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ABSTRACT
Harboring four transmembrane domains in their structural hallmark, Tetraspanins (Tspans) are 
a family of glycoproteins with pivotal functions in a variety of biological and cellular processes. 
Through interacting laterally with each other or specific membrane proteins, Tspans organize 
tetraspanin-enriched microdomains (TEMs), modulating cellular signaling, adhesion, fusion, and 
proliferation. An abundance of evidence has identified the multiple functions in the progression 
of cancer as well as the underlying molecular mechanisms. Recently, plenty of studies have 
focused on the utilities of Tspans by pathogens for infection, especially the infection of viruses. 
The expression of Tspans correlates with the phase of viral infection, the type of virus, and 
targeted therapies. In particular, perturbations of Tspans in host cells can affect viral attachment, 
intracellular trafficking, translation, virus assembly, and release. In this review, we summarize and 
provide a historical overview of the discovery and characterization of various kinds of virus 
infection and highlight their diversity and complexity, along with the virus life cycle. 
Furthermore, we examined the current understanding of how various Tspans are involved in 
the regulatory mechanisms underlying viral infection. This review aims to offer a comprehensive 
understanding of the targeting of Tspans for therapeutic intervention in infections caused by 
diverse pathogens.
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Introduction

The Tetraspanins (Tspans) are a group of transmem
brane proteins with molecular masses ranging mainly 
from 20 to 30 kDa and widely expressed in many 
species [1]. They were first discovered on the surface 
of human leukocytes and characterized by a conserved 
superfamily with four transmembrane glycoproteins 
[2]. The distinguished multi-transmembrane structure 
consists of four highly hydrophobic transmembrane 
domains (TM1-TM4), which delimit two extracellular 
loops (SEL and LEL), one intracellular loop (IL), and 
short cytoplasmic N- and C-terminal tails (Figure 1). 
The IL and transmembrane domains include multiple 
conserved polar residues. The two extracellular loops, 
equipped with glycosylation sites, contain 20–28 amino 
acid residues and 76–131 amino acid residues, respec
tively [3]. The large extracellular loops (LEL or EC2) 
consist of a variable region and a conserved region that 
contains 2–6 constant cysteine residues: CCG (Cys- 
Cys), PXSC (Phe-X-Ser-Cys), and EGC (Glu-Gly-Cys) 
[4]. These cysteine residues are linked to form disulfide 

bonds, which correctly fold and stabilize the LEL. The 
above structural features are necessary for the interac
tion of Tspans with other transmembrane proteins, 
such as integrins or other signaling molecules. The 
crystal structural model of the LEL of CD81, a well- 
characterized member of the Tetraspanins family, has 
provided critical insights into the structure of this 
region, highlighting its importance in Tspans’ func
tional roles [5]. 

Tspans can laterally associate with themselves, other 
Tspans, or other ligand proteins on the cell surface to 
form Tetraspanin-enriched-microdomains (TEMs or 
TERMs) and serve as structural and functional compo
nents of the plasma membrane. To date, most ligand 
proteins found in TEMs can be classified into four 
major groups: members of the immunoglobulin and 
integrin superfamilies; proteins with Ig domains; intra
cellular adaptor molecules such as syntenin; intracellu
lar signaling molecules, such as heterotrimeric 
G proteins, phosphoinositide 4-kinase (PI4K) and acti
vated protein kinase C (PKC). The interactions formed 
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by TEMs are indirect and can be determined by co- 
immunoprecipitation using mild detergents that pre
serve the tetraspanin–tetraspanin interactions. 
Thereby, the specific TEMs are not only involved in 
various normal cellular processes, such as cell signaling, 
cell adhesion, migration, proliferation, and differentia
tion, but also fundamental immune functions. In parti
cular, as members of Tspans, CD9, CD63, CD81, CD82, 
and CD151 have been involved in viral infection 
[4,6–9].

Viruses are microscopic intracellular parasites that 
cannot complete most aspects of vital functions by 
themselves outside the host cell. According to their 
external structure, viruses can be divided into two 
categories: enveloped viruses, which have a lipid mem
brane wrapped around the protein coat that facilitates 
viral invasion, and non-enveloped viruses, which lack 
the membrane [10]. Viruses hijack healthy host cells, 
exploiting their resources and reproductive machinery 
for rapid replication. This life cycle of viral infection 
often leads to the death of the cell and, in some cases, 
illness. Cutting-edge research has unveiled the intricate 
process and precise mechanisms that viruses employ to 
infiltrate host cells and initiate infections. Given the 
essential structure, broad tissue distribution, and spe
cific localization, it is unsurprising that Tspans are 
involved in multiple stages of viral infection, from the 

initial cell membrane attachment to the viral particle 
release and syncytium formation. As described above, 
the functional TEMs comprised diverse Tspans in the 
plasma membrane might serve as platforms for virus 
infection [11], particularly for viruses that directly uti
lize Tspans as receptors. Similarly, viral enveloped pro
teins accumulate in TEMs and induce large assemblies 
of viral transmembrane proteins to facilitate efficient 
budding. Here, we summarize and compare compre
hensive progress in our understanding of the central 
role of Tspans in the life cycles of related viruses. We 
aim to provide an integrated understanding of the 
Tspans’ role in the life cycles of viruses and how they 
affect their pathogenesis.

The specific characteristics and roles of Tspans

CD81

Oren et al. identified a murine monoclonal antibody 
(mAb) that induced a reversible anti-proliferative effect 
on a human lymphoma cell line [12]. The protein that 
interacted with this mAb was exactly CD81 (TAPA-1), 
which was identified using cell transfection and func
tional screening methods and cDNA libraries. CD81 is 
a 26 kDa cell surface protein and is expressed in various 
types of cells. Initially, CD81 was part of the 

Figure 1. Schematic of typical Tspans structure. Tspans are comprised of four highly hydrophobic transmembrane domains (TM1- 
TM4), which delimit two extracellular loops (SEL and LEL), one intracellular loop (IL), and short cytoplasmic N- and C-terminal tails. 
The LEL domain consists of a variable region including a signature CCG motif and a conserved region that contains six constant 
cysteine residues. Multiple juxta membrane cysteine residues are heavily palmitoylated.
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B lymphocyte surface receptor complex (CD19/CD21/ 
CD81/Leu13), which generates hyperactive B cells in 
response to antigens, thereby triggering downstream 
signaling pathways [13,14]. Additionally, 5A6, a mAb 
against CD81, has been shown to effectively inhibit the 
growth of B-cell lymphoma in vitro and trigger the 
intrinsic immune cytotoxic mechanism in vivo [15]. 
Apart from its impact on B cell proliferation, the 
importance of CD81 in the immune system has also 
attracted more attention. It has been revealed that the 
CD81-deficient mice undergo normal T- and conven
tional B-cell development, although CD19 expression 
on B cells is reduced [16]. Thus, CD81 is not essential 
for lymphocyte development, and the underlying rea
son for this has been speculated to be the recruitment 
of other members of the Tspans family to compensate 
for the absence of CD81. The reintroduction of CD81 
into CD81-deficient B cells restored normal levels of 
CD19, indicating that the reduction of CD19 expres
sion is owing to the lack of CD81. Moreover, the 
interaction between CD81 and EWI-2 contributes to 
the recruitment of α-actin to T cell immune 
synapses [17].

CD82

CD82 (KAI1/CD82) was originally discovered in research 
on T-cell activation [18]. Subsequent studies have shown 
that CD82 acts as a suppressor of tumor metastasis, 
which may be a potential biomarker for the metastasis 
of solid malignant tumors [19]. Ubiquitously expressed 
CD82 functions as a protein scaffold, modulating both 
cell-matrix and cell–cell pro-adhesiveness, and suppres
sing cell migration and cell invasion by interacting with 
a variety of integrin complexes [20]. For instance, CD82 
binds the α4β1 integrins, which accumulate at the cell 
membrane and result in bone marrow homing of pro
genitor cells [21,22]. In terms of regulation of the 
immune function, CD82 is highly expressed in multiple 
immune cells and plays various roles in immune cell 
responses, including facilitating antigen presentation 
[23], modulating T-cell polarization [24], and supporting 
macrophage activation [25]. It has been revealed that 
macrophage CD82 supports CpG-dependent TLR9 traf
ficking and signaling. Additionally, CD82 specifically 
controls TLR9-mediated NF-kB activation and TNF-α 
production, which is critical for inflammatory cytokine 
production [26].

CD63

CD63 is a 30–60 kDa member of the tetraspanin pro
tein family. Following endocytosis, CD63 resides in late 

endosomes/multivesicular bodies (MVBs) and lyso
somes via the endosomal route, hence CD63 is also 
known as lysosome-associated membrane protein 3 
(LAMP-3). An increasing number of studies indicated 
that transport of CD63 may occur through incorpora
tion into intraluminal vesicles (ILVs) or the AP-3 path
way [27]. In this process, the elaborate trafficking and 
distribution of CD63 must be tightly modulated. CD63 
exhibits extensive cellular and tissue distribution and 
was initially identified as a protein expressed on the cell 
surface of activated blood platelets [28]. Subsequently, 
it has been implicated in numerous cellular functions, 
mainly involved in fundamental cellular processes, such 
as cell trafficking and endocytosis [29]. It was later 
revealed that following platelet activation and granule 
exocytosis, CD63 is transported to the plasma mem
brane and is associated with the αIIbβ3-CD9 complex 
[30]. In dendritic cells, CD63 interacts with MHC-II 
molecules through the endosomal system and triggers 
an immune response by presenting antigens [31]. 
Moreover, the function of CD63 in T-lymphocytes is 
related to the regulation of the chemokine receptor 
(CXCR) [32]. It was observed that CD63-mediated co- 
stimulation significantly induces the activation and 
proliferation of T cells, accompanied by strong produc
tion of IL-2 [33]. It is noteworthy that the specific 
interactions between Tspans and defined β1 integrins 
(e.g. α4β1, α3β1, and α6β1) have been demonstrated by 
immunoprecipitation, suggesting that novel and speci
fic complexes consisting of CD63, CD81, phosphatidy
linositol 4-kinase (PI4K), and integrin (α3β1) may play 
a key role in cell motility [34–36]. Finally, investiga
tions using soluble recombinant LEL domains to iden
tify the specific function of individual Tspans have 
confirmed that CD63 LEL plays a direct role in mono
cyte fusion [37].

CD151

The tetraspanin CD151 was first identified in platelet 
and endothelial cells by using a monoclonal antibody 
against human acute myeloid leukemia cells [38]. 
CD151 (PETA-3/SFA-1) is widely expressed in various 
cells and tissues, including epithelium, endothelium, 
muscle, renal glomeruli, proximal and distal tubules, 
and Schwann cells. As with other Tspans, CD151 inter
faces with several integrins in cell membranes [39]. 
Earlier studies have shown that CD151 modulates cell 
motility and adhesion through interplay with laminin- 
binding integrins such as α3β1 or α6β4 [40]. However, 
unlike other tetraspanin–integrin interactions reported 
previously, CD151 is capable of maintaining a robust 
association with α3β1, α6β4, and α7β1 integrin 
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heterodimers, even in stringent detergents [39,41]. 
Furthermore, the contribution of CD151 to adhesion- 
dependent signaling is implicated in its capacity to 
recruit signaling kinases into proximity to integrin 
complexes, such as type II phosphatidylinositol 
4-kinase (PI4-k) and protein kinase C (PKC) [42]. 
Both anti-CD151 and anti-α3 antibodies showed 
a significant reduction of neutrophil motility, suggest
ing a functionally important role for the CD151- 
α3β1-PtdIns 4-kinase complexes in cell migration 
[41]. Meanwhile, CD151 deficiency causes suppressed 
migration activity in T cells, leading to decreased 
inflammation in a colitis model [43].

CD9

CD9 is a ubiquitously expressed protein that is loca
lized within the endothelial cells, some leukocytes, and 
diverse tumoral cells [44]. This molecule was originally 
recognized as a lymphohematopoietic marker [45], 
belonging to an evolutionarily conserved family of pro
teins. According to the cell type in which it is located or 
the molecules it associates with, CD9 is involved in 
multiple biological processes such as cell adhesion, 
motility, growth, and sperm-egg fusion [46]. For 
instance, CD9 is predominantly expressed and localized 
in the oocyte microvilli, which was reported to play 
a pivotal function in fertilization [47]. In addition, 
previous studies have demonstrated that the presence 
of an anti-CD9 antibody strongly impairs in vitro ferti
lization, and it has been observed that CD9-deficient 
female mice were affected by infertility [48]. By injec
tion of exogenous human CD9, mouse CD9 or CD81 
mRNA at oocytes, the infertility of CD9-/- mouse was 
partially or completely reversed. In CD9-/- eggs, the 
high expression level of mouse CD81 mRNA injection 
is similar to that of endogenous mouse CD9, implying 
that CD81 may provide functional compensation to 
some extent for CD9 function in sperm-egg fusion. 
Furthermore, like other members of the Tspans, CD9 
is also associated with integrin adhesion receptors. It 
was reported that pro- and anti-migratory functions of 
CD9 were attributed to its modulatory activity toward 
integrin complexes [49]. Importantly, the tetraspanin 
CD9 and CD81 have been identified as indispensable 
for membrane fusion up to date [50]. The anti-CD9 
and anti-CD81 mAbs substantially hindered the fusion 
of murine myoblasts and triggered early myotube 
degeneration [51], suggesting that the CD9 and CD81 
molecules play a pivotal role in muscle cell fusion.

A brief overview indicates that Tspans are found in 
virtually all tissues (CD81, CD82, CD63, CD151, and 
CD9). Although their functions overlap in many ways, 

different molecules have specific functions in specific 
biological processes or disease contexts. CD82 plays an 
important role in inhibiting cancer cell invasion and 
metastasis, whereas CD63 is more involved in regulat
ing cell phagocytosis and extracellular vesicle formation 
[27]. Additionally, CD9 participates in cellular adhe
sion, motility, and fertility, specifically in sperm-egg 
fusion. CD81 has been extensively studied for its role 
in immune cell regulation, including B cell activation 
and proliferation. Although their biological roles are 
varied, Tspans share the ability to interact with a wide 
array of membrane-bound receptors and integrins, 
forming complex networks of protein–protein interac
tions that fine-tune cellular behavior [4]. This versati
lity makes Tspans key players in research on cancer 
progression, immune response, cell migration, and 
membrane fusion.

Tspans in viral entry

Viral entry is a cascade of coordinated events that starts 
with binding to target cells. This entry process repre
sents the initial stage of viral infection in a virus life- 
cycle, leading to either the intact virus entering the 
uninfected host-cell, or introducing its genetic material 
into the cell. An increasing number of studies per
formed with the entry of multiple viruses into different 
host cells have painted an overall picture of the viral 
entry process. The manner in which a virus enters a cell 
varies depending on its type, as each type of virus binds 
variously to these receptors [52], and some viruses 
require more than one receptor. The pathway by 
which a virus successfully hijacks the host cell is heavily 
determined by the initial interaction between the virus 
and the cell surface receptor. Conceptually, as the gly
coproteins are located on the cell surface, the Tspans 
are likely to incorporate into intact viruses. Subsequent 
studies do demonstrate that they function in the con
text of extracellular viruses, namely at the virus cell 
entry stage [53]. Although the interactions between 
the virus and cell surface at the molecular level are 
extremely complex and variable, many essential tetra
spanin receptors for the virus entry into cells have been 
identified [54].

Tspans in enveloped virus entry

One of the first characterized discoveries of 
a tetraspanin interacting with a virus was the identifi
cation of CD81 as a necessary ligand for Hepatitis 
C virus (HCV) [55]. The E1 and E2 envelope proteins 
of HCV associate to form a glycoprotein complex 
located on the outermost layer of the virus that drives 
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entry into the target cells [56]. In Pileri’s research, by 
screening a cDNA expression library from a subclone 
of a human T-cell lymphoma line, it was identified that 
CD81 serves as an E2-binding receptor for HCV. Since 
its identification is associated with E2, the role of CD81 
in HCV entry has been confirmed in numerous studies. 
Indeed, antibodies targeting the LEL of CD81, as well as 
a recombinant, soluble form of CD81 LEL, effectively 
suppress the entry of HCVpp [57,58], HCVcc [59,60], 
serum-derived HCV [61] and HCV infection in vivo 
[62]. Furthermore, studies demonstrating the anti- 
CD81 mAb generated by genetic immunization can 
specifically block HCV infection in different genotypes 
during the post-binding step of the viral entry process 
[63], underscore the relevance of targeting CD81 for 
the prevention of HCV infection. In addition to CD81, 
several other host proteins, including Scavenger 
Receptor class B type I (SR-BI), claudin-1 (CLDN1), 
occludin (OCLN), and Epidermal Growth Factor 
Receptor (EGFR) are extensively studied entry factors 
during the HCV entry [64].

In T lymphocytic cells, the knockdown of CD81 and 
CD9 enhanced human immunodeficiency virus type 1 
(HIV-1) entry and promoted syncytia formation, whilst 
CD81 and CD9 overexpression had an opposing effect 
[65]. This result indicated CD81 and CD9 as negative 
regulators of HIV-1 invasion (Figure 2). Separately, 
a CD63ΔN mutant hindered the T-cell tropic HIV-1 
(X4 hIV-1) entry by suppression of CXCR4 surface expres
sion [32]. The N-linked glycans-portions of the CD63 have 
the ability to form a complex with CXCR4 exclusively at 
the Golgi apparatus [66]. This intricate interaction can shift 
the destination of CXCR4 from the plasma membrane to 
late endosomes/lysosomes, consequently reducing receptor 
availability on the cell surface and rendering T lymphocytes 
less susceptible to infection. Meanwhile, CD81 was identi
fied as a putative host factor exploited by influenza A virus 
(IAV) via genome-wide small interfering RNA (siRNA) 
screen and proteomic analyses [67]. Following IAV bind
ing, internalized viral particles underwent IAV fusion 
within CD81-positive endosomes. Their findings also 
revealed a relevance between IAV fusion within CD81- 
positive endosomes and infected cells expressing viral pro
teins, indicating that CD81 directs IAV to endosomes 
before its uncoating. Notably, during the IAV entry pro
cess, CD81 had no impact on the virus binding, internali
zation, or trafficking to early endosomes. This finding 
differs significantly from previous studies on HCV and 
HIV-1 entry [67]. A report using knockout cell lines indi
cated that the cell-surface complexes comprised CD9, the 
virus receptor, and a virus-activating protease enable 

MERS-CoV pseudoviruses to enter cells rapidly and effi
ciently [68]. Similarly, aberrant expression of CD9 in 
COVID-19 patients from nasopharyngeal samples was 
also observed [69]. Given the predominance distribution 
of CD82 within T cells and B cells, CD82 was found to bind 
Human T cell leukemia virus type 1 (HTLV-1) Env pro
teins (Figure 2) [70]. Also, HTLV-1 Gag protein showed 
a strong co-localization accompanied by CD82-enriched 
membrane domains at the plasma membrane of T cells, 
which may contribute to the mobilization of nascent vir
ions for trafficking to sites of intercellular junction [71]. 
Subsequent studies revealed that, unlike HTLV-1, the HIV- 
1 Gag did not co-localize, co-isolate, or immunoprecipitate 
with CD82, suggesting this interplay is specific.

Tspans in non-enveloped virus entry

The entry of human papillomaviruses (HPV) is a multi- 
step process that sequentially involves engagement with 
different receptors. Papillomaviruses are more difficult 
to culture in vitro, which limits the progress of related 
studies. Therefore, pseudo viruses have been the most 
widely used tool in HPV infection studies and immu
nogenicity evaluations [72]. Initially, HPV attaches to 
proteoglycans such as heparan sulfate proteoglycans 
(HSPGs) and laminin-332 (previously named laminin- 
5) as primary attachment sites. Subsequently, they 
transfer to secondary receptor molecules for entry 
into the host cells [73]. In previous reports, a strong co- 
localization of virions with two members of the Tspans, 
CD151 and CD63, on the plasma membrane of infected 
HeLa cells and primary keratinocytes was detected by 
confocal fluorescence microscopy [74,75]. This co- 
localization suggests the biological relevance of CD151 
for HPV infection. However, the initial binding of HPV 
to the cell (e.g. HeLa or HaCaT) surface is independent 
of CD151 (Figure 2). Subsequent experiments using 
total internal reflection (TIRF) microscopy for live-cell 
imaging observed the lateral movement of HPV16 in 
association with CD151 before internalization. Most 
notably, only viruses associated with CD151 disap
peared from the TIRF field, whilst after the CD151- 
depleted, viruses still remained on the plasma mem
brane. Antibodies or siRNA directed against CD151 
significantly impaired HPV uptake and disassembly. 
These observations and data support that the correla
tion of HPV with CD151 at the cell surface is 
a precondition for viral internalization. Another tetra
spanin that was shown to play a role in HPV infection 
and of epithelial cells is CD9. Specifically, the dimin
ished expression of CD9 can support infection by 
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modulating the activity of ADAM17 sheddase and the 
downstream phosphorylation of ERK. These observed 
effects are correlated with the assembly of the HPV 
entry platform [76]. However, it is important to note 
that pseudo viruses may not fully mimic the HPV life 
cycle. Delineation of these events will provide deeper 
insights into the mechanisms underlying HPV16 
infection.

Tspans in viral replication

After the viral genome has been successfully uncoated, 
they exploit the machinery and metabolism of a host 
cell to initiate the process of replication, creating multi
ple copies of themselves. In this stage, the RNA or 
DNA viral genomic information eventually completes 
the manufacture of its proteins through transcription 

Figure 2. Diagram showing the role of Tspans during virus infection. (1) Tspans on the cell membranes serve as virus-specific 
receptors, engaging with proteins on the virus surface. (2) Tspans trigger viral internalization through endocytosis or fusion. (3) 
Tspans support the disassembly of the virus. In the case of some viruses, the downregulation of CD151 perturbs HPV disassembly. (4) 
altering Tspans has an impact on virus replication, ultimately resulting in the efficient delivery of viral genomes into the cytoplasm or 
nucleus. (5) Tspans mediate the assembly of new viral particles within host cells. (6) spatial aggregation of Tspans and viruses assists 
in virus maturation. (7) the resulting high concentration of virus envelope components enables efficient budding and release.
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and translation [77]. Once all the necessary compo
nents for the mature virion formation gather at 
a particular site in the cell, viral particles are assembled 
by the synthetic viral proteins and become productive 
viruses. Generally, it is a broad conception that Tspans 
are involved in the intracellular trafficking of interna
lized viruses and assist in defining virus assembly. The 
exact regulatory processes by which these proteins 
function were detected in infected host cells.

Tspans in enveloped virus replication

In addition to regulating several virus entry processes, 
CD81 also participates in the post-entry events of the 
virus life cycle. Given that HCV enters cells through 
clathrin-mediated endocytosis and low pH-dependent 
fusion with endosomes, Sharma and co-workers inves
tigated the effects of low pH and CD81 on HCV infec
tivity [78]. Their finding showed that at the early stage 
of the entry process, CD81 drives HCV to undergo low- 
pH-dependent fusion, further suggesting CD81 may be 
both necessary and sufficient to enable HCV E1E2 
glycoprotein to fuse with acidic intracellular compart
ments. Furthermore, the replication of HCV was mark
edly affected by force silencing or expression of CD81, 
indicating its role in the efficient replication of the 
HCV genome. In their study, the CD81 expression 
level was positively correlated with the HCV RNA 
replication but inversely affected the viral protein 
synthesis. This converse relationship further suggests 
that CD81 might direct HCV RNA to the replication 
process [79]. In this aspect, TEMs composed of CD81/ 
CD82/CD63 in T cells have been demonstrated to play 
a comparable role in HIV-1 assembly [80] and CD81 
directly or indirectly interacts with HIV-core proteins 
(Gag) in HIV-1 producing cells (Figure 2). Meanwhile, 
the function of CD63 was also fully investigated during 
HIV-1 replication. The CD63-specific siRNA not only 
significantly reduces the level of the early HIV protein 
Tat, but also leads to a decrease in the late protein p24, 
thereby inhibiting the late trafficking event of HIV-1 in 
CD4+ T cells, dendritic cells, and macrophages [81–83]. 
These findings revealed that CD63 exerts a dual func
tion both in the early stages of HIV-1 replication and 
the late stages of viral protein assembly. Nevertheless, 
the molecular signaling mechanisms, especially those 
that might contribute to early or late events in the 
HIV replication cycle, remain to be fully elucidated. 
Likewise, a recent study reported that CD9 and 
ITGA3 are specifically upregulated by HIV-1 infection 
in the macrophage, thereby supporting viral replication 
[84]. Based on the high expression level of CD151 in 
the human respiratory tract, Qiao and his colleagues 

[85] performed with CD151 knockout mice in an 
in vivo model of IAV infection reported that CD151 
silencing may not exert an impact on IAV entry and 
nuclear transport, but nuclear export and subsequent 
assembly of viral progenies was restrained (Figure 2). 
For porcine reproductive and respiratory syndrome 
virus (PRRSV), as one of its entry mediators, CD151 
also suppressed PRRSV replication indirectly through 
microRNA regulation (Figure 2) [86].

Tspans in non-enveloped virus replication

Upon association and co-internalization between viral 
particles and the Tspans CD151 and CD63, the endo
cytosed HPV is trafficked toward perinuclear vesicles 
that contain CD63. Additionally, a recent study has 
established that CD63 silencing leads to decreased 
infectivity of HPV16, HPV18, and HPV31 in different 
keratinocyte cell lines. Interestingly, CD63 knockdown 
did not affect virus binding or virus internalization. 
Instead, CD63 silencing led to the loss of viral major 
capsid protein epitope L1–7 during intracellular HPV 
trafficking. The essentiality of CD63 and syntenin in 
HPV intracellular trafficking was also demonstrated by 
Linda and colleagues [87]. These researches supported 
the notion that CD63 controls post-endocytic HPV 
trafficking. As of now, there is limited knowledge 
about HPV replication, except for the fact that CD63 
and syntenin facilitate the trafficking of the HPV par
ticles in host cells as a complex. The co-localization of 
endocytosed HPV with Tspans probably suggests 
a potential involvement of Tspans in the replication 
of HPV.

Tspans in viral egress

Once the viral proteins and viral genomes are accumu
lated, and the producer cells have exhausted all their 
resources to generate the viral progeny, viruses must be 
released from the infected host cells to spread the 
infection. The presence or absence of a viral envelope 
is a critical factor in the viral life cycle that determines 
the cellular exit strategies of enveloped from non- 
enveloped viruses. As for non-enveloped viruses, the 
virus particles are released from the infected cell via cell 
lysis, a process that dismantles its membrane and ulti
mately leads to cell death either through apoptosis or 
necrosis. Thus, no specific egress mechanism is essen
tial [88]. By contrast, the complex series of events that 
facilitate the enveloped viral egress are typically orche
strated at the plasma membrane by viral transmem
brane proteins interacting with the inner structure 
proteins. Conceptually, virus budding involves the 
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deformation of a cellular membrane, resulting in the 
envelopment of the forming bud by one or more lipid 
bilayers [89]. This membrane scission occurs, enabling 
the enveloped particle to escape into the extracellular 
space.

Since Tspans were shown as a critical host factor in 
the cell membrane, numerous researches have been 
dedicated to exploring the underlying mechanisms 
that drive the virus egress in association with Tspans.

Tspans in enveloped virus egress

While it is well established that CD81 acts as a central 
regulator in HCV entry and replication by an interplay 
with the other factors in proximity, not much is known 
regarding its involvement in HCV budding, egress, and 
transmission. Studies on HCV egress noted that anti- 
CD81 mAbs inhibited both cell-free and cell-to-cell 
viral infection [90]. Meanwhile, assembled viral parti
cles are released from the cell through a CD81- 
independent secretory pathway (Figure 2) [91]. 
Interestingly, another report on HCV transmission 
highlights that the coexistence of the CD81- 
independent and CD81-dependent routes can directly 
infect new cells through cell-to-cell transmission [92]. 
Overall, the involvement of CD81 in HCV transmission 
remains largely controversial. It has been observed that 
during the egress of IAV, CD81 was recruited to the 
virus budding sites on A549 cells (human lung carci
noma cells), and in particular, incorporated with indi
vidual virions at the specific sub-viral locations. 
Additionally, when CD81 levels were ablated via 
siRNA knockdown, the budding process was impaired, 
resulting in virions being failed to detach from the 
plasma membrane [67]. Specifically, the decrease in 
the number of released virus particles, without 
a concurrent reduction in the number of assembling 
virions upon CD81 knockdown, indicates that CD81 
may be engaged in a late stage of the virus budding 
process, potentially influencing the final scission step. 
This was accompanied by a remarkable drop in IAV 
progeny virion release, even when the uncoating defect 
was compensated. In conjunction with the above men
tioned, CD81 serves as a marker and an important 
component in the entry and release of infectious IAV 
particles.

In a previous study, the HIV-1 Env and Gag proteins 
in T cells were found to strongly colocalize with CD63 
and CD81 and, to a lesser extent, with CD9. The 
observation was made using immunoprecipitation and 
cryoimmunoelectron microscopy (CEM) revealed the 
incorporation of CD63 and CD81 into virions budding 
at the plasma membrane. This confirms that TEMs are 

essential for the HIV-1 egress event in T cells [93]. This 
is also supported by the fact that downregulating CD9 
reduced the production of HIV-1 particles [84].

Through elegant immunofluorescence studies, 
Ninomiya et al. showed that CD63, an exosome- 
associated protein, co-localizes with HBV protein com
ponents in infected HepG2.2.15 cells [94]. CD63- 
depleted cells substantially result in a significant reduc
tion in the levels of large hepatitis B surface antigens 
(LHBs) and a decreased infectivity of the released HBV 
particles. This suggests that CD63 plays a crucial role in 
enhancing the efficient production and release of 
mature HBV particles. Conversely, its inhibition 
induces the secretion of less infectious virus particles 
[94]. Interestingly, CD63 affects Epstein–Barr virus 
(EBV) latent membrane protein 1-mediated intracellu
lar signaling including MAPK/ERK and NF-κB activa
tion [95]. This intriguing mechanism could potentially 
be applied to the trafficking of LHBs to exosomal 
membranes, supporting the production and release of 
mature HBV particles.

Tspans in non-enveloped virus egress

Currently, no association between Tspans and HPV 
release has been identified. Pyeon et al. confirmed 
that by using small molecule inhibitors of HPV infec
tion, the events in cell cycle progression through the 
early stage mitosis are essential for successful HPV 
infection [96]. For instance, nuclear envelope break
down, cytoplasmic microtubule reorganization, and 
subnuclear structure change modulate efficiently HPV 
life cycle. Further studies will be required to clarify the 
specific role of Tspans during the budding of HPV or 
other naked virions.

Targeting Tspans in viral disease

The studies presented in the preceding sections com
bining molecular and biochemical analyses have high
lighted the critical roles of distinct Tspans in regulating 
the infections caused by diverse viruses, as listed in 
Table 1. Thus, it appears to be highly relevant to con
sider tetraspanin protein as a promising therapeutic 
target for viral infection.

So far, the role of Tspans in the field of viruses can 
be divided into two distinct types: the direct interplay 
between Tspans and virus or viral-expressed proteins 
(e.g. CD81 with HCV E2), and the indirect interplay by 
mediated host cell functions through TEMs [105]. In 
the latter scenario, this is largely attributed to the 
involvement of TEMs in natural cellular processes of 
the organism such as adhesion, internalization, 
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vesicular transport, or exocytosis. However, despite the 
broad tissue distribution across various tissues, the 
multitude of diverse cellular functions, and the fact 
that some have been described since the 1990s, their 
clinical potential remains unfulfilled. Generally, there 
are three primary approaches available for targeting 
Tspans: mAb, siRNA, and soluble EC2 loops. Other 
tools such as exosomes are also being discussed.

Monoclonal antibodies

Theoretically, anti-tetraspanin mAbs primarily focus 
on suppressing the physical interaction with partner 
proteins. Different usage of mAbs targeting CD9, 
CD63, CD81, or CD151 has been raised to investigate 
diverse tetraspanin functions. These research efforts 
have shown promising results in vivo. Previously, it 
has been identified that the murine IgG1 antibody 
5A6, which specifically targets CD81, is equally effec
tive in inhibiting the growth of B cell lymphoma in 
a xenograft model as marketed rituximab [106], alter
native anti-CD81 mAbs have been developed since 
then, and they are recognized as exceptional tools 
commonly used to manipulate CD81 molecules, parti
cularly during the invasion of CD81-dependent virus 
entry into cells. Anti-CD81 mAbs can prevent HCV 
infection, at least in part, by blocking the binding of 
the HCV E2 protein [62,63]. However, to our knowl
edge, there are currently no anti-CD81 mAbs in clin
ical development [107].

In the realm of both infectious and chronic diseases, 
mAbs targeting CD151 are commercially available and 
possess remarkable potential for preventing metastatic 
diseases [59]. Considering the involvement of CD151 in 
the evasion of IAV viruses, it implied that intervention 

of anti-CD151 mAbs is more likely a therapeutic agent 
against IAV.

Yet, not all anti-tetraspanin mAbs exert an antago
nist effect. In this regard, a few anti-tetraspanin anti
bodies promote tetraspanin-dependent functions rather 
than inhibit them. As described above, anti-CD81 
mAbs could trigger HIV-1 Env-associated viral entry 
in primary human T cells [108]. Therefore, the utiliza
tion of anti-tetraspanin mAbs as a therapeutic method 
in viral infections should be cautiously approached due 
to their diverse and virus-specific consequences.

Moreover, even though Tspans are relatively tiny 
molecules on the cell surface (approximately 100 extra
cellular amino acids), mAbs targeting the same tetra
spanin can exhibit a variety of distinct characteristics 
[109]. For example, some anti-CD151 mAbs may be 
capable of binding entire proteins, whilst others recog
nize only an epitope of the CD151 molecules exposed 
when CD151 is not associated with laminin-binding 
integrins [110,111]. Likewise, the antibody specifically 
targeting CD81 and CD9 recognizes a diverse epitope 
and presents an equally potent capacity. The unique 
5A6 antibody is precisely attributed to the fact that it 
recognizes a specific epitope on the LEL of CD81, 
thereby inducing anti-metastatic activity [112]. 
Therefore, it remains to be seen whether mAbs com
bined with different epitopes will show a sufficient 
degree of prophylactic efficacy.

Recombinant soluble LEL

Previous research has established that recombinant 
forms of the LEL domains of Tspans have the potential 
to influence various physiological functions, such as 
sperm egg fusion and fertilization [113,114]. In addi
tion, recombinant soluble LELs also have been used 
effectively to investigate and analyze the mechanisms 
of different Tspans in viral infection processes. 
Typically, recombinant soluble LEL targeting CD81 
leads to decreased infectivity of HCV [115]. During 
infection, soluble LEL of CD81 competitively binds to 
the HCV E2 protein, thereby preventing the virus from 
interacting with endogenous CD81 LEL. The specific 
binding site for their interactions has been mapped to 
a hydrophobic patch in the variable sub-loop region of 
the tetraspanin, which comprises Ile182, Phe186, Asn184, 
and Leu162 [116]. In a related study, it was demon
strated that a small peptide analog including residues 
176–189 exhibits moderate inhibitory activity against 
the CD81-LEL-HCV-E2 interaction [117]. Some small 
molecule inhibitors, such as benzyl salicylate and fex
ofenadine of the interaction between the CD81 LEL and 
the HCV protein E2 have been tested and designed. 

Table 1. Effects of tetraspanin functions in various virus life 
cycles.

Virus Tetraspanin Process References

HCV CD81 Binding the E2 protein [55,97,98]
Promoting the RNA replication

HIV-1 CD81 Inhibiting the invasion [65]
Interacts with the Gag protein [80]

CD63 replication cycle and late viral 
protein assembly

[84]

CD9 Promoting the RNA replication [99]
TEMs (CD81/ 

CD82/CD63)
Virus assembly [100]
Virus egress from T cells [101]

IAV CD151 Nuclear export and assembly of 
virion

[7,85]

CD81 Virion release [67]
PRRSV CD151 Virus entry mediator [102]
HPV CD151, CD63 Component of virus entry [7,103]
HTLV- 

1
CD63 Virus trafficking [87]
CD82 Binding the Gag protein [104]

HBV CD63 Enhancing the virus production 
and release

[94]

CoV CD9 Virus entry [68]

VIRULENCE 9



However, it remains unclear whether maximal efficacy 
can be achieved using small molecule inhibitors in vivo, 
as the majority of HCV studies performed to date have 
been conducted in cell cultures [118]. All existing 
results support that soluble LELs may inhibit the 
uptake of virions.

Apart from the direct interference of HCV E2-CD81 
binding, it has been observed that various soluble LELs 
derived from CD9, CD63, CD81, and CD151 possess 
the remarkable ability to effectively inhibit CCR5-tropic 
HIV-1 infection in macrophages [119]. This intriguing 
finding suggests that it is the intricate network of the 
entire TEM, encompassed by multiple Tspans rather 
than individual Tspans, that plays a critical role during 
this process. Curiously, the mechanism of inhibition of 
HIV-1 infection is affected by anti-CD63 mAbs but not 
by antibodies to other Tspans. An alternative explana
tion for these results is that CD63 might be involved in 
a more direct manner in viral infection, potentially 
providing a rationale for the selectivity observed with 
mAbs.

Collectively, it is evident that recombinant soluble 
LELs derived from various Tspans have emerged as 
promising tools for disrupting tetraspanin-associated 
viral infection. Although the mechanism of the mole
cules discussed afore has not been fully elucidated, it is 
speculated that soluble LELs have the capacity to dis
rupt lateral interactions crucial for the assembly and 
maintenance of TEMs.

Gene ablation

The utilization of genetic manipulation to safeguard 
host cells is an effective method in preventing viral 
infections, as numerous researchers have confirmed 
its protective efficacy and its association with RNAi 
technology. For in vitro experiments, RNAi methods 
encompass siRNA, shRNA, and CRISPR-Cas9 for the 
targeted knockdown of specific Tspans. During the 
invasion of viral infection, the CD63 knockdown in 
macrophages inhibited HIV replication and assembly 
events [82], CD151 siRNA can hinder HPV uptake [7], 
while siRNA against CD81 regulated IAV fusion within 
the endosomes [67]. Additional RNAi studies have 
shown that the knockdown of CD81 significantly 
reduced susceptibility to HCV infection more effec
tively than soluble CD81 [59]. Generally, tetraspanin- 
specific RNAi techniques can be therapeutically bene
ficial in infectious diseases by antagonizing crucial 
functions of Tspans or associated proteins, ultimately 
leading to diminished viral infection (for example, 
fusion, uptake, assembly, and budding). Nevertheless, 
the specific mechanism of viral infection responding to 

these siRNA molecules that target individual Tspans is 
not always beneficial. For instance, CD9 and CD81 
siRNA have been reported to increase HIV-1 entry 
and syncytia formation. Similarly, CD81 knockdown 
also impacts IAV budding, which results in 
a reduction in progeny IAV [67].

To date, tetraspanin-deficient mice are viable with 
relatively minor defects, suggesting the potential capa
city for family members to mutually compensate 
[120,121]. Nevertheless, the targeted strategies for 
gene knockout caused by viruses are rarely reported, 
and siRNA or shRNA remains an effective prophylactic 
measure to combat the virus. In an in vivo model, 
infected mice with the CD151 gene knockout show 
a significant down-regulation tendency in the virus 
titer, leading to an improved survival rate. This robust 
host antiviral response and inflammasome activation 
are attributed to the essential role of CD151 in resisting 
infection, which relies on nuclear export signaling [85].

Despite these promising results, there are still some 
inherent uncertainties and difficulties associated with 
therapeutics that target Tspans. On the one hand, in the 
context of viral infections, individual Tspans do not 
consistently function as agonists or antagonists, even 
within the same viral system. Hence, either inhibition 
or enhancement may pose a challenge to the develop
ment of effective therapeutic strategies. On the other 
hand, due to the close interaction between the members 
of the tetraspanin family, more than one tetraspanin is 
often involved in the same disease background. During 
the assembly stage of HIV infection, the aggregation of 
TEMs composed of CD81, CD82, and CD63, along 
with viral structural proteins, has been observed [80], 
indicating the compensation and redundancy provided 
by non-targeted Tspans. Over the years, multiple meth
ods with highly specific targeting and conformational 
modification have been developed, aiming to circum
vent the related therapeutic problems. In addition, it is 
worth mentioning that non-protein elements of TEMs, 
such as palmitoylation or cholesterol, may represent 
a prospective treatment strategy for virus elimination 
[105,122]. Finally, the extensive distribution of numer
ous Tspans across various cells and tissue types poten
tially creates a challenge in achieving tetraspanin 
targeting [121]. In this case, the development of cell- 
specific delivery systems would be imperative to fully 
harness the advantages of tetraspanin function in pre
venting viral infection.

Conclusion and future perspectives

There are substantial consequences resulting from infec
tion with any virus. The complexity and unique features 
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of the Tspans have led to the discovery of multiple 
pathways of host-virus interactions. As is evident from 
studies reviewed herein, it is clear that Tspans can 
mount vigorous responses to several acute and chronic 
viral infections, including IAV, HCV, and HPV infec
tions as discussed here. In many situations, this triggers 
a series of normal host-cell processes involved in tetra
spanin or TEMs, such as fusion, endocytosis, and intra
cellular trafficking, to enter cells, replication, and 
budding. In parallel, the role of diverse Tspans involved 
in the specific stages of viral infection was identified. The 
balance between therapeutic strategies and responses 
contributing to organic damage and immunopathology 
is crucial in all host responses to viral infections. Clearly, 
further knowledge is still required concerning direct 
tetraspanin-mediated interactions with viral infection 
and the consequences of prevention measures targeted 
by Tspans. Numerous insights into the potential role of 
Tspans in viral infections have been revealed, spanning 
studies at the cellular level to investigations in mouse 
models; however, treatment needs remain largely unmet. 
Different tetraspanin functions and molecular interac
tions are increasingly studied over time, broadening the 
treatment options for infectious diseases as well as the 
possibilities for intervention. Elucidating the intricate 
interactions between Tspans and viruses, and under
standing how these interactions are modulated by 
Tspans holds the key to the development of targeted 
therapeutics. Therefore, future studies aimed at shed
ding light on these aspects are of utmost importance. 
The modeling of spatiotemporal interactions mediated 
by Tspans and TEMs is now being conducted in numer
ous laboratories, indicating that the scaffolding proper
ties of Tspans contribute to the formation, stabilization, 
and dynamics of signal transduction complexes at the 
plasma membrane. Moreover, effective therapy strate
gies aiming at Tspans or TEMs are urgently to be 
harnessed.
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