothesis needs to be
further validated [112]. In Helicobacter pylori (H. py-
lori) infection-induced gastritis and in LPS- and IFN-γ-
stimulated macrophage inflammation, the upregulation of
miR-155 expression has been observed. This miR-155
can modulate the expression of the Tspan14 gene, and
ADAM10 has been identified as a potential target of miR-
155 [113–115]. This finding suggests a possible associa-
tion between ADAM10 and tspan14 in the inflammatory
response.

4.5 Tspan17
Compared with other members of the tspan subfam-

ily, such as tspan14, tspan15, and tspan33, tspan17 has
only a moderate effect on ADAM10 expression at the cell
membrane surface. Additionally, tspan17 appears to be
responsible for the localization of ADAM10 in tspan17-
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positive/CD63-positive intracellular compartments [22].
Nevertheless, it is noteworthy that tspan17 is currently the
only identified tetraspanin besides tspan5 capable of facil-
itating the inflammatory factor-stimulated transendothelial
migration of T lymphocytes through ADAM10 [53].

The inflammatory response is one of the important
pathogenetic mechanisms of sepsis. Despite the high de-
gree of identity between human tspan17 and tspan5 re-
vealed by protein sequence analyses and the demonstrated
role of tspan17 in cell migration, VE-cadherin remains the
only identified substrate for the Tspan17/ADAM10 com-
plex [53]. ADAM10 is known to play an important role in
inflammation [9], and the role of ADAM10 in inflammation
may be affected by the inhibition of tspan17, an interaction
partner of ADAM10.

4.6 Tspan10

Tspan10 is the only member of the TspanC8 subfam-
ily with a limited association with ADAM10 in terms of
cell surface expression and protein maturation. Similar to
tspan17, tspan10 is capable of transporting ADAM10 to in-
tracellular compartments, suggesting its potential role in fa-
cilitating the transport of ADAM10 out of the ER [22,59].
Despite its typically low expression levels in cells, deletion
of tspan10 leads to attenuation of ADAM10 maturation and
Notch activation [47,82].

There is limited research on how members of the
TspanC8 subfamily regulate ADAM10 in infectious dis-
eases, and the role of tspan10 in this context has not
been studied. Matthews et al. (2018) [116] suggested
that the TspanC8/ADAM10 complex may play a signifi-
cant role in the development and function of leukocytes;
however, additional research is necessary to substantiate
this claim. Although several cleavage substrates of the
TspanC8/ADAM10 complex have been elucidated, further
investigation is needed to ascertain the potential involve-
ment of most inflammatory factors, such as TNF-α, a
known ADAM10 substrate, in the cleavage of their precur-
sors. Additionally, the specific TspanC8 members impli-
cated in this process and the precise functions they serve
need to be further comprehensively examined.

Research on the regulation of ADAM10 by non-
TspanC8 subfamily tetraspanins is limited. Arduise et al.
(2008) [16] and Dornier et al. (2012) [22] utilized immuno-
precipitation to identify interactions betweenADAM10 and
several non-TspanC8 subfamily proteins [60–62]. How-
ever, further investigations into the functional relationships
between non-TspanC8 subfamily members and ADAM10
in various diseases are lacking. Explorations of tetraspanin-
enriched microdomains couldn’t confirm if there are other
molecules between these proteins and ADAM10. However,
studies have identified a connection between non-TspanC8
members and ADAM10 in certain diseases [26,60,63,64].
The potential involvement of TspanC8 subfamily members

and other unidentified proteins in mediating this interaction
warrants further investigation in the future.

5. Role of the Tspan8 Subfamily in the
Regulation of ADAM10

Hemler ME (2001) [23] revealed the sequence homol-
ogy of four proteins, tspan8, CD9, CD81 and tspan2, which
were collectively referred to as the tspan8 subfamily by
Müller M et al. (2022) [24]. They found that these pro-
teins can enhance the release of TNF-α, increasing tissue
inflammation by recruiting partners to the tetraspanin-web
[24]. Since there are no studies reporting whether and what
kinds of interactions exist between tspan8 and ADAM10,
we focused on the relationships of the other three members
of the tspan8 subfamily with sepsis and ADAM10 (Fig. 4).

5.1 Tspan29 (CD9)

This protein is likely one of the most studied
tetraspanins in the development of inflammation, and mul-
tiple studies have shown that CD9 is critical for control-
ling inflammation, reviewed in [117]. Research on the
connection between CD9 and ADAM10 started in 2002
when Yan et al. [118] discovered that G protein-coupled
receptor (GPCR) activation increases the interaction of
KUZ (ADAM10) and its substrate Heparin Binding EGF
Like Growth Factor (HB-EGF) with CD9. It appears that
CD9 regulates ADAM10 by promoting its protease activity;
however, Cécile Arduise et al. (2008) [16] reported that an
anti-CD9 antibody promotes the cleavage of substrates by
ADAM10. Lu et al. (2020) [63] have found that antibod-
ies against CD9 disrupt the association between CD9 and
ADAM10. These findings suggest that the actual regula-
tory effect of CD9 on ADAM10 may be negative.

The regulatory relationship between ADAM10 and
CD9 in sepsis remains unclear. When CD9 is knocked out,
there is a significant increase in proinflammatory signal-
ing and proinflammatory cytokine levels in the lungs of the
mice. In addition, loss of CD9 function increases TNF-α
production, which exacerbates LPS-induced lung inflam-
mation [119,120]. In sepsis, ADAM10 plays a role in pro-
moting these adverse outcomes. Moreover, CD9 on the cell
membrane of HUVECs plays a role in recruiting cell ad-
hesion molecules such as ICAM-1 and vascular cell adhe-
sion molecule-1 (VCAM-1) during the initial stages of in-
flammation. The recruitment of these molecules promotes
the adhesion of leukocytes to the endothelial cell surface
and facilitates their migration from the vascular endothe-
lium [117]. CD9 knockdown results in decreased expres-
sion of ICAM-1 and VCAM-1 on the cell membrane, lead-
ing to reduced leukocyte adhesion [121]. On the other hand,
ADAM10 on the cell membrane of HUVECs can promote
leukocyte detachment from the endothelial cell surface dur-
ing inflammation by cleaving the extracellular domain por-
tion of ICAM-1 [35]. The opposing effects of CD9 and
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Fig. 4. Relationship between Tspan8 subfamily members and ADAM10 in inflammation. a⃝ Tspan8 family members bind to
ADAM10 and may help it process substrates (e.g., Notch, Heparin Binding EGF Like Growth Factor (HB-EGF), and CD44). b⃝CD9 and
CD81 on the vascular endothelial cell membrane can promote leukocyte adhesion to the vascular endothelial cell surface by recruiting
cell adhesion molecules, such as Intercellular cell adhesion molecule-1 (ICAM-1), whereas ADAM10 has a hydrolytic effect on the
extracellular domain of ICAM-1. c⃝ Tspan2 prevents β-catenin from entering the nucleus and thus reduces the its promotion of ADAM10
gene expression.

ADAM10 on inflammation suggest that CD9 may inhibit
ADAM10 function in sepsis.

5.2 CD81

Previous reviews have summarized the effects of
CD81 on adhesion molecules such as VCAM-1 and inte-
grins during leukocyte migration across the vascular en-
dothelium and on leukocyte recruitment [122]. In the con-
text of viral, bacterial, or Plasmodium infection, CD81
may function as an entry factor in the host organism [28].
Mo et al. (2024) [123] conducted a study using single-
cell sequencing and transcriptome sequencing and identi-
fied seven key genes linked to sepsis development; specif-
ically, they found that the expression of CD81 was nega-
tively correlated with the expression of sepsis-related genes
such as IL-10 and TLR4. Another study conducted by Chen
et al. (2022) [124] on differentially expressed genes in sep-
sis and sepsis-induced ARDS revealed downregulation of
CD81 expression in the latter. Subsequent cellular exper-
iments demonstrated that CD81 overexpression mitigates
LPS-induced injury in A549 cells and decreases the lev-
els of proinflammatory cytokines in LPS-stimulated Jurkat
cells [124].

In contrast to the extensive research on infection, in-
vestigations of the interaction betweenCD81 andADAM10
are relatively limited. Arduise et al. (2008) [16], who first
identified this interaction, reported that antibodies targeting

CD81 increase the cleavage of the extracellular domains of
pro-EGF and TNF-α through a mechanism dependent on
ADAM10. Unlike the effect of antibodies against CD9, the
potential impact of antibodies against CD81 on the binding
of CD81 to ADAM10 remains unreported. However, con-
sidering the known role of CD81 in sepsis, the binding of
CD81 to ADAM10 may hinder its enzymatic activity.

5.3 Tspan2

In 2014, Otsubo C et al. [62] identified a connection
between tspan2 andADAM10 via immunoprecipitation and
reported that tspan2 binds to CD44 and enhances its ability
to scavenge ROS. We know that ADAM10 promotes the
development of inflammatory responses by cleaving the ex-
tracellular domain of CD44. Otsubo and colleagues [62]
proposed that the knockdown of tspan2 has a minimal ef-
fect on the cleavage of the CD44 extracellular domain and
that the release of the CD44 extracellular domain remains
unaffected by the ectopic expression of tspan2. However,
the specific role of the interaction between ADAM10 and
tspan2 in disease development was not investigated.

Both the Jun N-terminal Kinase (JNK) and β-catenin
signaling pathways have been implicated in the pathogen-
esis of sepsis [125–127]. Targeting these pathways with
pharmacological agents has been shown to mitigate the in-
flammatory response in sepsis model cells and animals,
thereby conferring a protective effect [128–132]. Hwang
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Fig. 5. Interactions between tetraspanins other than TspanC8 and members of the Tspan8 subfamily and ADAM10. a⃝ Tspan3
and tspan12 promote the extracellular domain cleavage of substrates (amyloid precursor protein (APP), notch) by ADAM10 on the
cell membrane. b⃝ CD53 and CD151 can bind to other transmembrane proteins, respectively, and promote processing of ADAM10
precursors by Furin by increasing the inward flow of extracellular calcium ions, resulting in increased ADAM10 expression. Additionally,
tspan12 can also bind to pro-ADAM10, thereby assisting the latter’s exit from the endoplasmic reticulum. c⃝ Enhanced hydrolysis of the
extracellular domain of ADAM10 towards its substrate (TNF-α) was observed after the use of antibodies to induce mutual aggregation
of CD82. d⃝ CD82 prevents β-catenin from entering the nucleus and thus reduces the latter’s promotion of ADAM10 gene expression.
e⃝ CD82 on the leukocyte membrane promotes leukocyte adhesion to the vascular endothelial cell surface by recruiting cell adhesion
molecules such as LFA-1, whereas hydrolysis of the extracellular domain of cell adhesion molecules by ADAM10 disrupts leukocyte
adhesion.

et al. (2016) [65] reported that overexpression of tspan2
promotes an increase in phosphorylated JNK levels, which
in turn promotes the phosphorylation of β-catenin; more-
over, the level of β-catenin in the nucleus increases after
tspan2 knockdown. Thus, it seems that tspan2 plays a role
in sepsis. Furthermore, the increase in β-catenin levels in
the nucleus coincides with an increase in the transcription of
the ADAM10 gene, which in turn promotes the shedding of
the extracellular domain of VE-cadherin [66,67], ultimately
disrupting the integrity of the endothelial barrier in patients
with sepsis [133]. These findings suggest an indirect reg-
ulatory effect of tspan2 on ADAM10 expression in sepsis.
Whether ADAM10 is directly regulated by tspan2 in sepsis
needs to be investigated more deeply.

6. Role of Other Tetraspanins in the
Regulation of ADAM10

In addition to the members of the two subfamilies
mentioned above, several other tetraspanins have now been
found to be associated with ADAM10, and they have
not been assigned to specific subfamilies. Here, we ex-
plore their possible roles in sepsis together with the link to
ADAM10 (Fig. 5).

6.1 CD82 (C33/KAI-1)
In inflammation, proinflammatory cytokines such as

IL-6 and TNF-α, along with hypoxic stimuli, have been
shown to induce the expression of CD82 [134]. This protein
can be recruited to phagosomes that contain Escherichia
coli (E. coli), suggesting its role in the intracellular trans-
port of small pathogen-associated molecules, such as LPS.
Virulent strains of Mycobacterium tuberculosis can main-
tain the formation of the CD82/RUNX1 complex, which
prevents phagosomematuration and fusion with lysosomes,
ultimately promoting their survival within macrophages
[135]. These findings do not indicate that CD82 is neces-
sarily harmful to the organism. Indeed, CD82 plays a com-
plex role in infectious diseases and inflammatory responses.
CD82 inhibits cell migration and proliferation, promotes
intercellular adhesion, and inhibits pathologic angiogene-
sis [134,136]. The regulatory function of epidermal growth
factor receptor (EGFR) in sepsis is significant, as its phos-
phorylation leads to the activation of the substrates EPS8
and GRB2 [137,138]. The activation of these molecules, in
conjunction with the coordination of TLR4 internalization
in response to LPS stimulation in macrophages, highlights
the importance of EGFR in this process [138]. CD82 syner-
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gistically inhibits EGFR phosphorylation with gangliosides
[139], which may influence the course of sepsis. The in-
teraction of CD82 with the envelope glycoprotein Human
T-lymphotropic virus 1 (HTLV-1) suppresses intercellular
fusion and viral transmission [140]. CD82 is a marker of
T-cell immune activation [141]; it also promotes antigen
presentation but inhibits the migration of dendritic cells to
draining lymph nodes [142]. CD82 inhibits themigration of
neutrophils and macrophages to inflammatory tissues, but
CD82 is required for the anti-inflammatory polarization of
macrophages. While CD82−/− macrophages can internal-
ize Leishmaniamexicana, their ability to clear this pathogen
is reduced [143]. Compared with wild-type mice, CD82-
knockout mice aremore susceptible toCandida albicans in-
fection [144]. Researchers have further reported that CD82
deletion results in increased Candida albicans viability in
macrophages, along with decreased cytokine production in
macrophages [144].

Antibodies targeting CD82 have been shown to induce
the redistribution of ADAM10 on the cell membrane, lead-
ing to an increase in ADAM10-dependent TNF-α release,
which supports the potential regulatory effect of CD82 on
ADAM10 [16]. In sepsis, ADAM10 increases endothelial
permeability and leukocyte migration by cleaving intercel-
lular adhesion molecules, such as ICAM-1 [35] and VE-
cadherin [36]. The enhancing effect of CD82 on the sta-
bility of cell adhesion molecules [145,146] antagonizes the
cleavage function of ADAM10. Tohami et al. (2004) [147]
reported a notable reduction in the proportion of CD82-
expressing cells among peripheral blood leukocytes in in-
dividuals with bacterial infections in comparison to healthy
controls. The researchers suggested that this finding aligns
with the increase in leukocyte motility during inflammation
[147]. Other studies have shown that CD82 stabilizes the
formation of E-cadherin/β-catenin complexes on the cell
membrane, which leads to a reduction in β-catenin levels
in the nucleus and ultimately affects the transcription of
ADAM10 [67,68]. On the basis of these findings, it is rea-
sonable to suggest that CD82 may mitigate the inflamma-
tory cytokine storm in sepsis by inhibiting the hyperactivity
of ADAM10.

6.2 CD151

CD151 is widely expressed in various cell types, and
studies have shown that it can directly influence leuko-
cyte migration. CD151 on endothelial cell membranes re-
cruits the vascular cell adhesion molecule VCAM-1 in the
early stages of inflammation, which promotes leukocyte
adhesion to vascular endothelial cells and facilitates sub-
sequent leukocyte efflux into blood vessels [148]. How-
ever, cell adhesion is also promoted during infection by cer-
tain pathogens. E. coli, Neisseria meningitidis (N. meningi-
tidis), and S. pneumoniae require CD9, CD63, and CD151
for adherence to and invasion of host cells [135]. HPV16
and Human cytomegalovirus (HCMV) also require CD151-

mediated endocytosis for the infection and invasion of cells
[149,150]. CD151 is considered a promising target for
treating influenza and other viral infections because of its
important role in viral infection-related signaling [151].

Research on the relationship between CD151 and
ADAM10 is limited. However, the potential connection
between these proteins in sepsis can be inferred from exist-
ing findings. Hypoxia contributes to deterioration in sepsis
[152]. Hypoxia induces an increase in ADAM10 expres-
sion and inhibits CD151 expression [153,154]. Intracellu-
lar Ca2+ flux is increased in sepsis models, promoting the
activation of ADAM10 [69,154]. Coincidentally, CD151
can regulate intracellular Ca2+ homeostasis [155]. The ac-
tivation of the Wnt signaling pathway plays a significant
role in sepsis [156]. Wnt signaling has been shown to po-
tentially play a role in recruiting epigenetic complexes to
facilitate the activation of ADAM gene transcription [66].
Deletion of the CD151 gene coincidentally leads to hyper-
activation of the typical Wnt/β-catenin signaling pathway
[157]. Mast cells have important immune functions dur-
ing pathogenic infections and sepsis, and the expression of
ADAM10 on the surface of mast cells can be inhibited by
transforming growth factor-beta l (TGFβ1) [158,159]. In-
terestingly, CD151 is a regulator of TGFβ1-mediated sig-
naling [160]. When CD151 is silenced, TGFβ1 can in
turn activate Wnt signaling [161]. Endothelial dysfunc-
tion, characterized by vascular endothelial hyperpermeabil-
ity and other manifestations, plays a key role in the patho-
genesis of sepsis, and angiogenesis may alleviate endothe-
lial dysfunction [162,163]. While CD82 has inhibitor ef-
fects on angiogenesis, CD151 is implicated in the promo-
tion of angiogenesis [164,165]. CD151, which is highly ex-
pressed in endothelial cells, is essential for the maintenance
of endothelial capillary-like structures in vitro and for en-
dothelial cell‒cell and cell-matrix interactions in vivo. De-
pletion of CD151 results in a notable increase in vascular
permeability [166]. Endothelial cells lacking CD151 ex-
hibit deficiencies in spreading, migration, and tube forma-
tion according to various in vitro assays [19]. On the other
hand, ADAM10 can increase vascular endothelial perme-
ability by cleaving VE-Cadherin. Endothelial ADAM10
deficiency promotes neovascularization [167]. These find-
ings suggest that CD151 may inhibit the overexpression of
ADAM10 in sepsis, thus improving ameliorating the dis-
ease.

6.3 CD53

CD53 is expressed at lower levels in endothelial cells
than other tetraspanins [19]. It is predominantly expressed
in immune cells and bone marrow cells and plays a crucial
role in the immune system by regulating immune cell de-
velopment, adhesion, migration, and signaling [168–172].
This implies that it may play a nonsignificant role in im-
mune dysfunction in sepsis. Studies have shown that the
CD53 gene is upregulated in macrophages stimulated by
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LPS and that in humans, CD53 deficiency predisposes in-
dividuals to multiple recurrent infections [170,173]. The
expression of CD53 on monocyte subpopulations is neg-
atively correlated with the viral load in untreated HIV-1-
infected individuals [174]. CD53 gene expression is in-
creased in the blood of patients with active tuberculosis
(TB) compared with that of healthy controls and patients
with latent TB [175]. Cytokine production and inflamma-
tory signaling pathways are hyperactivated in response to
inflammatory stimuli when CD53 is knocked down in hu-
man THP-1 monocytes [70]. These results suggest an im-
portant role for CD53 in infectious diseases and even sepsis.

Few studies have reported the association between
CD53 and ADAM10 in inflammation or sepsis, but by re-
viewing the literature, we found that they may be linked.
ADAM10, which plays an important role in sepsis, like-
wise plays a role in immunomodulation. For example,
both ADAM10 deficiency and overexpression affect B-cell
development and activation. Soluble CD23 released by
ADAM10 cleavage induces macrophages to release proin-
flammatory cytokines. Notably, ADAM10 expressed on
platelets plays a key role in regulating the immune response,
reviewed in [176]. In immune cells, CD53 promotes BCR-
dependent protein kinase C (PKC) signaling by recruiting
PKC to the plasma membrane, enabling it to phosphory-
late substrates [71]. Interestingly, PKC activation is one
of the prerequisites for the activation of ADAM10 pro-
tease activity on the cell surface [72]. In addition, TNF-α
is a classical substrate of ADAM10, and our studies have
shown that ADAM10 increases TNF-α secretion in sep-
sis [32,177]. Genome-wide association studies (GWASs)
in humans revealed that SNPs in the CD53 gene are sig-
nificantly associated with TNF-α levels after LPS stim-
ulation [178]. LPS treatment upregulates CD53 expres-
sion in mouse hepatocytes, while CD53 deficiency blocks
TNF-α signaling [170]. Notably, CD53 does not appear
to directly influence TNF-α secretion, as evidenced by the
fact that antibodies against CD53 do not have a signifi-
cant impact on TNF-α secretion [16]. In contrast, treat-
ment with TNF-α downregulates CD53 on the surface of
neutrophils through a mechanism involving protein hydrol-
ysis, and similar changes are observed when neutrophils
are stimulated with the calcium carrier ionomycin, an ac-
tivator of ADAM10 [179,180]. These findings suggest that
ADAM10may partially compensate for the prosecretory ef-
fect of CD53 on TNF-α during the inflammatory response
and that TNF-α may have a negative feedback effect on
CD53 expression.

6.4 Tspan12

Tspan12 is widely expressed in most human tissues
and organs and most highly expressed in the digestive, gen-
itourinary, and cardiovascular systems [181]. Xu et al.
(2009) [61] utilized mass spectrometry to confirm the inter-
action between ADAM10 and tspan12 in various cells and

reported a reduction in mature ADAM10 expression in cells
lacking endogenous tspan12. Chen et al. (2015) [73] re-
ported that the knockdown of tspan12 and tspan17 on CHO
cell membranes reduces the formation of the ADAM10-γ-
secretase complex and the production of cleavage products
but has no significant effect on the expression of mature
ADAM10. In line with the findings of Chen et al. (2015)
[73], Knoblich et al. (2014) [181] reported no alterations in
ADAM10 gene expression or protein maturation in MDA-
MB-231 cells with tspan12 knockdown. The reasons for
the varying impacts of tspan12 on ADAM10 maturation
across different cell types were not investigated in the afore-
mentioned studies. Other tspanC8 family members in cells
may play a compensatory role. Notwithstanding, the afore-
mentioned evidence indicates the potential existence of a
cell-specific regulatory effect of tspan12 on ADAM10, im-
plying that targeted regulation of the mature expression of
ADAM10 by tspan12 may be anticipated.

Although no association between tspan12 and
ADAM10 has been found in sepsis, relevant studies have
provided some evidence of such an association. Tspan12
expression is significantly downregulated in the inflamed
esophageal endothelium. TSPAN12 gene silencing disrupts
endothelial integrity and increases endothelial cell perme-
ability. TNF-α stimulation significantly reduces tspan12
expression in endothelial cells [182]. Angiogenesis may
ameliorate endothelial dysfunction in sepsis, and studies
have shown that activation of ADAM10 inhibits endothe-
lial cell activation and angiogenesis [163,183]. Another
study reported that tspan12 cooperates with the products of
several genes, including Norrin (NDP), Frizzled 4 (FZD4),
and LRP5, to activate the Norrin/β-catenin signaling
pathway, which is essential for angiogenesis [181,184].
Knockdown of tspan12 has been shown to alter the gene
expression of TGFβ1, and TGFβ1 has been found to
inhibit ADAM10 expression in mast cells [158,181].
These findings suggest that tspan12 protects against
inflammatory responses and endothelial dysfunction. This
is contrary to the role of ADAM10 in enhancing the
inflammatory response and endothelial dysfunction in
sepsis. Additionally, the renin‒angiotensin‒aldosterone
system (RAAS) is activated in sepsis, and tspan12 is a
negative regulator of aldosterone production [74,185].
Notably, mCCD cells with ADAM10 knockout exhibit a
loss of aldosterone responses [186].

6.5 Tspan3

Dendritic cells (DCs) are the most potent antigen-
presenting cells and play a crucial role in triggering T-
cell-mediated immune responses. In 2001, Tokoro et al.
(2001) [187] reported that tspan3 on mouse dendritic cells
is involved in T-cell initiation. Seipold et al. (2017)
[60] reported that tspan3 can act synergistically with other
tetraspanins to stabilize ADAM10 and γ-secretase com-
plexes on cell membranes and regulate the extracellular do-
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main shedding and intramembrane protein hydrolysis activ-
ities of ADAM10 but does not affect the intracellular trans-
port of ADAM10 or the expression of mature ADAM10.

Despite the fact that there have been no studies on
the effect of tspan3 on ADAM10 in sepsis, it can be hy-
pothesized from the relevant literature that the two are
linked in inflammatory diseases. First, both tspan3 and
ADAM10 were found to contribute to coronavirus inva-
sion [188,189]. Second, DCs expressing tspan3 require
ADAM10-mediated Notch signaling to produce cytokines
that stimulate TH2 immune responses, and tspan3 can in-
teract with claudin 11 (Cldn-11) to modulate ADAM10-
mediated Notch signaling [75,111]. Although the evidence
is scarce, these clues suggest a possible synergistic effect of
tspan3 with ADAM10 in sepsis.

7. AI-Driven Innovations in
ADAM10-Tetraspanin Research in Sepsis

The transformative integration of artificial intelli-
gence (AI) in biomedical research has revolutionized the
deconvolution of intricate protein interactomes, especially
within inflammation-driven pathologies. The Tspan15-
ADAM10 axis emerges as a sepsis regulator: Tspan15
directs ADAM10 to the cell membrane surface, selec-
tively cleaving VE-cadherin, disrupting intercellular adhe-
sion junctions, and exacerbating endothelial dysfunction
[77,190]. Structural insights into Tspan15-ADAM10 com-
plexes offer a 3D topological framework for graph neural
networks to simulate sepsis-related perturbations, predict-
ing off-target substrate cleavage (e.g., APP, Notch) and cy-
tokine storms [76].

Current limitations in characterizing ADAM10-
tetraspanin interactions present prime targets for AI: (1)
Structural Prediction: Deep learning (AlphaFoldMultimer)
enables de novo modeling of ternary complexes, resolving
cryptic binding interfaces in sepsis-relevant TspanC8 mem-
bers (e.g., Tspan15/33) [76]; (2) Multiomics Integration:
Integration of single-cell RNA sequencing (scRNA-seq)
data with AI algorithms offers unprecedented opportu-
nities to decode cell type-specific ADAM10-tetraspanin
interactions. Xu et al. (2024) [191] demonstrated how
machine learning applied to sepsis scRNA-seq data can
identify critical hub genes within specific immune sub-
sets. Extending this approach to analyze co-expression
patterns of ADAM10 and tetraspanins across septic
microenvironments could uncover context-dependent
regulatory logic. Such analyses may resolve why iden-
tical tetraspanins exert opposing effects on ADAM10
substrate selectivity in different cell types [29,58,77];
(3) Therapeutic Design: Generative adversarial networks
simulate tetraspanin web reorganization under toxin
exposure, predicting allosteric nanobody sites. Generative
adversarial networks (GANs) can predict the allosteric
interface in the Tspan15-ADAM10 complex structure
resolved by cryo-EM [76], perform mutation analysis in a

virtual environment, and identify evolutionarily conserved
residues (such as Glu94 and Trp145) as key contact sites for
developing single-domain antibodies. By simulating toxin
induction, reinforcement learning can optimize specific
peptide segments targeting the tetraspanin web, selectively
inhibiting toxin-enhanced ADAM10 activation [192].

8. Conclusion and Perspectives
ADAM10 plays a critical role in inflammation-

related diseases, including sepsis, and is undoubtedly a
key target for sepsis treatment. Owing to the wide range
of actions of ADAM10, interventions that nonspecifically
target ADAM10 inevitably cause some harm while also
modulating inflammation. We need to find targets that
regulate ADAM10 more specifically in certain diseases.
Few studies and reviews available so far have discussed the
association and role between ADAM10 and tetraspanins in
the context of sepsis. In this paper, we explore the regu-
lation and activation of ADAM10 by tetraspanins, as well
as the potential implications of the interactions between
ADAM10 and tetraspanins in the context of sepsis (Table 2,
Ref. [22,29,51,53–58,62,64,70,71,74,75,77,80,82–84,97–
99,110,112,117,120,122,124,135,136,138–141,144,148–
150,152,155,157,164,165,170,181,182]). The modulation
of tetraspanins represents a promising approach for selec-
tively targeting ADAM10 activity in sepsis and potentially
minimizing the off-target effects associated with global
ADAM10 inhibition.

Research on ADAM10 interaction partners has fo-
cused predominantly on various members of the tspanC8
subfamily. This is likely because these proteins were iden-
tified as some of few interaction partners capable of directly
binding ADAM10 even in the presence of the strong de-
tergents used in immunoprecipitation. Nevertheless, there
is inconsistency in the literature because researchers use
different detergents with varying compositions at differ-
ent concentrations. The ability of fluorescence colocaliza-
tion analysis to confirm direct protein interactions is lim-
ited. With the exception of tetraspanins that have been
subjected to coprecipitation experiments following cleav-
age with strong detergents such as 1% digitonin and/or 1%
Triton X-100, as well as tetraspanins for which the type
of interaction with ADAM10 have been verified via cryo-
EM, we are not able to confirm whether other tetraspanins
interact with ADAM10 directly or indirectly. Additional
research is required to confirm the nature of these interac-
tions. For example, techniques such as fluorescence in situ
hybridization and fluorescence energy resonance transfer
are promising tools for studying protein interactions and can
be used to unambiguously identify tetraspanins that bind di-
rectly or indirectly to ADAM10.

Research investigating the interaction between
tetraspanin and ADAM10 in the pathogenesis of sepsis is
currently lacking. ADAM10 cleaves inflammatory factors
such as TNF-α and CX3CL1, but the function of tetraspan-
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Table 2. Roles of tetraspanins in sepsis-related inflammation and vascular effects related to ADAM10.
Tetraspanin Possible vascular effects related to ADAM10 Possible links to sepsis Reference

Tspan5 ↑ VE-cadherin endocytosis ↑ T-lymphocyte transmigration [22,53,80,84]
↑ T-lymphocyte transmigration ↑ CD8+ T-cell activation

↑ CD44 shedding ↑MHC class I clustering
↑ Notch1 shedding ↑ Notch signaling

Tspan10 - ↑ Notch signaling [82]
Tspan14 ↓ GPVI shedding ↑ Staphylococcus aureus infection [51,83,110,112]

↑ Binding of alpha-hemolysin to the cell surface ↑ Notch signaling
↓ Cell migration

↑ Notch1 shedding
Tspan15 ↑ N-cadherin shedding Affects Notch signaling [29,54,55,77,97,98]

↑ GPVI shedding ↑ Cadherin shedding
↑ Platelet aggregation ↑ Platelet activation, aggregation, and inflammatory progression

↓ Streptococcus pneumoniae infection
↑ NF-κB signaling

Tspan17 ↑ VE-cadherin endocytosis ↑ T-lymphocyte transmigration [53]
↑ T-lymphocyte transmigration

Tspan33 ↑ Notch1 shedding Marker of B-cell activation [29,54,56–58,99]
↑ TLR signaling-dependent macrophage activation Affects Notch signaling

↑ GPVI shedding ↑ Platelet activation, aggregation, and inflammatory progression
↑ Platelet aggregation ↑ Cell death caused by alpha-toxin pores

CD9 ↓ TNF-α production ↓ Lung proinflammatory signaling and proinflammatory cytokine levels; [64,74,117,120,122,138,139,182]
↑ Leucocyte adhesion ↑ Leucocyte adhesion

↑ Cell motility
↑ Notch signaling

CD81 ↑ Cell adhesion ↑ Leukocyte recruitment [122,124]
↓ LPS-induced cellular damage and proinflammatory cytokine levels

Tspan2 ↑ Cell motility ↑ CD44-mediated clearance of ROS [62,152]
↑ JNK and β-catenin phosphorylation

↓ Nucleus β-catenin
Tspan12 ↓ Aldosterone production ↓ Aldosterone production [74,181]

↑ Norrin/β-catenin signaling path- way ↑ Norrin/β-catenin signaling
Tspan3 ↑ Notch signaling Regulation of Notch signaling [75]
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Table 2. Continued.
Tetraspanin Possible vascular effects related to ADAM10 Possible links to sepsis Reference

CD82 ↓ Cell motility Marker of T-cell activation [122,135,136,140,141,144,164]
↑ Cell adhesion ↑ Intracellular transport of small pathogen-associated molecules
↓ Angiogenesis ↓ Phagosome maturation fusion with lysosomes

↓ Pathological angiogenesis
↓ Virus transmission

↓Macrophage-associated cytokine levels
CD151 ↑ Cell migration ↑ Leucocyte adhesion [122,135,148–150,155,157,164,165]

↑ Cell adhesion ↑ Bacterial and viral invasion
↑ Angiogenesis ↑ Asthma-related airway hyperresponsiveness

↓ Vascular permeability ↓Wnt/β-collagen signaling pathway
↑ Pathological angiogenesis

CD53 ↑ PKC signaling ↑ Phagocytosis and digestion of bacteria [70,71,170]
↓ Inflammatory cytokine ↑ PKC signaling

production ↓ Inflammatory cytokine production & hyperactivation of the inflammatory response
↑ TNF-α signaling

↑ : Promote, strengthen, increase; ↓ : Reduced, decrease. VE, vascular endothelial; MHC, major histocompatibility complex; GPVI, Glycoprotein VI; NF-κB, nuclear factor kappa-B; TNF-α,
Tumor Necrosis Factor-α; LPS, lipopolysaccharides; ROS, reactive oxygen species; JNK, Jun N-terminal Kinase; PKC, protein kinase C.
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in proteins in this process is unclear. While some re-
searchers have used proteomics analysis to identify possi-
ble tetraspanin/ADAM10-interacting proteins, few inflam-
matory factors have been found to interact with ADAM10
or tetraspanins [29,61]. The lack of inflammation in the
cell samples utilized for mass spectrometry may account for
the absence of notable secretion of inflammatory cytokines.
The hydrolysis of inflammatory cytokines by ADAM10
is predominantly observed in the context of inflammation.
Studying how the tetraspanin/ADAM10 complex interacts
with inflammatory factor substrates under specific inflam-
matory conditions, such as in cells stimulated with LPS to
simulate sepsis, is important. Considering the current un-
derstanding the direct interactions between members of the
tspanC8 subfamily and ADAM10, studying the pathophys-
iological changes associated with these proteins in sepsis
is promising. In conclusion, future research should focus
on identifying the specific substrates cleaved by different
tetraspanin/ADAM10 complexes in sepsis to aid the devel-
opment of precision targeted therapies.

Tetraspanins regulate their interaction partners mainly
in locally formed nanodomains (i.e., tetraspanin-enriched
microdomains). Therefore, the interactions among differ-
ent proteins within these microdomains play crucial roles in
regulating the activity of ADAM10. After confirming inter-
actions between tetraspanins and ADAM10, we should in-
vestigate how multiple tetraspanins in tetraspanin-enriched
microdomains work together to regulate ADAM10. Elu-
cidating this mechanism may provide insight for the more
precise regulation of ADAM10 activity for the treatment of
sepsis.

In addition, single-cell RNA sequencing has been
used to reveal cellular transcriptomic changes in sepsis-
associated injuries [123,193,194]. To definitively estab-
lish the cell-specific roles of tetraspanins in regulating
ADAM10 during sepsis, future studies should prioritize
scRNA-seq of clinical samples, with a targeted analysis
of ADAM10-tetraspanin co-expression across relevant cell
types (e.g., endothelial cells, macrophages, T and B lym-
phocytes). Integration with spatial transcriptomics could
further map these interactions within tissue microenviron-
ments affected by sepsis, such as the lung and kidney. Such
approaches would validate hypothesized cell-contextual
mechanisms and identify novel therapeutic targets tailored
to specific cellular compartments [193,194]. Given the cur-
rent understanding of the direct interactions between mem-
bers of the TspanC8 subfamily and ADAM10, studying
the pathophysiological changes associated with these pro-
teins in sepsis holds promise. In conclusion, future research
should focus on identifying the specific substrates cleaved
by different tetraspanin/ADAM10 complexes in sepsis to
aid the development of precision targeted therapies.
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