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To be successful and have the opportunity to replicate prop-
erly, a virus has to thwart or, just the reverse, boost many
systems of the host cell. Given that host cells have evolved to
eliminate these hostile parasites, a fierce battle ensues. There
is now compelling evidence that enveloped virions released
from infected cells will carry the vestiges of this battle both
internally and externally. The focus of the present minireview
will be the incorporation of the host cellular proteins into or
onto the newly formed viruses. The roles of a few of these host
cellular proteins have been studied, albeit very recently, be-
cause of their implication in the biology of some viruses. But
for the vast majority, only the observation of their incorpora-
tion has been reported in the scientific literature.

The various studies in this research area have been con-
ducted with eukaryotic cells infected primarily with RNA en-
veloped viruses. Human immunodeficiency virus type 1
(HIV-1) has been the most extensively studied in this respect,
but other viruses have also contributed to a better understand-
ing of this intriguing phenomenon. A list of the molecules that
have been reported to be embedded in some enveloped viruses
is shown in Table 1. The processes through which cellular
proteins are acquired by viruses are still ill defined. Here we
will describe and discuss the roles, or potential roles, that the
major cellular proteins found associated with enveloped vi-
ruses may play in their life cycles. First, the internally associ-
ated host cell molecules will be described, and in a second
section, the cell surface constituents found included within the
envelopes of different viruses will be introduced.

HOST CELL PROTEINS INSERTED INTO VIRIONS

(i) Tsgl101 and other components of the MVB pathway. One
of the major breakthroughs in the understanding of the com-
plex interplay between enveloped viruses and the host cell
machinery is certainly comprehension of the viral budding pro-
cess (71). Recent studies have revealed how enveloped RNA
viruses highjack the vesicular cellular machinery for their own
purposes (85). Figure 1 depicts how such viruses can usurp this
cellular pathway normally used to create vesicles that bud into
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late-endosomal compartments, which are better known as mul-
tivesicular bodies (MVB).

To take advantage of the MVB pathway, enveloped RNA
viruses such as retroviruses, rhabdoviruses, and filoviruses pos-
sess conserved sequences in their structural proteins called late
domains (L domains) (38). Each L domain is able to bind to
specific cellular factors that redirect the structural proteins of
the nascent viruses into the MVB pathway of the infected cell,
thereby orchestrating the budding and egress of virions, using
the same cellular vesicular machinery as cellular endosomes
(85).

Enveloped RNA viruses like Ebola viruses, HIV-1, and hu-
man T-cell leukemia virus type 1 (HTLV-I) get access to this
sorting machinery by binding to the Tsgl01 subunit of the
human endosomal complex required for transport I (ES-
CRT-]) via the L domains of their structural proteins. It has
been proposed that viral proteins are targeted to the MVB
machinery possibly by virtue of a single ubiquitin linked to
their L domains, which would explain their binding to Hrs and
Tsgl01 (38). Indeed, fairly large amounts of free ubiquitin
were detected in purified preparations of simian immunodefi-
ciency virus (SIV), HIV-1, murine leukemia virus (MLV), and
Moloney MLV (MMLV) and in avian leucosis virus (41, 78, 79,
88). While usurping the MVB pathway, these viruses appar-
ently incorporate structures of the cellular sorting machinery
within the newly formed entities. Tsg101 incorporation within
HIV-1 particles remains the best-known example and has been
reported in numerous studies (32, 48, 57, 104, 113). Tsg101 has
been found in purified Mason-Pfizer monkey virus prepara-
tions as well, along with the Nedd4 enzyme, an ubiquitin ligase
containing a WW sequence with binding capacity to the PPXY
L domain. The above proteins have also been found embedded
in HTLV-I viral particles (12, 41). Tal, a novel E3 ubiquitin
ligase recently described in yeasts and mammalian cells, has
been shown to be incorporated within HIV-1-like particles
(3). This ligase binds to Tsg101 in a bivalent mode and, when
bound, mediates multiple monoubiquitination of Tsg101, which
disables the sorting activity of Tsg101 and is thought to free the
cargo protein.

Other cellular protein subunits of all three ESCRT com-
plexes have been reported to be incorporated into budding
virions. VPS28, a subunit of ESCRT-I that binds to Tsgl01,
was detected within HIV-1 particles (11, 104, 113). Tsg101 also
interacts with the AIP1/ALIX subunit of the ESCRT-II com-
plex, and the latter is recruited into both HIV-1 and SIV (113).
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TABLE 1. Host cellular molecules acquired by some enveloped viruses
Virus* Host molecule” Function Incorporated Reference
EBV HLA-DR Antigen presentation Yes 54
HCMV CD55 Complement control protein Yes 101
CD59 Complement control protein Yes 101
Annexin 11 Calcium-binding protein Yes 119
PPA2, PP1 Serine/threonine protein phosphatase Yes 2, 68
B2-microglobulin B-globulin, MHC-1 Yes 45
\'A% a-Tubulin Cytoskeletal protein No 26
HSP70 HSPs, chaperone No 26
HSP90 HSPs, chaperone No 26
CypA Immunophilin Yes 26
CD46 Complement control protein Yes 55, 110
CD55 Complement control protein Yes 55, 110
CD59 Complement control protein Yes 55, 110
CD29 Integrin B chain Yes 55, 110
CD71 Transferrin receptor Yes 55, 110
CD81 Tetraspanin Yes 55, 110
MHC-1 Antigen presentation Yes 55, 110
DHBV p23 Chaperone of HSP90 Yes 52
HSP90 HSPs, chaperone Yes 52
VSv CypA Immunophilin Yes 16
MPMV Tsgl01 Vesicular transport protein Yes 41
Nedd4 Vesicular transport protein Yes 41
HTLV-1 Nedd4 Vesicular transport protein Yes 12
CD55 Complement control protein Yes 101
CD59 Complement control protein Yes 101
MLV Actin Cytoskeletal protein Yes 73, 114
a-Tubulin Cytoskeletal protein Yes 114
Clathrin Vesicular transport protein Yes 114
Nucleolin Nucleolar phosphoprotein Yes 5
Ubiquitin Protein degradation and sorting Yes 39
APOBEC3G Cytosine deaminase Yes 49
MMLV CypA Immunophilin No 107
Ubiquitin Protein degradation and sorting Yes 78
Staufen RNA binding protein Yes 72
HSP70 HSPs, chaperone No 46
HIV-1 CD45 Membrane phosphatase No 75
CD46 Complement control protein Yes 91, 92
CD55 Complement control protein Yes 92, 101
CD59 Complement control protein Yes 92, 101
Actin Cytoskeletal protein Yes 80, 81
Pinl Peptidyl-prolyl isomerase Yes 80
tRNA synthetase Ligase Yes 47
GAPDH Aldehyde oxidoreductases Yes 78
MAPK ERK2 Serine/threonine kinase Yes 25
HSP27 HSPs, chaperone No 46
HSP40 HSPs, chaperone No 46
HSP60 HSPs, chaperone Yes 46
HSP70 HSPs, chaperone Yes 46
HSC70 HSPs, chaperone Yes 46
HSP90 HSPs, chaperone No 46
CypA Immunophilin Yes 37, 107
CypB Immunophilin No 18, 37
FKBP12 Protein degradation and sorting Yes 20
Ubiquitin Vesicular transport protein Yes 78
Tsgl01 Vesicular transport protein Yes 112
Tal Vesicular transport protein Yes 3
VPS28 Vesicular transport protein Yes 11, 104, 113
AIP1/ALIX Vesicular transport protein Yes 113
VPS4B Vesicular transport protein Yes 113
VPS37B Vesicular transport protein No 104
APOBEC3G Cytosine deaminase Yes 53, 66, 99
APOBEC3F Cytosine deaminase Yes 58, 115, 123
UNG Uracyl-DNA glycosylase Yes 64, 86, 118
Staufen RNA binding protein Yes 72

Continued on facing page
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TABLE 1—Continued
Virus® Host molecule” Function Incorporated Reference

HLA-DR Antigen presentation Yes 21-24, 90
ICAM-1 Adhesion molecule Yes 35, 36, 67, 82, 89
Ezrin/myoesin/cofilin Cytoskeletal proteins Yes 80, 81
Thy-1 GP1-anchored protein Yes 75
GM1 Ganglioside Yes 83
Various other cell surface constituents 76, 109

HIV-2 HSP70 HSPs, chaperone Yes 46
CypA Immunophilin No 37
UNG Uracyl-DNA glycosylase Yes 86
Staufen RNA binding protein Yes 72
HLA-DR Antigen presentation Yes 4,76
MHC-I Antigen presentation Yes 4

SIV CypA Immunophilin Yes® 19
CypB Immunophilin Yes 37
Ubiquitin Protein degradation and sorting Yes 79
AIP1/ALIX Vesicular transport protein Yes 113
APOBEC3G Cytosine deaminase Yes 13, 61, 62, 98, 120
UNG Uracyl-DNA glycosylase No 86

Influenza virus GM1 Ganglioside Yes 83

Parainfluenza virus GM1 Ganglioside Yes 83

HSV GM1 Ganglioside Yes 83

“ EBV, Epstein-Barr virus; DHBV, duck hepatitis virus; MPMV, Mason-Pfizer monkey virus; HSV, herpes simplex virus.
® GAPDH, glyceraldehyde-3-phosphate dehydrogenase; MAPK ERK2, mitogen-activated protein kinase extracellular signal-regulated kinase 2.

¢ Not associated with all SIV strains.

Of note, equine infectious anemia virus (EIAV) p9 protein is
capable of binding AIP1/ALIX, which may presumably be
packaged into EIAV virions (102). The subunit of the ESCRT-
III complex, VPS4B, seems to be acquired by HIV-1 (113). This
protein is involved in the very last steps of vesicle formation
and has a role in releasing ESCRT complexes from the newly
formed vesicles. Nevertheless, not all parts of these large mul-
tiprotein complexes are retained in viruses, as exemplified by
the reported failure to detect VPS37B in purified HIV-1 prep-
arations (104).

(ii) APOBEC3G, a protein of the RNA-editing machinery.
Among the many threats that the RNA viruses must overcome
inside cells is the cellular RNA-editing machinery. Products of
the mRNA-editing gene family are specialized for deamination
of cytidine on RNA, causing a switch from C to U in mRNA.
A mechanism of protection exploited by viruses has been un-
raveled, principally with the discovery of the relationship be-
tween APOBEC3G and the HIV-1 Vif protein (49, 61, 66, 99).
The APOBEC3G protein (also termed CEM15) has the ability
to get packaged within HIV-1. Being in close proximity to the
viral genomic RNA, this editing enzyme therefore has the
chance to catalyze the deamination from C to U on the minus
strand of the viral nucleic acid. Therefore, upon plus-strand
synthesis of the viral genome during the reverse transcription
phase, an A nucleotide is inserted into the plus strand at the
many spots where the C to U deamination has occurred on the
minus strand. As a result, many nonviable mutations are creat-
ed and the newly synthesized virions are thus inactivated. This
G-to-A hypermutation phenomenon occurring throughout the
HIV-1 genome has been noticed for quite a while (111).

The precise role of the auxiliary Vif protein of HIV-1 in the
virus life cycle and/or pathogenesis has long been an enigma.

But recently Vif was brought into the spotlight by the discovery
that it can associate with APOBEC3G in lymphoid cells. Vif
binds to APOBEC3G inside infected cells in order to prevent
this protein from being packaged within nascent virions (53, 61,
99). Convincing evidence seems to indicate that Vif strongly
diminishes the APOBEC3G intracellular pool. Here it is in-
teresting to highlight that, in sharp contrast to the usual ob-
servation that viruses associate with cellular proteins, in this
case the virus evolved to minimize interaction with and incor-
poration of a specific cellular component. In this regard, we
can assume that this phenomenon supports the hypothesis that
the incorporation process of host-encoded proteins is specific,
at least to a certain extent. It also underlines the fact that as-
sociation with particular cellular proteins can be highly detri-
mental to the virus and, therefore, that the process of host cell
protein incorporation can be a very critical issue for viruses.
The mechanism of APOBEC3G incorporation within HIV-1
cells is still ill defined, though a few hints are starting to
emerge. The first studies reported a potential interaction of the
APOBEC3G N terminus with the nucleocapsid protein of
HIV-1 (27). Whether the two zinc coordination motifs con-
tained within the APOBEC3G are directly implicated in this
intimate association remains controversial (1, 27). The same
applies to the possible bridging of viral or cellular RNA be-
tween APOBEC3G and the Gag protein (27, 105). Since
APOBEC3G can be incorporated into various types of viruses
having different Gag sequences (HIV-1, MLV, SIV, and
EIAV), it has been proposed that the link between Gag and
APOBEC3G may not rely exclusively on sequence but also on
some specific structural motifs (27). Human APOBEC3G ac-
tivity is not restricted to HIV-1, as it can inactivate HIV-2, SIV,
EIAV, and MLV (27, 61). Furthermore, the effect of Vif on the
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FIG. 1. Schematic representation of the intimate link between viral components and the human MVB pathway. Cargo proteins to be sorted are
first monoubiquitinated and then bound to the Hrs complex in the early endosomes. After fusion of the early endosomes and the sorting endosomes,
the cargo proteins are initially transferred to the ESCRT-I complex and then relayed successively to the ESCRT-II and ESCRT-III complexes.
Finally, under the action of the VPS4A/B enzyme, cargo proteins are released into an intraluminal vesicle in formation. Monoubiquitinated
structural proteins of enveloped viruses mimic cellular cargo proteins and enter the MVB pathway to be released at the site of virus budding.
Proteins highlighted in yellow are incorporated within different retroviruses, as described in the text. Ub, ubiquitin; STAM, signal-transducing

adapter molecule; EAP, ELL-associated proteins; CHMP, charged multivesicular body protein.

incorporation of APOBEC3G is species specific. For example,
the Vif protein does not prevent the packaging of mouse and
African green monkey APOBEC proteins within HIV-1 parti-
cles produced by transient transfection in 293T cells, as they do
not bind to the Vif protein like their human homolog does
(66). Finally, APOBEC3F, another member of the mRNA-
editing enzyme family incorporated into HIV-1, was very re-
cently demonstrated to inhibit viral replication in the same way
as APOBEC3G (58, 115, 123). It will be interesting to evaluate
whether other members of this family carry out a similar ac-
tivity on RNA viruses (10).

(iii) UNGs and Staufen. A variety of viruses encode uracil-
DNA glycosylases (UNGs) or dUTPases to block uracil incor-
poration within the viral DNA (30). This is the case for her-
pesviruses, poxviruses, and some nonprimate retroviruses. As
for primate lentiviruses that do not encode such enzymes, one
of them, HIV-1, does incorporate host cellular UNG within the
viral particles (64, 118). In contrast, HIV-2 and SIV . fail to
package this enzyme and may have evolved different, yet-un-
known strategies to achieve a similar goal (86). The mechanism

of UNG incorporation is still under investigation, but it ap-
pears that it might occur through association with the viral Vpr
protein, integrase, and reverse transcriptase enzymes, individ-
ually or in cooperation (64, 86).

Interactions between host proteins and the genetic material
of retroviruses also seem to be necessary for the encapsidation
of genomic RNA. Staufen is a double-stranded RNA-binding
protein that is enclosed within HIV-1, HIV-2, and MMLV
(72). The amount of genomic RNA included within the re-
leased viral particles is correlated with the amount of Staufen
protein incorporated, suggesting a role in viral RNA packag-
ing. The Staufen protein was recently shown to cosediment
with the viral Pr5592¢ precursor protein and to associate di-
rectly with Pr5592¢, This link involves the Staufen dsRBD3
domain in collaboration with the C-terminal domain (28).

(iv) Cyclophilins and other prolyl isomerases. Expressed in
all organisms, from bacteria to primates, cyclophilins catalyze
the isomerization of peptidyl-prolyl bonds, a rate-limiting step
in protein folding. They also function as chaperones, having a
broad subcellular distribution. Cyclophilin A (CypA), an abun-
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dant cytosolic protein found in all tissues examined, is best
known for its ability to bind cyclosporine A (CsA). CypA is
involved in T-cell activation and is thought both to provide a
chaperone activity and to maintain proper protein conforma-
tion. It has been known for over a decade that CypA is effi-
ciently inserted within HIV-1 at a ratio of 1 CypA molecule to
10 Gag molecules (37, 107), which represents approximately
250 molecules per virion. The immunosuppressive drug CsA
inhibits incorporation of CypA into HIV-1. However, the
closely related retroviruses HIV-2 and SIV do not incorporate
CypA, with the exception of the chimpanzee-specific SIV,,,,
(19). It has also been detected inside vaccinia virus (VV) and
vesicular stomatitis virus (VSV). Interestingly, the ability of
HIV-1 to package this host-derived molecule has been inves-
tigated for various viral subtypes. Viruses of the outlier O
group incorporate CypA in amounts similar to that of viruses
belonging to the M group, but their infectivity does not rely on
it (18, 19, 37). Further analyses indicated that all five O-group
isolates tested incorporated CypA in a CsA-sensitive way,
while their infectivity strongly depends on it in only three cases
(116). CypA is initially packaged inside the virus by a direct
interaction between its hydrophobic binding pocket and the
proline-rich flexible exposed loop located within the amino-
terminal domain of the viral capsid (CA) protein (14). Never-
theless, its affinity for the CA molecule is weak, and during
maturation it has been observed to relocate to the viral surface
(95).

Several studies have focused on the role of CypA in the
HIV-1 life cycle (97). Most importantly, it is the only incorpo-
rated cellular protein shown to be critical for viral infectivity.
Moreover, infectivity is finely tuned by host CypA expression
levels (121). It efficiently catalyzes the cis-trans-isomerization
of a peptide bond on CA (15). As for its exact role in infec-
tivity, some authors have argued for a role in early events of
the replication cycle, such as uncoating, and others for a role in
late events, such as maturation. Since it has been observed that
Gag assembles in the absence of CypA, it has been proposed
that CypA is required at a step between Gag assembly and
virion morphogenesis, possibly for conformational changes
(103). Moreover, in vitro studies provided evidence that CypA
does not efficiently destabilize assembled CA at the molar ratio
observed in the virion, and the authors concluded it was un-
likely to serve as an uncoating factor (44, 117). Their data
suggest that CypA more likely exerts its effect by facilitating
the coordinated rearrangement of CA subunits during the mat-
uration process.

On the other hand, arguing against a role in late events are
the facts that assembly occurs in the presence of CsA and that
disruption of the Gag-CypA interaction still allows for assem-
bly and budding to give particles with the proper number of
Gag proteins. Moreover, it has been shown that the core sta-
bility is due to protein-protein contacts between the CA sub-
units without involvement of CypA, which can bind only to an
aggregated form of immature CA and not a dissociated one.
Thus, binding of CypA could very well serve only as a means of
entry into the virion (14). Moreover, incorporation of a cata-
lytically inactive form of CypA is sufficient for efficient infec-
tion, and thus the isomerase activity is not involved in virus
infectivity (96). Spinoculated CypA-deficient viruses enter tar-
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get cells efficiently but fail to infect them, which also points to
a postentry event (93).

Although group O viruses do not require CypA for replica-
tion, the fact that they package all CypA into mature HIV-1
particles suggests that they evolved from a virus which was at
one time CypA dependent. Thus, interestingly, the study of
incorporation of a host protein supports the hypothesis that
the group M and O viruses were transmitted to humans on two
separate occasions from nonhuman primates, as has previously
been suggested (19).

In addition to enhancing infectivity, a number of other roles
have been suggested for the incorporated CypA. V3 loop pep-
tides derived from HIV-1 macrophage- and T-cell-tropic ex-
ternal envelope gp120 bind with high affinity to the active site
of CypA (33), pointing to a possible role in virus attachment. In
other regards, it has been proposed that CypA could be a
mediator in the initial attachment of HIV-1 to the host cell
plasma membrane (100) through its interaction with heparans
expressed at the cell surface (94). In fact, at least one CypA
isoform has been detected outside the viral membrane (69). It
is yet unclear how the cytosolic protein might penetrate the
viral membrane, but the existence of several isoforms differ-
entially located within the virion points to possible posttrans-
lational modifications. Moreover, binding affinity to the CA
protein strongly decreases as the CA matures, which could
allow dissociation and relocation of the cyclophilin. However,
the possible contribution of CypA to virus attachment is diffi-
cult to reconcile with the differential dependence of the infec-
tivity of certain O-group viruses on CypA (116). In other re-
gards, CDI147, a transmembrane glycoprotein of the
immunoglobulin superfamily, has also been identified as a re-
ceptor for CypA, and it would interact with it downstream of
the CypA-heparin interaction (87). A previous study indicated
that CypA is also important for the de novo synthesis of the
viral protein Vpr, and in the absence of its activity, Vpr-medi-
ated cell cycle arrest is completely lost in HIV-1-infected T
cells (122). Moreover, in human cells it reduces HIV-1 sensi-
tivity to restriction factors present within host cells (108).

When packaged in viruses of the Rhabdoviridae family, such
as VSV, CypA seems to act differently. For example, although
CypA is important for VSV infection, it acts at the level of
primary transcription, helping in the proper folding of the N
protein (16). Interestingly, the prevailing virulent NJ strain of
VSV has a critical dependence on CypA, whereas the less
virulent and less widespread IND serotype does not. As for
VV, a member of the Poxviridae family, Castro and coworkers
have found CypA packaged in viral cores, with approximately
156 molecules per single VV particle (26). They have specu-
lated that CypA could either mediate the transport of virus
proteins to virosomes, catalyze conformational changes in virus
proteins important to the assembly process, or participate in
the uncoating of viral cores.

Other prolyl isomerases have been studied for their in-
corporation into viruses, including FK-506-binding proteins
(FKBPs), parvulins (e.g., pinl), and other cyclophilins. Among
the latter, cyclophilin B (CypB), which is targeted to the en-
doplasmic reticulum, is not incorporated into HIV-1 in vivo,
unlike cytosolic CypA (18, 37). FKBP12 has been detected
inside HIV-1 at an average of 25 molecules per virion (20).
Even though the specificity of FKBPs is much higher than that
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of CypA and one of their best substrate sequences contains
Phe-Pro, which is known as an HIV-1 protease-specific cleav-
age site (20, 50), the relevance of FKBP12 to the virus biology
remains to be established.

(v) HSPs. Some chaperone heat shock proteins (HSPs) have
been found incorporated into enveloped viruses. HSP70 has
been detected within certain retroviruses but not in either VV
or MMLV (26, 46). This stress-inducible chaperone protein
has been estimated to be present in HIV-1 particles at a ratio
of up to one molecule per polymerase protein and to be in-
corporated into the related HIV-2y, strain and three SIV
strains (46). HSP60 has been observed in HIV-1 by certain
authors but not by others (6, 46, 78, 80). As for HSP90, another
chaperone that acts in cooperation with certain partner pro-
teins, such as p23 and HSP70, but is not incorporated into
HIV-1 and VV, its presence has been inferred inside duck
hepatitis B virus at a ratio of two to four copies per virion (52).
It is deemed to be incorporated through association with the
viral polymerase, along with p23. It is noteworthy that certain
studies have reported cyclophilins functioning as part of a
cellular chaperoning complex along with HSPs (16).

HOST CELL PROTEINS LOCATED ON VIRUSES

(i) VV. VV has been extensively studied for its usefulness in
vaccination strategies. Successful incorporation of foreign an-
tigens has been achieved within recombinant VV, and in some
cases it resulted in superior vaccine efficacy (40, 56). Naturally
occurring association of host cell components with VV has also
been described recently and constitutes a mechanism of pro-
tection for this virus against the host’s complement immune
system. Four types of virus particles are produced in VV-
infected cells: intracellular mature virus, intracellular envel-
oped virus, cell-associated enveloped virus, and extracellular
enveloped virus (EEV). The EEVs acquire host complement
control proteins in their lipid bilayers, which can potently re-
duce the activity of the immune complement system and thus
virolysis (55, 110). These proteins include CD46, CD55, and
CD59. Four other membrane proteins unrelated to comple-
ment control were found as well, i.e., CD29, CD71, CDS81, and
major histocompatibility complex class I (MHC-I), although no
specific role in the virus biology has been attributed to the
latter proteins. The incorporation of the above complement
control proteins appears to be virus strain and cell type spe-
cific. Additionally, the association of such host molecules with
the virus envelope depends on which intracellular cell mem-
brane the envelope comes from. Envelopes derived from the
trans-Golgi network or membranes downstream carry comple-
ment control proteins, but these are not found associated with
viruses originating from the endoplasmic reticulum, interme-
diate compartments, or cis- or medial-Golgi bodies (55).

(ii) HCMV. Human cytomegalovirus (HCMV) has been oc-
casionally reported to associate with cellular proteins. A first
study reported the association of B,-microglobulin with the
virus (45). This association was discovered while investigating
factors inhibiting the detection of this virus in urine. It was
shown that, following inoculation of HCMYV into urine, .-
microglobulin binds to the virus. This association was not
therefore occurring while the virus was budding but rather with
cell-free viruses.
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(iii) HIV-1. Numerous host membrane proteins have been
shown to be inserted within mature HIV-1 particles. The func-
tionality of some specific virus-bound host cell surface proteins
has been characterized, but the role and function of most
remain to be elucidated. A complete description of host cell
surface constituents embedded in HIV-1 has already been pub-
lished (76, 77, 109). This section will focus only on molecules
found within HIV-1 and, in some instances, other primate
lentiviruses which have been shown to play a potential role in
the viral life cycle.

(iv) MHC-I. Incorporation of MHC-I and particularly the
Cw4 allele within X4-tropic primary and laboratory isolates of
HIV-1 has been reported to exert a profound influence on both
virus infectivity and susceptibility to neutralizing antibodies
(31). The effect was found to be associated with changes in
viral envelope conformation.

(v) MHC-II. A very common cellular antigen found on
HIV-1 is the HLA-DR isotype of MHC-II. Beyond its natural
association with the T-cell receptor, HLA-DR interacts with
the CD4 glycoprotein. Interestingly, it has been reported that
HIV-1-associated HLA-DR has the capacity to interact with
the CD4 molecule on target cells. Even though this interaction
is relatively weak, this additional virus-cell interaction in co-
operation with the normal gp120-CD4 association increases
the binding efficacy and kinetics of HIV-1 infection roughly
twofold (21, 22). This increment in virus infectivity was illus-
trated with viruses produced in naturally HLA-DR-expressing
cells as well as in transiently transfected cells. In other regards,
the MHC molecules are intimately implicated in adaptive im-
munity, presenting antigenic peptides to the peptide-specific T
cell. This function of antigen presentation by virus-associated
HLA-DR is currently under investigation, for either cell acti-
vation, anergy, and/or apoptosis. Actually, this aspect has been
addressed in only one study that reported the ability of HLA-
DR-containing viruses to present superantigens and activate
primary T cells (90).

(vi) ICAM-1. The cellular adhesion molecule ICAM-1 is a
major constituent of the HIV-1, HIV-2, and SIV envelope.
This molecule has a very strong affinity for its major cellular
ligand, LFA-1, and as with the HLA-DR protein, ICAM-1
influences the level of HIV-1 infectivity. If HLA-DR modestly
influences the rate of HIV-1 infection, virus-associated
ICAM-1 possesses a much more substantial impact on virus
infectivity. Its incorporation within HIV-1 allows for 5- to 10-
fold-increased infectivity in target T cells (35). Furthermore, its
ligand, LFA-1, can switch to a high-affinity state following
activation signals through a conformational change of the pro-
tein. Levels of up to nearly 100-fold can be reached when
ICAM-1-bearing virions are used to infect target cells express-
ing LFA-1 under an activated form (36). Note that these stud-
ies were performed with progeny virus produced by cells ex-
pressing ICAM-1 upon transfection.

Virus entry studies, including subcellular fractionation ex-
periments with primary human T lymphocytes, clearly illus-
trated that the acquisition of ICAM-1 by nascent HIV-1 may
modify the entry route of the virus within the target T cell. The
ICAM-1-carrying particles are more likely to release their ma-
terial within the cell cytosol, instead of being endocytosed, as
are virions lacking host ICAM-1 (106). The direct fusion of
HIV-1 particles with the cell cytoplasmic membrane gives the
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virus direct access to the cytosol. This entry route is known to
establish a more productive infection. In contrast, the intracel-
lular endocytosis of this virus is proposed to lead to the deg-
radation of the incoming particle and to a nonproductive in-
fection (65).

One study extended these observations to a more relevant
and physiological model of human tonsil tissue explants. In this
experimental model, infection with ICAM-1-bearing HIV-1
particles led to a more robust infection than that with virions
lacking host ICAM-1 (a 5- to 10-fold increase) (17). Antibody-
mediated activation of LFA-1 resulted in a more profound
depletion of CD4™ T lymphocytes within the tonsil tissue ex-
plants. Progeny viruses present in the culture supernatant fol-
lowing the explant infection contained high levels of host cell
ICAM-1 within their envelopes, illustrating the capacity of the
virus to acquire this adhesion molecule when produced in
human secondary lymphoid organs.

Few studies have put in evidence the fact that cell-derived
ICAM-1 within HIV-1 provides protection against neutralizing
antibodies (34, 51, 59, 89). For example, sera from HIV-1-
seropositive patients were less potent in inhibiting ICAM-1-
bearing viruses than viruses devoid of it, though neutralization
resistance was also seen with some monoclonal antibodies to
the envelope proteins (34, 51, 89). In one study, this protection
conferred by host cellular ICAM-1 within HIV-1 particles was
most noticeable when the target cell LFA-1 was in an activated
state (34). It is thus clear that this knowledge about the influ-
ence of host molecules incorporated within HIV-1 and their
impact on protection against circulating antibodies is of great
value for the design of vaccine strategies based on induction of
neutralizing antibodies.

The cellular ICAM-1 present on HIV-1 might also interfere
with the action of the new generation of fusion peptide inhib-
itors, as was indicated when peripheral blood mononuclear
cells (PBMCs) from healthy donors were infected with primary
isolates of HIV-1 either lacking or bearing host ICAM-1 in the
presence of T-20 (8). Data showed that ICAM-1-bearing
HIV-1 particles were about twofold less sensitive to the inhib-
iting action of the T-20 peptide than were isogenic viruses
devoid of host ICAM-1 (8). In an experimental setting where
the LFA-1 ligand on PBMCs was brought to its activated state,
the decrease in sensitivity reached four- to fivefold. This in-
creased resistance to the antiviral efficacy of T-20 for primary
isolates of HIV-1 that are known to carry host ICAM-1 is
believed to be the result of higher fusion kinetics for these
viruses.

How HIV-1 and other lentiviruses manage to acquire cellu-
lar membrane proteins within their envelopes is not well es-
tablished yet. But like many processes in biology, the incorpo-
ration of cellular proteins into the external lipid bilayer of a
lentivirus likely occurs through several different mechanisms,
as it seems to be cell type and virus strain dependent, at least
under in vitro conditions (23, 24, 67, 82). One study reported a
direct interaction between virion-incorporated HLA-DR and a
43-amino-acid domain located in the cytoplasmic tail of HIV-1
transmembrane envelope glycoprotein gp41 (84). In contrast,
incorporation of ICAM-1 was found to be independent of
HIV-1 envelope glycoproteins (7).

(vii) Proteins interacting with the cellular cytoskeleton.
Lentiviruses intimately interact with the actin microfilament
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meshwork of the cellular cytoskeleton (60). Indeed, actin mi-
crofilaments have been detected in purified preparations of
HIV-1 along with ezrin, moesin, and cofilin (80, 81). The three
latter consist of linker proteins between the plasma membrane
and the actin filaments. Many membrane proteins incorpo-
rated within HIV-1 can be bound to the cytoskeleton actin
network. The fact that some cytoskeleton structures are pack-
aged within HIV-1 led to the hypothesis that selective inclusion
of cytoskeleton-bound cell surface proteins may occur during
the budding process. This hypothesis is supported by the recent
demonstration that in transfection systems the selective uptake
of host ICAM-1 is due to an interaction between the cytoplas-
mic tail of [CAM-1 and the virus-encoded Pr55%¢ polyprotein
(9). Given that the connection between ICAM-1 and the cor-
tical actin was demonstrated on one hand and that the inter-
action between HIV-1 Gag and filamentous actin was con-
firmed on the other hand, it was proposed that the insertion of
Gag, actin, and ICAM-1 within nascent virions would be in the
form of a multimolecular complex (9).

(viii) Lipid raft molecules. Another possible explanation for
the differential incorporation of the cell membrane proteins
onto the surfaces of these enveloped viruses is that the newly
formed viral entities depart from the host cell by passing
through a specific region of the cytoplasmic bilayer. The asso-
ciation of a cell surface molecule with the virus would depend
on whether it is clustered at the virus budding site or not.
Evidence that such a phenomenon is plausible has accumu-
lated for few viruses over the years. The cellular membranes
contain detergent-resistant lipids that are organized in patches
and are enriched in sphingolipids, cholesterol, and glycero-
phospholipids. These structures, called lipid rafts, are known to
include specific membrane proteins, while excluding others,
and to play key roles in intracellular signaling processes. It is
becoming clear that some enveloped viruses assemble and bud
through these unique lipidic regions. Influenza virus, Ebola
virus, measles virus, and HIV-1 have all been demonstrated to
egress from infected cells through such specialized microdo-
mains (29). Obviously, a virus budding through a lipid raft
would incorporate cellular membrane molecules that are part
of the raft, while excluding those outside the raft. Measles
virus, for example, was demonstrated to incorporate at least
some parts of the components of the lipid rafts (63). Moreover,
for HIV-1 and SIV, treatment of virus stocks with B-cyclodex-
trin, a drug known to deplete cholesterol from membrane rafts,
results in the creation of pores in the viral envelope and con-
sequently a loss of infectivity (43). The above two studies
support the concept of virus budding through raft structures. A
study performed by Nguyen and colleague brought more direct
proofs that support this working model (75). This group uti-
lized HIV-1 harvested from infected Jurkat-transformed T
cells to evaluate the possible presence of some raft-associated
cellular membrane proteins within the viral envelope. They
discovered that the glycosylphosphatidylinositol (GPI)-linked
proteins Thy-1 and CD59 are incorporated efficiently within
HIV-1. It should be pointed out that GPI-linked proteins are
especially concentrated within lipid rafts on the cytoplasmic
membrane of eukaryotic cells. Furthermore, a specific marker
of lipid rafts, the ganglioside GM1, was found embedded in the
external lipid bilayer of the virus preparation as well. This raft
marker was also identified in envelopes of parainfluenza virus,
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influenza virus, Epstein-Barr virus, and herpes simplex virus
(83). In contrast, the transmembrane protein CD45 that local-
izes outside the lipid rafts failed to be acquired by the excreted
HIV-1 viral particles.

Interestingly, a quite different scenario seems to operate for
HIV-1 emerging from macrophages. Indeed, HIV-1 formation
in this particular cell type seems to occur by budding through
intracellular vesicles. A recent hypothesis, called the Trojan
exosome hypothesis, describes the similarity between newly
formed HIV-1 and exosomes produced by macrophages and
proposes that viruses in formation pass through the exosome-
excreting pathway (42). One recent study supported this hy-
pothesis by showing that the array of host molecules carried by
HIV-1 particles produced in macrophages is a reflection of
molecules expressed on the surfaces of exosomes rather than
molecules normally present within lipid rafts on the cell surface
(74).

(ix) Complement control proteins. Complement control
proteins are in most cases GPI-linked membrane proteins (70).
And, as mentioned above, they are regularly found in lipid rafts
and are more susceptible to incorporation into enveloped vi-
ruses. The complement control family members CD46, CDS55,
and CDS59 were readily detected in envelopes of HCMV,
HTLV-I, and HIV-1 (91, 92, 101). Just as for VV, the acqui-
sition of complement control proteins such as CD46, CDS55,
and CD59 was shown to give protection from lysis and attack
by complement for all these viruses.

CONCLUSION

To the best of our knowledge, there is no mention of incor-
poration of host-derived proteins in the following enveloped-
virus families: Orthomyxoviridae, Bunyaviridae, Coronaviridae,
Arenaviridae, Flaviviridae, and Togaviridae. 1t seems unlikely
that this phenomenon does not occur in these groups, and the
fact that it has not been mentioned might simply reflect the fact
that they have not yet been studied.

It is somewhat difficult to distinguish features shared by the
various host molecules found embedded within budding vi-
ruses. It is noteworthy, however, that all proteins indicated in
this paper to be found inside virions are cytosolic molecules
and that, likewise, host constituents found on the surfaces of
virions are derived from cellular membranes, in accordance
with what is known of the budding process. Moreover, most
virus-anchored intracellular constituents appear to be part of
very basic cell biology mechanisms: members of the MVB
pathway, cyclophilins, chaperones, heat-shock proteins, or cy-
toskeleton subunits, for example. Otherwise, no other obvious
trend has been observed, especially with the cell membrane
components inserted within the viral envelope, except for the
observation that some are clearly concentrated in lipid rafts.

Specific key roles or auxiliary roles in the virus life cycle have
been demonstrated for few cellular proteins associated with
viruses (or, one could say, plundered by viruses in the war
against their target cells), and the vast majority of them remain
orphans in this regard. This observation leads us to propose
that some host cell-derived molecules may simply be stow-
aways and are carried by viruses inadvertently.

Describing the host cellular proteins associated with viruses
might have looked fruitless initially. In fact, up to now many
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cellular proteins found within viruses do not have a known role
in the life cycles of viruses. But just as described above for
APOBEC3G or the cyclophilins found within the retroviruses,
once comprehension of a cellular protein function is estab-
lished in relation to virus biology it opens the door for prom-
ising new therapies. Indeed, a better understanding of this
research topic may lead to the development of novel vaccine
strategies or the creation of totally new classes of antiviral
drugs.
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