
0123456789();: 

Among the most significant pathogens throughout 
human history are enveloped viruses characterized by 
a host-​derived lipid membrane obtained as nascent 
virus particles (virions) exit the infected cell1. Upon 
encounter with a target cell, virions adhere to and initi-
ate fusion with host cell membranes at the cell surface or 
following endocytosis2. Viruses encode fusion proteins, 
the fusogenic activity of which is activated following 
receptor binding and, in the case of endocytic viruses, 
conformational changes triggered by the increasingly 
acidic environment found within endosomes3 (Box 1). 
In all cases, membrane fusion is required to deliver 
the viral core, which contains the viral nucleic acid, 
into the host cell cytoplasm4 (Fig. 1). As it precedes and 
determines the extent to which viral genome replication, 
viral protein synthesis and virion assembly occur, virus 
entry into cells is a crucial aspect of infection. Factors 
promoting or limiting virus entry into host cells govern 
the extent to which viruses spread within and between 
individuals, while also determining the potential for 
virus emergence in additional host species.

Over evolutionary time, animal cells have evolved 
pathogen defence systems known as cell-​autonomous 
immunity (also known as cell-​intrinsic immunity or 
intrinsic immunity)5–7. Intrinsic immune proteins 
that are constitutively expressed and exhibit antiviral 

function are the first line of defence against viruses. 
Meanwhile, type I interferons (such as interferon-​α 
(IFNα) and IFNβ), type II interferon (IFNγ) and type III 
interferons (IFNλ1–4) produced following virus sensing 
by the innate immune system give rise to additional lay-
ers of intrinsic protection that halt virus spread between 
cells8 (Box 2). The collective repertoire of constitutive and 
induced intrinsic factors targets all steps of the virus life 
cycle, including entry into cells, to prevent infection 
before it starts or to contain infection to a limited num-
ber of cells. As a result, an effective intrinsic response 
can prevent or dampen viral disease before the onset of 
adaptive immunity.

When a novel virus emerges within a naive host 
population and pre-​existing adaptive immunity is lack-
ing, host susceptibility is governed largely by intrinsic 
immunity. This is evidenced by the fact that many intrin-
sic defence genes evolve through gene duplication and 
diversifying (positive) selection9. These telltale patterns 
of adaptive evolution are believed to result from selec-
tive pressures applied by highly pathogenic viruses in 
the past, those that may have decimated ancestral host 
populations and selected for genetic variants conferring 
resistance among the survivors10,11. Prolonged virus–host 
conflicts extending across generations have given rise 
to many intrinsic immune defence factors (also known 
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as restriction factors)12. In this Review, we provide an 
up-​to-​date overview of the factors providing intrinsic 
defence against virus entry into cells.

IFITM proteins
The human interferon-​induced transmembrane pro-
tein (IFITM) family consists of five members, includ-
ing IFITM1, IFITM2 and IFITM3, which belong to the 
CD225 superfamily13 and have been studied actively in 
the context of virus infections. The antiviral properties 
of IFITM1, IFITM2 and IFITM3 were discovered follow-
ing a small-​interfering RNA-​based screen for intrinsic 
inhibitors of influenza A virus (IAV), West Nile virus 
(WNV) and dengue virus (DENV) infections14. Their 
characterization as the first factors known to restrict cel-
lular entry following virus adhesion to the cell surface 
was demonstrated with use of virus ‘pseudotypes’ and by 
cell–cell fusion experiments15–17 (Box 1). Together, these 
techniques have been used to show that IFITM proteins, 
when expressed in target cells, broadly inhibit the cell 
entry step of diverse viruses, including orthomyxoviruses 
(such as IAV), paramyxoviruses (parainfluenza virus, 
metapneumovirus and respiratory syncytial virus)18–22, 
rhabdoviruses (vesicular stomatitis virus (VSV)), fla-
viviruses (WNV, DENV, hepatitis C virus (HCV), Zika 
virus (ZIKV) and yellow fever virus)14,23–29, filoviruses 
(Ebola virus (EBOV) and Marburg virus)17,30, poxviruses 
(vaccinia virus and cowpox virus (CPXV))31, bunyavi-
ruses (Rift Valley fever virus and La Crosse virus)32,  
alphaviruses (chikungunya virus, Sindbis virus, Semliki 

Forest virus)33–35, lentiviruses (human and simian immuno
deficiency viruses)36–39 and coronaviruses (human 
coronavirus 229E (hCoV-229E), severe acute respiratory  
syndrome coronavirus (SARS-​CoV), Middle East res-
piratory syndrome coronavirus (MERS-​CoV) and 
SARS-​CoV-2)17,40–44 (Table 1). By contrast, amphotropic 
murine leukaemia virus, Sendai virus, papillomavirus, 
cytomegalovirus, adenovirus and the arenaviruses Lassa 
virus (LASV), Machupo virus and lymphocytic chori-
omeningitis virus are resistant to inhibition by IFITM1, 
IFITM2 and IFITM3 (refs45,46). IFITM5 (also known 
as BRIL) and IFITM10 are not known to participate in 
human immune functions and, contrary to their name, 
they are not upregulated by interferon13. Among those 
that are endowed with antiviral activity, IFITM3 is the 
best characterized because it exhibits the most potent 
restriction of important viral pathogens such as IAV 
and ZIKV26,33,47. Furthermore, single-​nucleotide poly
morphisms in human IFITM3 have been associated 
with severe outcomes following infection by IAV48,49 and 
SARS-​CoV-2 (refs50,51). Mice encode IFITM proteins as 
well, and in addition to the five found in humans, they 
also possess IFITM6 and IFITM7. Knockout of Ifitm3 
alone or the entire IFITM locus was shown to result in 
elevated morbidity and mortality following experimental 
infection by IAV48,52,53 (and other viruses as well34,54,55), 
attesting to the physiological importance of IFITM3 in 
limiting viral pathogenesis.

Inhibition of virus–cell membrane fusion. Mechanistic 
studies of IFITM1, IFITM2 and IFITM3 suggest that they 
do not rely on specific recognition of viral components 
to restrict virus entry. Rather, they alter the mechani-
cal properties of cellular membranes to disfavour the 
membrane fusion reaction between incoming virus and 
the target cell. Restriction of virus–cell fusion occurs 
after hemifusion and before the formation of a dilated 
fusion pore that allows viral proteins and nucleic acid to 
access the host cell cytoplasm16,56 (Fig. 2). It was reported 
that IFITM1, IFITM2 and IFITM3 increase membrane 
lipid order in cells (increasing rigidity and decreasing 
fluidity)16,57, and it was subsequently shown that mem-
brane stiffening by IFITM3 is required for its antiviral 
activity58. The molecular basis by which IFITM3 modi-
fies membranes to render them less fusogenic involves 
an α-​helix that is amphipathic in nature (characterized 
by both polar and non-​polar amino acid residues)59. The 
helix is found in the amino terminus of IFITM3 and is 
juxtaposed to the inner, cytoplasmic leaflet of the lipid 
bilayer, following the consensus that IFITM3 conforms 
to a type II transmembrane protein topology with its 
amino terminus in the cytoplasm and its carboxy ter-
minus in the lumen or extracellular space (although 
alternative topologies are possible)60. When the amphi-
pathic helix is deleted from the context of the IFITM3 
polypeptide, the protein loses the capacity to increase 
membrane rigidity in living cells58. Furthermore, a pep-
tide corresponding to the amphipathic helix of IFITM3 
was shown to increase membrane rigidity and curvature 
in artificial membranes61. These findings align with the 
notion that amphipathic helices act like wedges and con-
fer membrane-​altering properties on the proteins that 

Box 1 | Viral glycoproteins in fusion-​mediated virus entry

Following adherence to the host cell surface, enveloped viruses acquire access to the 
cell cytoplasm by initiating fusion with the plasma membrane or endomembranes 
(those of early endosomes, late endosomes or endolysosomes). The site at which 
different viruses undergo fusion with cells depends on the presence of environmental 
cues needed to activate the fusogenic potential of viral fusion proteins (also known as 
viral glycoproteins). Three classes of viral glycoprotein exist (class I, class II and class III); 
these are based on protein structure and the requirements necessary for fusion 
triggering: low pH, receptor binding and low pH, or receptor binding and cleavage  
by a host protease153. Some viruses are capable of entering cells via multiple routes, 
depending on the milieu provided by a particular host cell. Entry of severe acute 
respiratory syndrome coronavirus 2, for example, requires that the viral glycoprotein 
(spike) binds to angiotensin-​converting enzyme 2 (ACE2) and becomes proteolytically 
cleaved by one of two host proteases: transmembrane protease serine 2 (TMPRSS2)  
at the cell surface or cathepsin L/D in endolysosomes. The pH and/or protease triggers 
provided by the host cell lead to membrane fusion because they drive conformational 
changes in the viral glycoprotein, allowing exposure of a fusion peptide that inserts 
itself directly into cell membranes. Enveloped viruses differ in the number of 
glycoproteins they carry, but only one of them possesses a fusion peptide capable  
of carrying out membrane merger3.

Much insight into the virus entry process (as well as the host factors that inhibit it)  
has been gleaned from experimental approaches that focus on the sole and unique 
properties of specific viral glycoproteins: virus pseudotyping, in which different viral 
glycoproteins are incorporated into the same viral core (often vectors derived from 
retroviruses such as murine leukaemia virus and HIV-1 or vesicular stomatitis virus)  
and their capacity to infect cells is examined; and cell–cell fusion assays, whereby viral 
glycoproteins are expressed in one set of cells (donor cells) that are co-​cultured with 
cells expressing the cellular receptor (target cells). Viral glycoprotein-​dependent fusion 
of the plasma membranes of donors and targets, which may be triggered by lowering 
the pH of the cell culture medium and/or by adding protease, leads to the formation  
of multinucleated syncytia and is used as a proxy for the fusion reaction between the 
virus particle and the target cell and can be used to identify the cellular cues and 
requirements that enable it.
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possess them (Fig. 2). Further evidence demonstrating 
that IFITM3 remodels membranes to restrict virus entry 
is the finding that amphotericin B, an antifungal that 
was shown to counteract the restriction of IAV entry by 
IFITM3 (ref.62), also prevents the impact of IFITM3 on 
membrane rigidity58. Amphotericin B is known for its 
ability to bind sterols in fungal and mammalian lipid 
bilayers, and it promotes membrane fluidity through an 
unknown mechanism63. These results collectively sug-
gest that IFITM3 (and likely the other IFITM proteins 
endowed with antiviral activities) locally modify the 
membranes in which they reside.

Membrane localization. Determinants other than the 
amphipathic helix are important for IFITM residency 
in membranes and localization at entry sites preferred by 
different viruses. While the basis for virus insensitivity 

to restriction is poorly characterized, it may result from 
the use of virus entry routes that avoid encounter with 
IFITM proteins. A tyrosine-​based internalization motif 
recognized by the endocytic adaptor AP-2 and regulated 
by phosphorylation ensures that IFITM3 and IFITM2 
are endocytosed from the cell surface and allowed to 
accumulate in endosomal and endolysosomal mem-
branes under steady-​state conditions64–67. As a result, 
IFITM2 and IFITM3 reside primarily in early and late 
endosomes33,68, but phosphorylated pools of protein 
remain at the plasma membrane. By contrast, IFITM1 is 
generally observed at or near the plasma membrane, and 
this distinction may account for the non-​overlapping 
antiviral specificity of the IFITM proteins — IFITM3 
and IFITM2 are more potent inhibitors of endocytic 
viruses such as IAV47 and ZIKV26,27, whereas IFITM1 
is more potent against HIV-1 (refs36,69–71), respiratory 
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Fig. 1 | Pathways for enveloped virus entry into cells and its restriction. Viral envelope glycoproteins on the surface  
of the virion mediate cell attachment by interacting directly with a host receptor on the cell surface. Receptor interaction 
drives conformational changes allowing exposure of the fusion peptide, which inserts itself into host membranes to drive 
virus–cell fusion. Fusion occurs at the plasma membrane or, in the case of viral glycoproteins that exhibit pH-​dependent 
fusogenic activity and/or activation by cellular proteases, at endosomal or lysosomal (referred to as endolysosomal) 
membranes. Completion of membrane fusion allows passage of the viral ribonucleoprotein complex, including viral nucleic 
acid, into the host cell cytoplasm — a prerequisite for subsequent stages of the virus life cycle. Host factors discussed in this 
Review are listed in red beside the entry step they inhibit. For comparison, entry by non-​enveloped viruses usually involves 
membrane fusion-​independent penetration into the host cell, as depicted on the left. ADAP2, ARFGAP with dual pleckstrin 
homology domain-​containing protein 2; CH25H, cholesterol 25-​hydroxylase; GILT, interferon-​γ-​inducible lysosomal thiol 
reductase; IFITM, interferon-​induced transmembrane protein; LY6E, lymphocyte antigen 6E; NCOA7 , nuclear receptor 
co-activator protein 7; ZMPSTE24, zinc metalloproteinase STE24.
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syncytial virus19 and herpes simplex virus19, viruses that 
tend to fuse at or near the plasma membrane.

Although the intracellular trafficking patterns may 
differ among IFITM1, IFITM2 and IFITM3, a conserved 
post-​translational lipid modification known as palmi-
toylation ensures that they are stably associated with 
membrane microdomains, such as lipid rafts. Human 
IFITM1, IFITM2 and IFITM3 contain three cysteine 
residues to which the palmitoyl lipid is appended, and 
mutation of these residues results in loss of polypeptide 
stability, altered subcellular localization and decreased 
antiviral activity in cells65,72–75.

Endosomal redirection. An early observation was that 
IFITM protein expression results in virion entrapment 
within endosomes and their subsequent elimination in 
endolysosomes15. Later, it was shown that palmitoyla-
tion of IFITM3 allows it to travel to virus-​containing 
vesicles and to redirect them towards endolysosomes 
for degradation76,77. Collectively, these findings suggest 
that antiviral restriction by IFITM3 may involve a two-​
part mechanism consisting of, first, prevention of virus 
entry into the cytoplasm through inhibition of virus–cell 
membrane fusion and, second, acceleration of endoso-
mal trafficking towards an acidic, degradative endolys-
osomal compartment15,76. The second step is poorly 
understood on a molecular level but may be explained 
by the localization of IFITM3 to late endosomes (also 
known as multivesicular bodies). IFITM3 is a constitu-
ent of intraluminal vesicles, and when they are released 
into the extracellular space as exosomes, provides anti-
viral protection to neighbouring cells78,79. Furthermore, 
it was reported that IFITM3 reduces the ‘back-​fusion’ of 
intraluminal vesicles with the limiting membrane of the 
late endosome, thereby reducing the release of intralu-
minal cargo into the cytoplasm80. As a result, IFITM3 

and related proteins may promote lysosomal delivery of 
viral and cellular cargo travelling within late endosomes. 
Indeed, IFITM3 has been shown to accelerate turnover 
of epidermal growth factor receptor in endolysosomes76. 
The full extent to which IFITM3 influences endocytic 
trafficking remains unknown, but a role in regulating 
endosome–endosome fusion or endosome–lysosome 
fusion has not been ruled out.

Cofactors of IFITM restriction. Beyond the sequence 
determinants present within individual IFITM polypep-
tides that govern their antiviral activities, the capacity for 
IFITM protein to bind itself (homomultimerization) or 
to other proteins (heteromultimerization) has also been 
implicated in antiviral function57,81. A glycine-​based 
(GxxxG) motif conserved among IFITM1, IFITM2 
and IFITM3 from multiple species was shown to pro-
mote IFITM3 oligomerization and is required for it to 
rigidify membranes and to restrict virus infection58. This 
finding implies that oligomers of IFITM3 presenting 
multiple amphipathic helices to the inner leaflet of cell  
membranes are responsible for inhibition of virus– 
cell fusion. Furthermore, cellular processes that regulate 
IFITM3 oligomerization are likely to impact its antiviral 
potential. The same GxxxG motif may also regulate the 
capacity of IFITM3 to bind IFITM2 or IFITM1, and 
this heteromultimerization among IFITM proteins may 
provide an added layer of regulation to their antiviral 
functions.

Many lines of evidence suggest that IFITM pro-
teins directly alter membrane rigidity and curvature 
to restrict membrane fusion, but other constituents of 
the cellular proteome may act as cofactors for IFITM 
function and play direct or indirect roles in the restric-
tion of virus entry. For example, the E3 ubiquitin ligase 
NEDD4 binds to the amino termini of IFITM3 and 
IFITM2 and accelerates their turnover through ubi
quitylation and degradation in endolysosomes47,82.  
As a result, silencing or knockout of NEDD4 results in 
elevated levels of IFITM2 and IFITM3 and decreased 
infection by IFITM-​sensitive viruses. In addition, the 
transitional endoplasmic reticulum ATPase valosin- 
containing protein (VCP; also known as p97) has 
been identified as interacting with IFITM3 and ena-
bles its antiviral functions by guiding its intracellular 
localization83.

In addition, certain protein interactors have been 
purported to act as cofactors required for the antiviral 
effects of IFITM proteins, at least in certain circum-
stances. IFITM1 was shown to bind to the tetraspanin 
CD81, and this interaction inhibits HCV, which depends 
on CD81 for entry23. Another example of a purported 
cofactor for IFITM function is vesicle-​associated 
membrane protein-​associated protein A (VAPA), an 
important regulator of intracellular cholesterol traffick-
ing. VAPA mediates cholesterol transfer between the 
endoplasmic reticulum and endosomes by binding to 
oxysterol-​binding protein (OSBP) and OSBP-​related 
proteins84. IFITM3 was shown to promote the accu-
mulation of cholesterol in late endosomes, which may 
result from its interaction with VAPA and disruption of 
the VAPA–OSBP interaction85–88. An overabundance 

Box 2 | Types of interferons and induction of the antiviral state in cells

Interferons are cytokines that are produced by cells following pathogen exposure. 
There are three distinct interferon families. Type I interferons consist of interferon-​α 
(IFNα; of which there are 13 subtypes in humans), IFNβ and several less characterized 
cytokines (IFNε, IFNτ, IFNκ, IFNω, IFNδ and IFNζ). Type II interferon is represented by  
a single member, IFNγ, whereas type III interferons are made up of IFNλ1, IFNλ2, IFNλ3 
and IFNλ4 (ref.154). Interferons are produced in response to pathogen recognition by 
receptors found in the cytosol or membranes of cells, such as RIG-​I, cyclic GMP–AMP 
synthase (cGAS) and Toll-​like receptors. All interferon types act in an autocrine and 
paracrine manner to activate the transcription of antimicrobial genes known as 
interferon-​stimulated genes (ISGs), which regulate innate and adaptive immunity  
in diverse ways. The potential impact of each interferon type in a given tissue is 
determined by the expression of interferon genes and the expression of receptors  
that specifically recognize interferon ligands. Nearly all cell types respond to type I 
interferons and type II interferon because their receptors (IFNAR1 and IFNAR2, and 
IFNGR1 and IFNGR2, respectively) are ubiquitously expressed. Type III interferons, 
meanwhile, bind IFNLR1 and IL-10Rβ, which are preferentially expressed by epithelial 
cells of mucosal surfaces155. Upon ligation of interferon receptors, Janus kinases 
phosphorylate signal transducer and activator of transcription 1 (STAT1) and STAT2, 
which form a complex with interferon regulatory factor 9 (IRF9) and translocate into  
the nucleus. This complex then binds to interferon-​stimulated response elements 
within the promoters of ISGs. Despite using different receptors, type I and type III 
interferons induce similar gene expression programmes. However, type I interferon 
signalling leads to a more rapid and more amplified induction of ISGs. In this manner, 
type I interferons induce the expression of hundreds of ISGs, including a large number 
that collectively impose an antiviral state156.
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of cholesterol in late endosomes is thought to prevent 
the fusion of intraluminal vesicles with the limiting 
endosomal membrane89, and it may similarly inhibit 
fusion between the limiting membrane and enveloped 
virions. Disruption of proper cholesterol trafficking itself 
phenocopies the impact of IFITM proteins and results 
in a block to virus entry90. Nonetheless, the role played 
by VAPA and cholesterol in the antiviral mechanism 
of IFITM proteins has been questioned by multiple 
reports24,40,56,62.

In another example of how IFITM proteins may 
impact endosomal content, it was reported that 
they interact with vacuolar ATPase (v-​ATPase), an 
enzyme responsible for the proper acidification of 
endolysosomes91. Also, IFITM protein overexpres-
sion results in expansion of acidic endolysosomes in 
cells, and v-​ATPase recruitment may be central to this 
observation15. Although it is clear that IFITM3 does 
not interfere with the pH-​dependent triggering of 
viral fusion proteins15,16,56,92, it remains unclear whether 
increasing endosomal acidity plays a role in its antiviral 
functions. Finally, an IFITM3-​interacting protein iden-
tified as zinc metalloproteinase STE24 (ZMPSTE24; 
also known as FACE1) was shown to be required for 
the antiviral activity of IFITM3, and ZMPSTE24 alleg-
edly imposes a block to virus entry itself31. This finding 
raises the possibility that IFITM3 functions in unison 

with ZMPSTE24, with the latter serving as the antiviral 
effector protein (see the next section).

Recent evidence suggests that different models of 
antiviral function by IFITM proteins are not mutually 
exclusive. For example, it is possible that the impact of 
IFITM3 on membrane rigidity and curvature requires 
the presence of membrane cholesterol, as cholesterol 
incorporation into lipid bilayers itself decreases mem-
brane fluidity93. Furthermore, the degree to which 
IFITM3-​derived peptides induce membrane curva-
ture in model membranes depends on the presence 
of cholesterol61. Moreover, different viruses may be 
inhibited by different effects of IFITM proteins on host 
cells. Whereas amphotericin B can be used to coun-
teract IFITM3-​mediated restriction of IAV, it does not 
reverse inhibition of EBOV40, suggesting that these 
two viruses are restricted by distinct consequences of 
IFITM3 expression in cells. Furthermore, the finding 
that IFITM proteins can inhibit infection by reovirus,  
a non-​enveloped virus, suggests that restriction may result 
from their effects on lipid transport or endolysosomal  
trafficking94.

Coronavirus evasion of and enhancement by IFITM 
proteins. Other indications suggest that IFITM pro-
teins are multifunctional during virus infections in 
ways that are not fully understood. Ectopic expression 

Table 1 | Characteristics of intrinsic inhibitors of enveloped virus entry

Intrinsic 
inhibitor

Entry step 
inhibited

Mechanism or 
mechanisms

Human enveloped 
viruses targeted

Cell types 
expressed

Subcellular localization Induction

IFITM1, 
IFITM2, 
IFITM3

Membrane 
fusion or 
endocytic 
trafficking

Membrane modulation 
(rigidity, curvature), 
endosome redirection 
and virion degradation

VSV, IAV, DENV, ZIKV, 
HCV, YFV, WNV, EBOV, 
RVFV, CHIKV, HIV-1, 
hCoV-229E, SARS-​CoV, 
MERS-​CoV, SARS-​CoV-2

Ubiquitous Plasma membrane, 
endomembranes 
(transmembrane)

Constitutive, 
type I interferons, 
type II interferon, 
LPS, IL-6, TGFβ

ZMPSTE24 Membrane 
fusion

Cooperation with 
IFITM proteins

VSV, IAV, LCMV, LASV, 
CPXV, VACV

Ubiquitous Nuclear envelope, 
endomembranes 
(transmembrane)

Constitutive

CH25H Membrane 
fusion

Membrane modulation 
via product 25HC 
(rigidity, curvature, 
cholesterol depletion)

VSV, EBOV, HIV-1, 
ZIKV, RVFV, HSV, NiV, 
SARS-​CoV-2

Immune cells, 
epithelial cells

Endoplasmic reticulum 
(transmembrane)

Type I interferons, 
type II interferon

LY6E Cell attachment 
or membrane 
fusion

Receptor 
downmodulation or 
endosome redirection

DENV, ZIKV, YFV, WNV, 
HIV-1, hCoV-229E, 
hCoV-​OC43, SARS-​CoV, 
MERS-​CoV, SARS-​CoV-2

Immune cells, 
epithelial cells

Plasma membrane Retinoic acid, 
type I interferons

NCOA7 Viral 
glycoprotein 
activation

Enhanced cathepsin 
activity (virion 
degradation)

VSV, IAV, HCV Immune cells, 
nervous cells, 
epithelial cells

Nucleus, endomembranes Type I interferons

GILT Viral 
glycoprotein 
activation

Inhibition of cathepsin 
activity

EBOV, LASV, HIV-1, 
SARS-​CoV

Immune cells Cytosol, endomembranes 
(lumen)

Constitutive, 
type II interferon

CD74 Viral 
glycoprotein 
activation

Inhibition of cathepsin 
activity

EBOV, SARS-​CoV-2 Immune cells Plasma membrane, 
endomembranes 
(transmembrane)

LPS, type II 
interferon

ADAP2 Endocytic 
trafficking

Endosome redirection 
and virion degradation

VSV, DENV Ubiquitous Cytosol Type I interferons

25HC, 25-​hydroxycholesterol; ADAP2, ARFGAP with dual pleckstrin homology domain-​containing protein 2; CH25H, cholesterol 25-​hydroxylase; CHIKV, chikungunya 
virus; CPXV, cowpox virus; DENV, dengue virus; EBOV, Ebola virus; GILT, interferon-​γ-​inducible lysosomal thiol reductase; hCoV-229E, human coronavirus 229E; 
hCoV-​OC43, human coronavirus OC43; HCV, hepatitis C virus; HSV, herpes simplex virus; IAV, influenza A virus; IFITM, interferon-​induced transmembrane protein; 
LASV, Lassa virus; LCMV, lymphocytic choriomeningitis virus; LPS, lipopolysaccharide; LY6E, lymphocyte antigen 6E; MERS-​CoV, Middle East respiratory syndrome 
coronavirus; NCOA7 , nuclear receptor co-​activator protein 7; NiV, Nipah virus; RVFV, Rift Valley fever virus; SARS-​CoV, severe acute respiratory syndrome coronavirus; 
VACV, vaccinia virus; VSV, vesicular stomatitis virus; WNV, West Nile virus; YFV, yellow fever virus; ZIKV, Zika virus; ZMPSTE24, zinc metalloproteinase STE24.
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of human IFITM proteins has been shown to inhibit 
infection mediated by SARS-​CoV, MERS-​CoV and 
SARS-​CoV-2 spike proteins17,40,41,95. However, cleavage 
of SARS-​CoV-2 spike protein by furin-​like proteases 
and trypsin-​like proteases, such as transmembrane 
protease serine 2 (TMPRSS2), enables partial escape 
from IFITM-​mediated restriction in endosomes41,42,96. 
Furthermore, mutants of IFITM3 that drive its accu-
mulation on the cell surface do not inhibit but rather 
promote MERS-​CoV and SARS-​CoV-2 infection41,43. 
It has been reported that endogenous IFITM proteins in 
lung cells enhance SARS-​CoV-2 infection by binding to 
the spike protein and promoting fusion at or near the cell 
surface97. Similarly, endogenous IFITM3 is a dependency 
factor required for infection by the seasonal coronavirus 
hCoV-​OC43 (ref.98). Therefore, IFITM proteins exhibit 
opposing activities during coronavirus infection, and the 
basis for this duplicity is not understood.

Nonetheless, it is possible that IFITM proteins have 
shaped the evolution of human coronaviruses in ways 
that impact their emergence and pathogenicity in 
humans. Indeed, the single-​nucleotide polymorphisms 
previously identified as determinants for viral disease 
following IAV infection have also been associated with 
severe outcomes of COVID-19 (refs50,51). However, the 
link between genetic variants of human IFITM3 and 

viral disease may not solely result from the actions 
of IFITM3 during virus entry. It has been shown that 
IFITM3 decreases production of the inflammatory 
cytokine IL-6 in vivo following infection by cytomeg-
alovirus, which is itself insensitive to the entry block 
imposed by IFITM3 (ref.99). Thus, IFITM proteins can 
influence the systemic immune response to virus infec-
tions both by regulating virus entry into cells and by 
limiting host-​mediated immunopathology, although 
the mechanisms for the latter have yet to be worked out.

ZMPSTE24
ZMPSTE24 is a constitutively expressed transmem-
brane protein that promotes the structural integrity 
of the nuclear membrane by cleaving prelamin A100. 
Inherited loss-​of-​function mutations in human 
ZMPSTE24 are associated with premature ageing and 
progeria-​related diseases101. Additional studies uncov-
ered a role for ZMPSTE24 in removing misfolded 
proteins from clogged translocons in the endoplasmic 
reticulum102. ZMPSTE24 had not been implicated in 
virus infections until affinity purification coupled with 
mass spectrometry identified it as a high-​confidence 
IFITM1, IFITM2 and IFITM3 interactor31. To address 
whether the interaction between ZMPSTE24 and 
IFITM proteins was consequential for virus infection, 
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the study authors showed that while ectopic IFITM3 
inhibits IAV infection in normal cells, it fails to do so 
in cells that are deficient in ZMPSTE24. Further experi
mentation showed that ZMPSTE24 expression itself 
results in inhibition of virus–cell fusion in cell culture 
and inhibition of virus infection in vivo, and that some 
of the same viruses exhibiting sensitivity to IFITM3 
(IAV, VSV, vaccinia virus and CPXV) are also sensitive 
to ZMPSTE24. Additionally, loss of the Ifitm locus from 
mouse embryonic fibroblasts results in a marked gain 
in susceptibility to VSV and vaccinia virus, and further 
knockdown of ZMPSTE24 results in further gains in 
susceptibility. These results suggested that IFITM pro-
teins require ZMPSTE24 for their antiviral activities, 
whereas ZMPSTE24 itself is endowed with independ-
ent antiviral function. The study authors proposed that 
IFITM proteins and ZMPSTE24 act in the same path-
way to restrict virus–cell fusion, with ZMPSTE24 acting 
downstream. Therefore, these findings favour a model 
whereby IFITM proteins confer antiviral protection on 
cells via an indirect mechanism. Interestingly, the enzy-
matic protease activity of ZMPSTE24 is not required for 
its observed impact on virus entry as loss-​of-​function 
mutants still maintained the ability to restrict infection31.

Following this initial report, several questions 
remain unanswered regarding the antiviral potential 
of ZMPSTE24 and its relevance to intrinsic control of 
pathogenic virus infection. For example, it is unclear 
whether ZMPSTE24 inhibits IFITM-​sensitive viruses 
that undergo fusion at the plasma membrane of cells, 
such as HIV-1. Also, VSV exhibits greater sensitivity to 
ZMPSTE24 than it does to IFITM3, whereas the oppo-
site is the case for IAV103. As evidence exists that IFITM 
proteins restrict virus entry through multiple mecha-
nisms, it is possible that they depend on ZMPSTE24 for 
the inhibition of some, but not all, viruses. Furthermore, 
it remains unclear how ZMPSTE24 is capable of restrict-
ing virus entry in endosomes when it is associated with 
a function at the nuclear membrane.

A subsequent report sought to better resolve the 
interplay between ZMPSTE24 and IFITM proteins by 
focusing on their individual and collective impact on 
arenaviruses, which are traditionally viewed as IFITM 
insensitive. It was found that knockout of human 
ZMPSTE24 increased cellular susceptibility to pseudo-
virus infection mediated by arenavirus glycoproteins 
from Old World and New World arenaviruses, including 
lymphocytic choriomeningitis virus and LASV, as well as 
infection by intact Mopeia virus, an arenavirus related  
to LASV104. Interestingly, while IFITM proteins had little to  
no effect on arenavirus infections, co-​expression of 
IFITM3 and ZMPSTE24 resulted in enhanced restric-
tion. In addition to confirming that IFITM3 can interact 
with ZMPSTE24, it was demonstrated that the two pro-
teins affect each other’s subcellular localization. Ectopic 
co-​expression of IFITM3 and ZMPSTE24 resulted 
in their colocalization in an uncharacterized perinu-
clear site, which may or may not represent a subset of 
endolysosomes where arenavirus–cell fusion occurs. 
To assess whether membrane modulation is associated 
with the activities of IFITM and ZMPSTE24 on arena-
virus infection, the study authors used amphotericin B,  

an antifungal compound which reduces membrane 
rigidity, to overcome restriction by IFITM3 (refs58,62). 
Amphotericin B partially abrogated restriction of are-
navirus infection when ZMPSTE24 was expressed 
alone or in combination with IFITM3, suggesting that 
ZMPSTE24 and IFITM3 individually and cooperatively 
increase membrane rigidity within a subset of endo-
somes to inhibit arenavirus infection104. However, an 
experimental test of the role played by ZMPSTE24 in 
the IFITM-​mediated enhancement of membrane rigid-
ity is lacking. Nonetheless, the identification of an endo-
somal compartment that contains ZMPSTE24 as well 
as IFITM3 may lead to important new insights into the 
poorly understood arenavirus entry pathway105.

CH25H
Cholesterol 25-​hydroxylase (CH25H) is an interferon- 
induced enzyme that restricts virus–cell membrane 
fusion during virus entry, and acts broadly to inhibit 
VSV, HIV-1, herpes simplex virus, EBOV, Rift Valley 
fever virus, ZIKV, Nipah virus, SARS-​CoV, MERS-​CoV 
and SARS-​CoV-2 (ref.106). CH25H resides in the endo-
plasmic reticulum and catalyses the enzymatic oxidation 
of cholesterol to 25-​hydroxycholesterol (25HC), a side 
chain oxysterol that functions in cholesterol homeo-
stasis. In response to elevated levels of cellular choles-
terol, 25HC inhibits the activities of sterol regulatory 
element-​binding protein (SREBP), a transcription fac-
tor that drives the expression of genes associated with 
cholesterol biosynthesis and uptake107. Additionally, 
25HC promotes cholesterol trafficking into the endo-
plasmic reticulum. As a result, CH25H and its product 
25HC regulate the cholesterol content of membranes in 
different subcellular compartments108 (Fig. 3).

Inhibition of virus–cell fusion. The antiviral potential of 
CH25H was first identified through a systematic screen  
of genes induced by type I and type II interferons. 
When 288 interferon-​stimulated genes were individu-
ally expressed in cells and subsequently challenged with 
VSV (an RNA virus) or murine gammaherpesvirus 68  
(MHV-68; a DNA virus), CH25H was revealed as one 
of the most potent inhibitors of both109. Further mech-
anistic work found that resistance to VSV infection is 
observed in cells expressing CH25H but also in neigh-
bouring cells, indicating that CH25H confers antiviral 
protection in an autocrine and a paracrine manner 
by producing a soluble, secreted factor deemed to be 
25HC110,111. Although 25HC did not affect adherence 
(attachment) of VSV to cells, it inhibited fusion medi-
ated by the pH-​dependent VSV glycoprotein and the 
pH-​independent HIV-1 envelope protein. Furthermore, 
25HC inhibited cell–cell fusion induced by Nipah virus 
fusion protein, suggesting that this oxysterol produced 
by CH25H directly modifies cellular membranes, 
including the plasma membrane and endosomal mem-
branes, to impede the cell entry of diverse viruses. 
Indeed, addition of cholesterol-​containing liposomes 
caused a dose-​dependent reversal of VSV inhibition 
by 25HC110. As early studies characterizing the cellular 
impacts of 25HC demonstrated that it could cause mem-
brane perturbations, such as changes in lipid head group 
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spacing and cholesterol accessibility, these results suggest 
that 25HC inhibits the membrane dynamics required 
for efficient virus–cell fusion, possibly by modulating 
membrane rigidity and curvature112 (Fig. 2). While both 
may alter the mechanical properties of cellular mem-
branes, it seems that IFITM proteins and CH25H act via 
distinct mechanisms, because MHV-68 entry is sensitive 
to CH25H/25HC but not to IFITM3 (ref.109).

Regulation of membrane cholesterol. Additional 
evidence supporting a role for CH25H in regulating 
membrane cholesterol to impart a broad-​spectrum 
antiviral state was generated from more recent studies 
involving human coronaviruses. Like IFITM3, CH25H 
is upregulated in macrophages and epithelial cells from 
patients with COVID-19 relative to healthy donors. 
In cell lines permissive to infection, 25HC was found 
to inhibit entry mediated by spike proteins from SARS-​
CoV, MERS-​CoV and SARS-​CoV-2 (refs95,113). 25HC 
also reduced cell–cell fusion mediated by SARS-​CoV-2, 
suggesting that 25HC inhibits the spike protein-​driven 
membrane fusion reaction113. Similarly to what was 

shown regarding the effects of 25HC on VSV infection,  
addition of soluble cholesterol to cells treated with 25HC  
restored entry driven by MERS-​CoV and SARS-​CoV-2 
spike protein113. This result suggested that the antiviral  
activities of CH25H and its product 25HC during 
coronavirus infection may stem from their impact 
on cholesterol trafficking. In a separate study, it was 
reported that 25HC activates acyl-​CoA cholesterol 
acyltransferase (ACAT), an enzyme which causes cho-
lesterol esterification and its internalization from the 
plasma membrane108 (Fig. 3). Accordingly, a specific 
inhibitor of ACAT counteracted the loss of cell surface 
cholesterol by 25HC and restored virus spike protein-​
mediated entry at the plasma membrane of lung cells, 
providing an important explanation for how CH25H 
exerts its antiviral activity towards coronaviruses. It is 
also likely that 25HC affects levels of accessible choles-
terol present in endosomal membranes, which can also 
be used as points of entry for SARS-​CoV-2 and other 
25HC-​sensitive viruses, such as VSV95.

In addition to extensive characterization in vitro 
and in cell culture experiments, the importance of 
CH25H in limiting virus entry and the therapeutic 
potential of its lipid product, 25HC, have been reinforced 
by in vivo studies. Administration of 25HC to human-
ized mice decreased their susceptibility to HIV-1 infec-
tion and viral disease110. Moreover, mice lacking Ch25h 
are more susceptible to infection and disease sequelae 
caused by MHV-68 and ZIKV114. Although 25HC is 
reported to be non-​toxic and tolerable at therapeutic 
doses, CH25H may contribute to diseases such as athero
sclerosis and Alzheimer disease, with evidence accu-
mulating that it intensifies inflammatory signalling115. 
The fact  that CH25H is interferon-​inducible likely 
reflects a requirement to finely regulate its expression 
to avoid disease.

Cholesterol-​independent mechanisms of restriction? 
As is likely the case for the IFITM proteins, it is pos-
sible that CH25H expression leads to virus inhibition 
by multiple mechanisms, including some that may not 
involve the production of 25HC. For example, mutants 
of CH25H that do not produce 25HC exhibit loss of 
antiviral activity against MHV-68, but not against HCV, 
demonstrating that CH25H inhibits the latter through 
a non-​canonical mechanism116. Additionally, CH25H 
has been shown to inhibit infection by reovirus, papil-
lomavirus, rotavirus and rhinovirus, all non-​enveloped 
viruses that do not enter cells via membrane fusion106,117. 
Reovirus is sensitive to both CH25H and IFITM3, pro-
viding evidence that these two antiviral proteins regulate 
not only membrane fusion but also endocytic trafficking 
pathways in cells.

LY6E
Lymphocyte antigen 6E (LY6E) is an interferon-​inducible 
glycosylphosphatidylinositol-​anchored protein that was 
originally known as a marker of T cell activation and has 
a negative feedback role by inhibiting IL-2 production 
from T cell receptor-​stimulated lymphocytes118. It also 
acts as an immune modulator in myeloid cells, such as 
monocytes and macrophages, by downregulating CD14 
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expression and thereby limiting innate immune signal-
ling in response to lipopolysaccharide119. The antiviral 
activity of LY6E was discovered through the same 
screening platform that identified CH25H as an inhib-
itor of VSV and MHV-68 entry into cells109. Relative 
to CH25H, which suppresses the membrane merger 
required for VSV entry into cells110, LY6E exhibited a 
less potent restriction of VSV. However, later stud-
ies using human coronaviruses found that LY6E also 
restricts the virus–cell membrane fusion step. With 
use of a cDNA library composed of more than 350 
interferon-​stimulated genes120, it was observed that 
LY6E overexpression strongly inhibited infection by 
hCoV-229E and hCoV-​OC43, two seasonal human 
coronaviruses, as well as SARS-​CoV, MERS-​CoV and 
SARS-​CoV-2 (ref.121). Although LY6E did not impact 
coronavirus attachment to host cells, it did inhibit the 
cell entry step, as pseudovirus infection mediated by 
coronavirus spike proteins was also inhibited. It also 
blocked spike protein-​mediated cell–cell fusion without 
affecting the expression or proteolytic cleavage of spike 
proteins, indicating that LY6E inhibits the fusogenic 
potential of spike protein required for virus entry121. 
Its protective role in vivo was determined by the gen-
eration of Ly6e-​null mice and the demonstration that 
they were more susceptible to infection and viral dis-
ease caused by a mouse coronavirus121. In contrast to 
IFITM proteins and CH25H, there are few mechanistic 
details available to explain how LY6E regulates mem-
brane fusion. A separate study reported an antiviral 
role for LY6E against hCoV-​OC43 and SARS-​CoV-2, 
one that cannot be reversed by amphotericin B44. This 
finding suggests that the mechanism of action of LY6E 
is distinct from that of IFITM3. Therefore, the antiviral 
activity that LY6E exhibits against coronaviruses makes 
it an exciting new addition to the list of intrinsic factors 
impinging on virus entry, and a surprising one at that.

LY6E was previously shown to promote infections 
by several important human pathogens, including IAV, 
yellow fever virus, ZIKV, WNV, DENV and HIV-1 
(refs122–124) by enabling the cell entry process at the level 
of virion internalization or fusion. LY6E is required for 
a type of endocytosis that is clathrin dependent, micro-
tubule dependent and selective for large cargo such as 
virions122. Interestingly, a single amino acid substitution 
at Lys36 that renders LY6E unable to promote entry 
of yellow fever virus also disrupts its ability to inhibit 
coronavirus entry, indicating that the opposing functions 
are controlled by the same determinants121,123. Perhaps 
the size-​dependent endocytosis pathway involving LY6E 
positively regulates entry for some viruses but not others 
by funnelling virions towards specific vesicular com-
partments (early and late endosomes) and away from 
others (such as endolysosomes, which contain cathep-
sins that activate coronavirus spike proteins). However, 
a given virus can be subject to both the enhancing and 
the inhibiting effects of LY6E, suggesting that it impacts 
virus infections by multiple, non-​redundant mecha-
nisms. Although LY6E can promote HIV-1 infection at 
the level of fusion, it performs an inhibitory role when 
levels of CD4, the host cell receptor used to enter cells, 
are low. CD4 levels on the cell surface were found to be 

downmodulated by LY6E, inhibiting virus entry and 
masking its facilitatory role during infection125. This 
activity of LY6E reflects its capacity to internalize cer-
tain cell surface proteins that act in immune signalling, 
but it does not explain its negative impact on corona
virus infection, as the various receptors used by human 
coronaviruses were not found to be altered by LY6E121.

Thus, much like the IFITM proteins, LY6E alters 
the cellular environment to impact virus entry in more 
than one way, sometimes with opposing effects. As a 
result, the overall impact of factors such as IFITM pro-
teins and LY6E during virus infection may result from 
the sum of their individual inhibitory and facilitatory 
functions, and distinct viruses will respond differently 
to this balance. The two-​faced nature of certain intrinsic 
immune factors may contribute to some of the delete-
rious effects observed in humans receiving interferon 
therapy126. Another possibility that is not mutually exclu-
sive is that certain viruses have evolved to co-​opt IFITM 
proteins and LY6E during the entry process, turning 
what would normally be a barrier into a springboard to 
launch infection.

NCOA7
Nuclear receptor co-​activator protein 7 (NCOA7) 
is a member of the oxidation resistance family and is 
recruited to the nucleus on oestrogen binding to its 
nuclear receptor127. In complex with the nuclear receptor 
and oestrogen, NCOA7 acts as a transcription factor and 
induces the expression of oestrogen-​regulated genes128. 
Interestingly, it was observed that a short isoform of 
NCOA7 (isoform 4, also known as NCOA7-​alternative 
start) is inducible by type I interferons129.

Through an effort to identify interferon-​induced 
genes that are differentially expressed among cell types 
permissive to HIV-1 infection, isoform 4 of NCOA7 
was revealed as an antiviral factor that, while inactive 
against HIV-1, was shown to broadly inhibit viruses 
that enter cells via endocytosis130. HIV-​based pseudo-
types bearing HIV envelope protein were resistant to 
NCOA7, whereas those bearing VSV glycoprotein were 
sensitive, demonstrating that restriction occurs at the 
entry step. The study authors also showed that NCOA7 
inhibited entry at the level of membrane fusion using 
experiments that assayed the extent of membrane fusion 
occurring between intact IAV particles and target cell 
membranes. The viruses sensitive to NCOA7-​mediated 
restriction, including VSV, HCV and IAV, exhibit a 
shared requirement for pH-​dependent virus–cell mem-
brane fusion in endosomal compartments. Mechanistic 
experiments showed that NCOA7 promotes acidifi-
cation of endosomes by enhancing v-​ATPase activity. 
Furthermore, NCOA7 expression resulted in elevated 
cathepsin activity in endolysosomes. These findings 
suggest that NCOA7 accelerates the turnover of virions 
by cathepsin-​mediated proteolysis, decreasing the like-
lihood of virus escape into the cytoplasm. Interestingly, 
this activity has also been cited as a possible mech-
anism of action of IFITM3 (Fig. 4). Although NCOA7 
knockout partially rescued IAV infection in the pres-
ence of interferon, the combined knockout of NCOA7 
and IFITM3 led to even greater rescue of infection130. 
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Therefore, because they have an additive impact on virus 
entry, the respective functions of NCOA7 and IFITM3 
may be related but are not redundant. This pair of anti-
viral proteins serves as an example of how factors may 
perform similar but non-​overlapping roles to protect 
cells from virus invasion.

GILT
IFNγ-​inducible lysosomal thiol reductase (GILT; also 
known as IFI30) is an enzyme localized to endolyso-
somes in many cell types and is expressed constitutively 
or in response to type II interferon131. GILT reduces 
the disulfide bond of exogenous peptide antigens, 
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before virus–cell fusion occurs. IFITM3, on the other hand, inhibits 
membrane fusion itself, resulting in endosomal sequestration of  
virions that are eventually degraded in endolysosomes. This latter effect 
results from the ability of IFITM3 to promote endolysosomal delivery of viral 
and cellular cargo, a function that is not yet mechanistically understood. 
GILT and CD74 are believed to enforce endosomal sequestration of  
viruses as well, but not by inhibiting membrane fusion — they inhibit the  
activity of endolysosomal cathepsins, proteases that cleave some viral 
glycoproteins and render them competent for fusion. ADAP2 promotes 
internalization of virions by macropinocytosis, bypassing their preferred 
sites for pH-​dependent fusion and resulting in their accelerated disposal 
in endolysosomes.
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including viral glycoproteins, that are internalized into 
cells through endocytosis132. This function promotes 
peptide processing and facilitates their presentation by 
MHC class II and class I molecules133. As a result, GILT 
plays an important role in the priming of CD4+ T cell and 
CD8+ T cell responses directed against viral peptides.

Owing to the localization and function of GILT 
within endolysosomes, it was suspected that GILT may 
also interfere with the cell entry step of viruses that enter 
cells via endocytosis. It was shown that GILT expressed 
in human lung cells inhibited entry mediated by the viral 
envelope glycoproteins of SARS-​CoV, EBOV and LASV, 
which require endolysosomal delivery to complete cell 
entry, but not those of IAV or VSV, which complete entry 
in endosomes134,135. Accordingly, the basis for this restric-
tion required endolysosomal localization of GILT as well 
as its enzymatic reductase function134. Furthermore, 
addition of trypsin to cells allowed SARS-​CoV pseudo-
virus to evade inhibition by GILT by facilitating virus 
entry at the plasma membrane, supporting the notion 
that restriction occurs in intracellular, endolysosomal 
membranes134. Unlike NCOA7, GILT was not found to 
increase endolysosomal cathepsin activity, but rather it 
inhibited cathepsin L activity. This finding may explain, 
in part or in whole, its antiviral effect, as SARS-​CoV, 
EBOV and LASV require cathepsin L for proteolytic 
activation of the viral glycoprotein in endolysosomes. 
Interestingly, other human coronaviruses, includ-
ing MERS-​CoV and SARS-​CoV-2, are insensitive to 
GILT-​mediated restriction, which may reflect differen-
tial dependency on endolysosomal cathepsins among 
the human coronaviruses for cell entry44. Nonetheless, 
as it was also reported that GILT inhibits entry mediated 
by HIV-1 envelope protein136, which mediates cell entry 
in a pH-​independent and endolysosome-​independent 
manner137, additional studies are required to understand 
the antiviral functions of GILT on a molecular level.

CD74
CD74 (also known as invariant chain) is expressed 
by immune cells and promotes the transport of MHC 
class II proteins from the endoplasmic reticulum to the 
cell surface via endosomal intermediates. Consequently, 
CD74 promotes the presentation of extracellular 
antigens internalized through endocytic processes. 
In addition to this role, a portion of the CD74 poly-
peptide known as the thyroglobulin domain carries out 
inhibition of endolysosomal cathepsins, the proteolytic 
enzymes that are co-​opted by numerous viruses during 
the cell entry phase of infection. While multiple isoforms 
of CD74 exist, two of them possess the thyroglobulin 
domain138.

By taking advantage of a screening technique 
whereby transposable elements are inserted in front of 
and within genes, Bruchez et al. found that MHC class II 
transactivator (CIITA) inhibited EBOV infection139. 
CIITA is a transcription factor that controls the expres-
sion of MHC class II-​related proteins, including CD74, 
to facilitate antigen presentation to lymphocytes. CIITA 
blocked pseudovirus infection of particles bearing glyco-
proteins from EBOV and other filoviruses, whereas VSV 
glycoprotein and LASV glycoprotein were unaffected, 

indicating that it selectively blocked some aspect of the 
filovirus cell entry process. Further experiments revealed 
that CIITA diminished fusion mediated by EBOV gly-
coprotein, but not virion uptake into cells, whereas 
infectious EBOV replication was also reduced in its 
presence. The suppression of EBOV infection by CIITA 
was found to require CD74, and CD74 expression itself 
blocked infection. Both CIITA and CD74 were found 
to be inducible by type II interferon and lipopolysac-
charide. The isoform of CD74 that possessed antiviral 
activity was p41, one of the isoforms containing the 
thyroglobulin domain. Accordingly, CD74 p41 inhibi
ted cathepsin-​mediated cleavage of EBOV glycoprotein, 
which is required for membrane fusion in endolyso-
somes. As one of the cell entry routes used by corona-
viruses involves cathepsin-​mediated activation of spike 
protein, the study authors tested whether SARS-​CoV-2 
was sensitive to CD74-​mediated inhibition. In cells 
lacking the serine protease TMPRSS2, which are per-
missive to SARS-​CoV-2 entry only via the endosomal, 
cathepsin-​mediated entry route, SARS-​CoV-2 infection 
was potently blocked by CD74 (ref.139).

These results suggest that CD74 acts broadly 
to protect host cells from invasion by a plethora of 
cathepsin-​dependent viruses. This work highlights 
another example of an intrinsic immune protein that 
exerts its antiviral function, in whole or in part, by 
sequestering virions in endolysosomes, which may 
drive the selection of viruses capable of entering cells 
elsewhere, such as the plasma membrane.

ADAP2
ARFGAP with dual pleckstrin homology domain- 
containing protein 2 (ADAP2; also known as CENTA2) is  
a GTPase-​activating protein (GAP) for the GTP-​binding 
protein ARF6 (ref.140), a regulator of actin cytoskel-
etal rearrangements. ADAP2 activity promotes the 
GDP-​bound form of ARF6, and as a result influences its 
function. Although ADAP2 is constitutively expressed, 
it was singled out for studies of antiviral activity when 
its expression was found to be upregulated by type I 
interferons141. When ADAP2-​expressing cells were chal-
lenged with a panel of viruses that enter cells via different 
routes, it was found that ADAP2 restricted infection by 
DENV and, to a lesser extent, VSV. By contrast, infection 
by Sendai virus, which undergoes fusion at the plasma 
membrane142, was unaffected. These results indicate that 
ADAP2 selectively blocks virus entry occurring in endo-
somes, particularly late endosomes. Furthermore, the 
antiviral activity of ADAP2 does not result from its influ-
ence on the expression of other interferon-​stimulated 
genes143, as restriction still occurred in cells in which 
the gene encoding mitochondrial antiviral signalling 
protein (MAVS) was knocked out141.

Further investigation revealed that ADAP2 induced 
macropinocytosis, an actin-​dependent membrane pro-
trusion and retraction process that allows the internal-
ization of extracellular fluid and cargo. The antiviral 
activities of ADAP2 against DENV and induction of 
macropinocytosis were functionally linked as both 
effects required its ARF6 GAP activity. This led to a 
model supported by experimental evidence in which 
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ADAP2 diverts incoming DENV virions away from 
late endosomes, which provide a favourable environ-
ment for virus–cell fusion to occur. Instead, ADAP2 
promotes virion trafficking towards a dead-​end 
endolysosomal compartment for disposal. This general 
mechanism of action implies that other viruses requir-
ing clathrin-​mediated endocytosis and pH-​dependent 
fusion with endosomal membranes may be negatively 
impacted by ADAP2. It was later shown that ADAP2 
did not inhibit virus entry mediated by EBOV glyco-
protein or by spike proteins from human coronaviruses, 
including hCoV-​OC43, MERS-​CoV, SARS-​CoV and 
SARS-​CoV-2 (ref.44). The lack of activity reported in 
this instance may suggest that fusion occurring in endo
lysosomes (EBOV) or at the plasma membrane (human 
coronaviruses and Sendai virus) confers resistance to 
ADAP2. Furthermore, the fact that ADAP2 may not 
inhibit some of the viruses that are sensitive to IFITM3, 
CH25H, GILT and LY6E suggests that its respective 
antiviral function is distinct.

Conclusion
The full network of host factors providing intrinsic 
defence against virus invasion includes those inhibiting 
virus–cell membrane fusion from within target cells but 
also factors that incorporate themselves into virus par-
ticles and impair their fusogenic potential144–146. In addi-
tion, there are many host proteins that inhibit the earliest 
steps of virus infection in a more indirect manner. The rise 
of unbiased screening approaches has helped to identify 
factors that inhibit steps of the entry process that precede 
fusion, such as cell attachment and internalization. For 
example, β-1,4-​N-​acetylgalactosaminyltransferase 2 
(B4GALNT2) modifies the sialic acid moieties used 
by IAV for cell attachment and, as a result, limits virion 
binding to the cell surface147. Other factors, including 
RIN2, TM9SF2 and RAB15, await further characteri-
zation but may inhibit virus entry owing to their roles 
as negative regulators of cellular endocytosis and endo-
some maturation147–150. When expressed in the same 

cells, these factors may act in concert with the antiviral 
effectors highlighted in this Review, resulting in additive  
inhibition of virus entry.

While cutting-​edge genetic screening methods have 
accelerated the discovery of host factors that regu
late virus entry into cells, a molecular understanding 
of their mechanisms of action often remains elusive. 
Overcoming this problem will require the develop-
ment and large-​scale adoption of infection models that 
capture the three-​dimensional physiology of human 
tissues, such as organoids for the study of neurotropic 
viruses in the brain or respiratory viruses in the lung151. 
Non-​human animal models remain an integral part to 
our understanding of virus infections. However, condi-
tional (tissue-​specific) gene knockouts would provide 
greater clarity on the contextual roles played by certain 
host factors, especially those that have been shown to 
perform multiple and opposing functions in cell cul-
ture. Lastly, the utility of traditional monoculture of 
transformed cells can be improved through combi-
natorial gene knockouts and hybrid small interfering 
RNA and CRISPR–Cas9 screening platforms. These 
latter approaches would help to distinguish between 
the direct and indirect mechanisms of antiviral activ-
ity and would also facilitate the characterization of host 
restriction modalities that involve two or more factors.

The continued identification of cell-​intrinsic fac-
tors that block virus entry will provide new targets for 
novel antiviral therapies against enveloped viruses (and 
also non-​enveloped viruses152). Restriction factors may 
be amplified or potentiated by gene therapy, whereas 
dependency factors required by viruses for their entry 
into cells, such as v-​ATPase and cathepsins, may be inac-
tivated by inhibitory drugs. Compared with traditional 
antivirals targeting viral components, these host-​directed 
therapies may prove less likely to lead to drug resist-
ance among circulating viruses and are more likely to  
extinguish the threat of virus emergence in the future.
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