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INTRODUCTION

There has been intensive study of retrovirus-host cell inter-
actions because retroviral infections can lead to diseases such
as cancer and immunodeficiency in many species, including
humans. In addition, retroviruses are used as vehicles for gene
transfer because the DNA form of the viral genome becomes
an integrated part of the host cell genome. Thus, there has
been a considerable body of research focused on defining the
functional interactions between retroviral envelope proteins
and their receptors that are required to initiate a productive
infection. As a result of these efforts, many receptors for ret-
roviruses have been identified (Table 1).

In the past few years, it has become clear that there are many
different types of cell surface molecules that function as retro-
viral receptors, although members of the same genera of ret-
roviruses tend to use cell molecules with some similarities in

structure and function. The current recommended taxonomy
for retroviruses divides them into seven genera (Table 2 and
information found at the ICN website, ICTV [www.ncbi.nih
.gov/ICTV]), although previously, they have been grouped
largely based on virion morphology (type B, C, and D). His-
torically, the type C retroviruses have been the most exten-
sively studied, in part because many of these viruses are onco-
genic. Under the current designation, the type C avian viruses
are grouped as alpharetroviruses whereas the type C mamma-
lian oncogenic viruses are members of the gammaretroviruses.
Many of the members of these two genera also have several
common features: they are horizontally and vertically transmit-
ted; at some point they infected the germ line of the host,
leaving endogenous copies of their sequences in the host ge-
nome; and they may capture either these endogenous viral
sequences or cellular proto-oncogene sequences in their ge-
nome during reverse transcription. Several of the receptors for
type C oncoretroviruses have been identified and will be dis-
cussed in some detail here. The Lentivirus genus has also been
particularly well studied because it includes human immuno-
deficiency virus (HIV) and because lentiviruses are generally
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pathogenic. Lentiviruses have a more complex genome than
the type C oncoretroviruses, and they tend to cause degener-
ative rather than proliferative diseases. In addition, the lenti-
viruses differ from the oncoretroviruses by the fact that there
are not related endogenous sequences in the host genome.
However, many aspects of viral entry are shared by oncoret-
roviruses and lentiviruses. The receptors for several lentivi-
ruses are also known, and these receptors will be represented
in this review. Less is known about the receptors for the other
retroviral groups, although receptors for several betaretrovi-
ruses and one deltaretrovirus have been described. The recep-
tors for epsilonretroviruses and spumaviruses remain largely
uncharacterized.

The envelope protein of the virus interacts with at least one
specific host cell receptor to initiate infection. In some cases,
more than one cell surface molecule is required to permit viral

entry. This may reflect the requirement that a cell surface
molecule(s) must specifically bind the viral envelope protein,
and virus binding must then lead to fusion of the viral and cell
membranes for infection to occur. Thus, in some cases, one
molecule may be both the binding and fusion receptor, as
appears to be the case for oncoretroviruses, whereas in other
cases, different cell surface proteins may carry out these dis-
tinct functions, as occurs for HIV. The pattern of expression of
the binding and fusion receptor(s) helps define the host cell
specificity of retroviruses, although there may be subsequent
restrictions to replication in cells that express the appropriate
receptor(s).

The envelope protein of retroviruses is encoded as a
polyprotein precursor, which is then cleaved into a surface unit
(SU), which is on the outside of the virion, and a transmem-
brane (TM) protein, which anchors the SU to the viral mem-
brane. The envelope precursor enters the secretory pathway
during translation, the signal sequence is cleaved, and the
precursor is glycosylated in the endoplasmic reticulum. After
glycosylation, the envelope precursor protein is transported to
the Golgi, where the oligosaccharides are modified and the
glycoprotein precursor is cleaved by a host cell protease to
generate SU and TM. The mature envelope proteins are then
transported to the cell surface as an oligomeric complex, where
they are captured when the virus buds from the cell membrane
(for more details, see reference 180).

The SU protein initiates entry by binding to a specific cell
surface protein; SU is therefore the primary determinant of the
range of cells susceptible to infection by a retrovirus. It is
generally acknowledged that the interaction of the SU portion
of the retroviral envelope to its receptor induces a conforma-
tional change that exposes a viral fusion peptide, present in the
ectodomain of TM, allowing the viral membrane to fuse with
the cell membrane. For most retroviruses, fusion occurs at
neutral pH. The fusion process is not energetically favorable; it
is subject to strong repulsive hydration, electrostatic, and steric
barriers (133). It is likely that the mechanism(s) that the re-
ceptor-bound virus uses to surmount these barriers determines
why only certain cell surface proteins can function as receptors
for enveloped viruses. After fusion of the viral and cell mem-
branes, the nucleocapsid, which contains the diploid viral RNA

TABLE 1. Cloned retrovirus receptors

Retrovirus Receptor Type Function

HIV, SIV CD4 and CXCR4, CCR5, others TM1
TM7

Immune recognition, G protein-coupled
chemokine receptors

E-MLV CAT-1 (SLC7A1) TM14 Basic amino acid transport
GALV, 10A1, MLV, FeLV-B, woolly

monkey virus
Pit1 (SLC20A1) TM10–13 Phosphate transport

A-MLV, 10A1, MLV, FeLV-B Pit2 (SLC20A2) TM10-–13 Phosphate transport
BLV Blvr TM1 ?
ASLV-A Tva TM1 LDL receptor-like protein
ASLV-B, ASLV-D, ASLV-E Tvb TM1 Fas/NFR-like receptor
MMTV Mtvr TM1 ?
RD-114, type D SRV, BaEV, HERV-W RDR (SLC1A5) or RDR2 (SLC1A4) TM9–10

TM9–10
Neutral amino acid transport
Glutamate, neutral amino acid transport

Xenotropic and polytropic MLVs XPR1 TM8 G protein-cuopled signaling?, transport?
FeLV-C Flvcr TM12 Organic anion transporter?
FeLV-T FeLIX and Pit1 (SLC20A1) Soluble

TM10–13
Env-like protein
Phosphate transport

JSRV HYAL2 GPI anchored Hyaluronidase (weak)

TABLE 2. Retrovirus genera

Genus Morphology Examplesa

Alpharetrovirus C type RSV, ASLV

Betaretrovirus B and D type MMTV, SRV-1 to SRV-5,
BaEV, JSRV, ENTV

Gammaretrovirus C type MoMLV, A-MLV, 10A1
MLV, X-MLV, P-MLV,
AKV, GALV, MDEV,
FeLV, PERV, RD-114,
SNV, REV

Deltaretrovirus HTLV-1, HTLV-2, STLV-1
to STLV-3, BLV

Epsilonretrovirus WDSV

Lentivirus HIV-1, HIV-2, SIV

Spumavirus HFV, SFV

a RSV, Rous sarcoma virus; MMTV, mouse mammary tumor virus; ENTV,
enzootic nasal tumor virus; MoMLV, Moloney MLV; X;MLV, xenotropic MLV;
P-MLV, polytropic MLV; AKV, AKV MLV; MDEV, M. dunni endogenous
virus; REV, reticuloendotheliosis virus; STVL, simian T-lymphotropic virus;
BLV, bovine leukemia virus; WDSV, walleye dermal sarcoma virus; HFV, hu-
man foamy virus; SFV, simian foamy virus.
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genomes and the viral reverse transcriptase, is transferred to
the cytoplasmic side of the cell membrane. Because reverse
transcription of the retroviral RNA genome is presumed to
occur within the nucleocapsid, it is necessary for this relatively
large viral structure to pass through the cytoskeletal cortex
prior to being transferred to the cytosol. This final stage of viral
entry, the internalization of the nucleocapsid, remains a rela-
tively poorly defined stage of viral infection (88).

Once a retrovirus productively infects the cell, the cell typ-
ically becomes resistant to reinfection by a virus that uses the
same receptor. Superinfection interference was described as
the blocking of the viral receptor by envelope or virus pro-
duced in an infected cell (163). This interference can occur by
one of several mechanisms, including internalization of the
receptor from the cell surface, disruption of transport of the
receptor to the membrane, and/or competitive inhibition for
the receptor binding domain (for more details, see reference
75). Interference has been studied in cell culture systems where
there is a high level of infection and/or viral SU expression, but
less is known about the role played by superinfection interfer-
ence among competing viruses in the host. However, there is
evidence that endogenously expressed envelope proteins may
interfere with exogenous viruses that bind the same receptor
(61, 114). Before receptors were identified, retroviruses were
often categorized into interference groups as a means of clas-
sifying viruses that used the same receptors. In the past decade,
receptors for more than half of the different interference
groups have been defined. The notable cases where the recep-
tors have not been defined are the primate leukemia viruses
(e.g., human T-cell leukemia virus [HTLV]), which are linked
to human cancers and neurological diseases, and the various
endogenous viruses of pigs (PERVs), which are of high interest
due to their potential spread during xenotransplantation.

Both multiple transmembrane-spanning (CAT-1 and Pit1)
and single transmembrane-spanning (CD4) receptors were
among the first receptors to be identified. More recently, it has
become clear that some viruses require two molecules for
entry. In the past year, a secreted and a glycosylphosphatidy-
linositol (GPI)-anchored cellular protein have been shown to
be required for entry by some retroviruses. These various
classes of receptors are shown in Fig. 1. In this review, we will
discuss each of these receptor classes.

MANY ONCORETROVIRUSES USE MULTIPLE
MEMBRANE-SPANNING CELLULAR

PROTEINS AS RECEPTORS

More protein receptors have been identified for oncoretro-
viruses, particularly the family Gammaretroviridae, than for any
other, and all are multiple membrane-spanning proteins. The
first multiple membrane-spanning receptor to be identified was
a receptor for murine leukemia virus (MLV). There are several
isolates of MLV that differ in their host range (a feature that
generally corresponds to differences in receptor usage) and
their associated pathology. Ecotropic MLVs infect primarily
murine and rat cells, whereas 10A1 MLV and amphotropic
MLVs infect cells from a wide range of diverse species in
addition to murine cells. Xenotropic MLVs have a similar host
range to amphotropic MLVs, but they fail to infect most types
of murine cells. Polytropic MLVs have a host range similar to

amphotropic MLVs, but they are alternatively designated mink
cell focus-forming viruses because of the unique cytopathic
effect they induce in mink cell cultures.

Feline leukemia virus (FeLV) is related to MLV, and its
members include isolates that have distinct host range prop-
erties; these correspond to the four subgroups (A, B, C, and T
[122, 155, 156]). Like MLVs, some FeLVs are restricted to
replication in cells from their natural feline host (FeLV-A and
FeLV-T) whereas others can replicate in a variety of nonfeline
cells (FeLV-B and FeLV-C). Besides the murine and feline
retroviruses, a number of other replication-competent mam-
malian oncoretroviruses use multiple transmembrane proteins
as receptors; these include the related viruses, gibbon ape
leukemia virus (GALV) and woolly monkey virus, that have a
common receptor with some MLVs and FeLVs. In addition, a
group of viruses (RD-114, simion retrovirus [SRV], baboon
endogenous retrovirus [BaEV], reticuloendotheliosis virus A
[REV-A], and human endogenous retrovirus W [HERV-W]),
which are highly divergent from MLVs, FeLVs, and GALV
and form a distinct evolutionary cluster (Fig. 2), all use a
common multiple membrane-spanning receptor.

Ecotropic MLVs Use a Cationic Amino Acid Transporter,
CAT-1, as a Receptor

The receptor for ecotropic MLVs (E-MLVs) is predicted to
contain 14 transmembrane domains. This receptor, designated
CAT-1 (for “cationic amino acid transporter”), is a membrane-
spanning glycoprotein (4) that functions as a sodium-depen-
dent transporter of the basic amino acids, lysine, ornithine, and
arginine (85, 182). Chronic infection of murine cells by E-
MLVs results in a complete loss of E-MLV receptor function.
However, the transporter remains functional, although a re-
duction in amino acid uptake activity is observed (183). Fur-
thermore, murine CAT-1 proteins that have lost the ability to
mediate viral entry retain transporter function (35, 81).

CAT-1 receptor orthologs expressed on the surfaces of cells
from species other than mice and rats demonstrate the ability
to transport cationic amino acids but lack the ability to mediate
E-MLV entry. For example, human CAT-1 has 86% amino
acid identity to murine CAT-1, but it does not function as an
E-MLV receptor (196). Therefore, human/mouse CAT-1 chi-
meric proteins have been useful tools for mapping regions
within the CAT-1 protein that are involved in E-MLV entry.
Using such an approach, two specific residues have been found
in the proposed third extracellular loop of murine CAT-1 that
can render human CAT-1 functional as an E-MLV receptor (3,
196). CAT-1 receptor function can also be modulated by gly-
cosylation (119, 181).

The CAT-1 ortholog expressed on cells derived from the
Asian mouse, Mus dunni, functions as an efficient receptor for
all E-MLV isolates with the sole exception of Moloney MLV
(55). The block to efficient Moloney MLV infection of M.
dunni-derived cells can be overcome by preventing N-linked
glycosylation of CAT-1 in these cells. This can be achieved by
either treating M. dunni target cells with tunicamycin prior to
exposing the cells to Moloney MLV or ablating the site of
N-linked glycosylation in the third extracellular loop of M.
dunni CAT-1 (56).

As mentioned above, replication-competent E-MLV isolates
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have similar host range and pathogenic features. Most
E-MLVs cause leukemias and lymphomas in mice; however
the E-MLV PVC-211 induces a neurodegenerative disease fol-
lowing inoculation of neonatal mice and rats. The ability to
infect brain capillary endothelial cells is a determinant of PVC-
211 neuropathogenicity and appears to correlate with the abil-
ity of PVC-211 to infect CHO K1 Chinese hamster cells (111).
CHO K1 cells are resistant to all other E-MLVs. The ability of
PVC-211 to infect CHO K1 cells is due to the unique proper-
ties of the PVC-211 SU protein that allow it to interact with the
glycosylated form of the CAT-1 ortholog present on these
cells. The unique host range properties of PVC-211 can be
conferred to other E-MLVs by substituting two PVC-211-de-
rived amino acid residues (a glycine at position 116 and a lysine
at position 129) for those present in other E-MLVs. (112).
Further studies of the interaction between PVC-211 and ham-
ster CAT-1 may provide insights into PVC-211 BCEC tropism
and neuropathogenicity.

Xenotropic and Polytropic MLVs Have a
Common Receptor, XPR1

A human receptor that facilitates entry for both xenotropic
and polytropic MLVs has been recently cloned by three groups
using expression cloning methodology (17, 167, 194). This re-
ceptor, XPR1, is a glycoprotein predicted to contain either
eight or nine transmembrane domains and is related to the

Syg1p and pho81 proteins of yeast. The function of Syglp is
unknown; however, pho81 has been implicated in regulating
inorganic phosphate (Pi) transport. The SU envelope region of
the polytropic MLV has been demonstrated to bind specifically
to the murine XPR1 protein expressed in Xenopus laevis oo-
cytes, suggesting that it functions as a receptor that mediates
virus binding (194). Orthologs of the XPR1 receptor expressed
in specific cell types regulate the differences in polytropic and
xenotropic virus host range. For example, the murine ortholog
of XPR1 expressed on cells derived from the mouse Mus cas-
teneus renders them resistant to polytropic but not xenotropic
MLVs. Similarly, cells derived from laboratory mice are resis-
tant to xenotropic but not polytropic MLVs due to orthomor-
phic variation in the form of XPR1 present on these mouse
cells.

The Gammaretroviruses RD-114, BaEV, SNV, REV-A, and
HERV and the Betaretroviruses SRV-1, SRV-2, SRV-3

(MPMV), SRV-4, and SRV-5 All Use RDR
as a Common Receptor

SRV-1, SRV-2, SRV-3 (MPMV), -4, and -5 have been dem-
onstrated to cross-interfere not only among themselves but
with a member of a related endogenous human retrovirus
family called HERV-W and several gammaretroviruses; the
feline endogenous retrovirus RD-114, BaEV, and members of
the REV group of avian retroviruses, spleen necrosis virus

FIG. 1. Schematic depiction of the different classes of retroviral receptors. The general class of receptor is described above the cartoon, which
depicts the predicted topology of a specific receptor of that class, as indicated below the cartoon. For the indicated receptor, its commonly assumed
role in binding and/or fusion is indicated. A question mark indicates that there are no published data on whether the molecule is a binding or fusion
receptor. At the bottom of the figure, other members of the general receptor class are shown, using colors to refer to the specific molecule in the
cartoon above. These receptors are assigned to a specific class on the basis of whether they are single- or multiple-membrane proteins, not because
they have an identical structure as the receptor shown. For example, the members of the multiple TM class may vary in the predicted number of
TM domains. Only two coreceptors for lentiviruses are mentioned, and the reader is referred to references 20 and 71 for a more complete list. Also,
as discussed in the text, there are some cases where lentiviruses use only the coreceptor and not CD4 to infect cells. This is not specifically indicated,
although such cases would be best described as falling in the class of multiple TM receptors.
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(SNV) and REV-A (24, 84, 91, 161). The envelope proteins of
these diverse retroviruses are relatively similar and cluster
apart from other retriviral envelope proteins (Fig. 2). The
receptor for these retroviruses, denoted RDR (for “RD-114
and D-type retrovirus receptor”), has been shown to be the
previously identified sodium-dependent neutral amino acid
transporter SLC1A5 (also called ATB0), which is predicted to
contain 9 or 10 transmembrane domains (141, 168). RDR is
widely expressed in human tissues with the exception of the
liver and brain (82, 168). Interestingly, transport of neutral
amino acids is reduced in cells infected with retroviruses that
use RDR for entry, and this might provide an explanation for
the immunodeficiency induced by SNV and the SRVs in ani-
mals, which could involve selective toxicity to rapidly dividing
T and B lymphocytes (141).

In the case of the HERV-W family, all of the integrated
proviruses appear to be replication defective (23), but the Env
protein of one member can induce fusion among cells express-
ing RDR, indicating that this Env can mediate fusion required
for virus entry and that RDR is required for this process (24).
The HERV-W Env protein is not incorporated into retrovirus
vectors based on Moloney MLV (6, 24) but can be incorpo-
rated into and promote infection by vectors based on HIV (6);
however, the interference properties of this pseudotyped virus
have not yet been reported.

While all of the viruses in this interference group can infect
human cells, only BaEV can infect mouse cells, revealing a

difference in receptor use by viruses in this group. Other mem-
bers of the group can infect mouse cells pretreated with tuni-
camycin, indicating that infection by the other viruses is
blocked by glycosylation of the receptor. Surprisingly, however,
while the mouse ortholog of human RDR shows 81% identity
to human RDR at the amino acid level and displays similar
amino acid transport properties, the mouse protein does not
serve as a receptor for any of the viruses in this interference
group (110). Furthermore, mutation of the glycosylation sites
in the mouse RDR to prevent glycosylation did not convert this
protein to a functional receptor (110). Analysis of human and
mouse proteins that showed similarity to RDR at the amino
acid level revealed that a transporter for neutral amino acids
and glutamate from humans and mice could serve as relatively
good receptors for BaEV and as weak receptors for RD-114
and SRV-2 (110). We have denoted this related receptor
RDR2, and its conventional designation is SLC1A4. Mutation
of the glycosylation sites in mouse RDR2 to prevent glycosyl-
ation converted this protein to a relatively efficient receptor for
RD-114 and SRV-2, mimicking the results observed in mouse
cells that express RDR2. Thus, members of this interference
group can variably use RDR and RDR2 as receptors for entry,
although RDR is the primary receptor in human cells. This
situation is similar to that observed for viruses discussed above
that use the related phosphate transporters Pit1 and Pit2. Use
of a receptor in a family of related proteins is advantageous for
a virus in that small alterations in the viral envelope allow

FIG. 2. Amino acid sequence similarity among retrovirus envelope proteins. Envelope proteins, including the endoplasmic reticulum signal
sequences, were compared using CLUSTAL W. The scale bar indicates 10% sequence difference. Viruses that are shown in the same color use
a similar receptor. The receptors for viruses shown in black remain to be identified. Abbreviations: MoMLV, Moloney MLV; AKV, AKR MLV;
MCF, mink cell focus-forming virus; NZB, New Zealand black mouse MLV; AM-MLV, amphotropic MLV; 10A1, 10A1 MLV; MDEV, M. dunni
endogenous virus; ENTV, enzootic nasal tumor virus; MMTV, mouse mammary tumor virus; RSV-A, RSV-B, and RSV-D, Rous sarcoma virus
types A, B, and D; HFV, “human” foamy virus (actually of simian origin); WDSV, walleye dermal sarcoma virus; BLV, bovine leukemia virus;
RD114, cat endogenous virus RD-114; MPMV, Mason-Pfizer monkey virus, also called SRV-3; SNV, avian spleen necrosis virus;
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recognition of additional receptors and facile expansion of
tissue and species host range.

Amphotropic MLVs, GALV, Woolly Monkey Virus, and
FeLV-B All Use Sodium-Dependent Phosphate

Transporters as Receptors

In 1990 O’Hara and coworkers cloned, sequenced, and char-
acterized the human cDNA encoding the receptor for GALV
(125). This receptor was subsequently determined to function
as a receptor for FeLV-B (172), woolly monkey virus (172),
and MLV 10A1 (118, 189). More recently it has been deter-
mined that this viral receptor also function for FeLV-T (7) (see
below). The normal function of this multiple membrane-span-
ning receptor, designated Pit1 (80, 127), is that of a type III
sodium-dependent phosphate transporter. A second, closely
related type III phosphate transporter, Pit2 (80, 188), has more
recently been determined to function as the receptor for am-
photropic MLV (A-MLV); (117, 178) and as a second receptor
for 10A1 (118, 128) and some FeLV-B variants (25, 165).

Several features distinguish type III Pi transporters from
their more widely studied type I and II counterparts. In con-
trast to the type I and II kidney-specific Pi transporters, Pit1
and Pit2 are ubiquitously expressed in mammalian tissues (78,
80). Second, even though Pit1 and Pit2 exhibit Pi uptake af-
finities similar to the kidney-specific transporters, they have no
obvious sequence similarity to them (124). In addition, Pit1
and Pit2 play a fundamental housekeeping role in Pi transport,
such as absorbing Pi from interstitial fluid for normal cellular
functions such as cellular metabolism, signal transduction, and
nucleic acid and lipid synthesis, whereas the type I and II
transporters are responsible for reabsorbing Pi in the kidney
(124). Another distinguishing feature of type III Pi transport-
ers is that type III transport function is specifically blocked
following infection with the appropriate virus. The loss of Pi

transport mediated by the type III transporter does not com-
promise the viability of the infected cell, suggesting that other
housekeeping Pi transporters exist that are capable of compen-
sating for the loss of Pit1 and Pit2 Pi uptake. In contrast, the
loss of either type I or II Pi transport in the kidneys has severe
metabolic consequences (80, 127, 188). Finally type I and II
and Pit1 and Pit2 are differentially regulated. Increases in
alkaline pH stimulate increased Pi uptake by the kidney-spe-
cific Pi transporters, whereas type III Pi uptake is decreased
under these conditions (174). Pit2- but not Pit1-mediated Pi

uptake is specifically regulated by protein kinase C epsilon
(77), and Pit1 is specifically regulated by insulin-like growth
factor I in osteoblast-like cells (131).

Despite their similar structures and transporter and virus
receptor functions, Pit1 and Pit2 have distinct virus recognition
properties. Pit2 can be utilized by A-MLV but not GALV
while Pit1 can be utilized by GALV but not A-MLV for entry
into cells. Interest has therefore focused on amino acid differ-
ences between Pit1 and Pit2 that might account for their dis-
tinct virus receptor properties. Region A, comprising residues
550 to 558 of Pit1, has been proposed to be important in
GALV entry (79). This proposition is based primarily on the
observation that substitution of Pit1 region A residues for the
corresponding residues of Pit2, the Neurospora crassa phos-
phate permease Pho4, or the murine ortholog of Pit1 (all

proteins that fail to facilitate GALV entry) renders these pro-
teins functional as GALV receptors. Furthermore, mutations
in Pit1 region A can abolish virus receptor function (107, 169,
185).

Gammaretroviruses that employ Pit1 as a receptor without
the requirement for accessory factors are recombinant retro-
viruses. These recombinant retroviruses most commonly result
from recombination between the infecting exogenous viruses
and endogenous viral sequences but can also occur between
exogenous viruses and host cell genomic sequences, as is the
case for retroviruses that transduce oncogenes. FeLV-B re-
sulted from recombination between exogenous FeLV-A and
endogenous FeLV-related sequences (Fig. 3). Individual
FeLV-B isolates contain heterogeneous envelope genes con-
taining various regions contributed by either FeLV-A or en-
dogenous FeLV genes. The FeLV-B subgroup is defined by the
expanded host range of these various FeLV-A recombinant
viruses. FeLV-A efficiently infect primarily feline cells,
whereas FeLV-B infect both feline and several nonfeline cells.
FeLV-B do not recognize FeLV-A receptors but, instead, dis-
play the expanded host range of viruses that utilize Pit1 and in
some cases Pit2 as a receptor. Another example of a recombi-
nant retrovirus that uses Pit1 as a a receptor is 10A1 MLV,
which is a unique type of MLV isolated from a mouse infected
with A-MLV. Its envelope protein appears to have been de-
rived by recombination between A-MLV and an endogenous
murine retroviral sequence (144). It retains close sequence
identity to the A-MLV envelope in the N terminus of its SU,
differing by only six residues encoded in the first 200 codons
derived from A-MLV (128). However, the hypervariable re-
gion immediately downstream of the N terminus resembles
that present in polytropic MLV. 10A1 MLV retains the ability
to interact with the A-MLV receptor, Pit2, but can also enter
cells through Pit1 (118). Finally, GALV recombinant viruses
contain envelope sequences derived from endogenous retrovi-
ral elements present in a certain Southeast Asian species of
feral mouse harboring class I endogenous retroviral sequences
(29, 104). There are two types of endogenous retroviral se-
quences in the genome of Southeast Asian mice, designated
class I and class II. Class I sequences contain genomic retro-
viral sequences related to those from woolly monkey virus and
GALV. Class II endogenous retroviral sequences are more
closely related to endogenous viral sequences commonly iso-
lated from inbred and feral population of Mus musculus (30).

There have been numerous studies of the envelope domains
of gammaretroviruses that determine host cell or receptor
specificity. These studies suggest that the major determinant
for receptor specificity resides in the N-terminal half of SU,
and specifically within variable region A (VRA), although ad-
ditional domains of SU, including variable region B (VRB) and
a downstream proline-rich region, have been implicated as
secondary determinants for some SU-receptor interactions
(14–16, 18, 25, 26, 41, 42, 66, 99, 100, 117, 125, 134, 166). In
addition, truncated forms of MLV SU that lack C-terminal
sequences can specifically bind to their cognate receptor, which
further supports a key role for VRA and VRB in determining
receptor specificity at the level of binding (14, 15, 18, 42, 66,
100). Thus, sequences encompassing VRA and VRB are often
collectively referred to as the receptor binding domain. How-
ever, recent studies suggest that C-terminal sequences may
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also determine receptor specificity for FeLV (65, 165). For
MLV, C-terminal sequences have been implicated in postbind-
ing stages in viral entry, such as fusion activation (101).

Given the high degree of divergence among the envelope
proteins of viruses that use Pit1 as a receptor, it was of con-
siderable interest to determine if a shared Pit1 receptor rec-
ognition determinant is conserved among 10A1, FeLV-B, and
GALV SU proteins that have been demonstrated to be critical
for Pit1-virus interactions. Regions within FeLV-B, GALV,
and 10A1 that are involved in Pit1 receptor utilization have
been identified. Protein alignment of the regions involved in
Pit1-mediated entry have determined that various combina-
tions of receptor recognition determinants exist among viruses
that use Pit1 and that no apparent linear receptor recognition
determinant exists among viruses that use Pit1 as a primary
receptor (25, 66, 175),

As stated above, the human ortholog of Pit1 functions as a
receptor for the recombinant retroviruses GALV, FeLV-B,
and 10A1 MLV. Despite their common ability to use human
Pit1 as a receptor, these viruses do not exhibit similar infectiv-
ity patterns on cells from other species. For example, 10A1
MLV can utilize murine Pit1 as a receptor whereas GALV,
simian sarcoma-associated virus (SSAV), and FeLV-B cannot.
Similarly, certain FeLV-B isolates are restricted in their ability
to utilize rat NRK orthologs of Pit1 as receptors whereas both
10A1 and GALV efficiently infect these cells (172). Thus, hu-
man Pit1 functions for GALV infection but the murine or-
tholog does not. In addition, viruses that use exclusively human
Pit1 or human Pit2 do not cross-interfere in human cells but
may show cross-interference properties in cells derived from
nonhuman species. For example, 10A1 MLV is capable of
employing both human Pit1 and Pit2 whereas GALV is re-

stricted to infecting human cells exclusively through Pit1. Hu-
man cells chronically infected with 10A1 are therefore resistant
to GALV superinfection, whereas human cells infected by
GALV remain susceptible to further infection by 10A1 MLV.
In E36 hamster cells, 10A1 is still capable of using both Pit1
and Pit2, and, in contrast to human cells, GALV can also use
both receptors. Consequently, hamster E36 cells infected by
either GALV or 10A1 are resistant to superinfection by both
viruses. Thus, while the human Pit2 receptor is restrictive for
GALV infection, its E36 hamster ortholog is not.

The Receptor for FeLV-C Also Appears To Be
a Transport Protein

The human and feline orthologs of the receptor for the
anemia-inducing FeLV-C has been identified. This receptor
designated Flvcr, is a glycoprotein and is predicted to contain
12 regions that traverse the cell membrane. Flvcr shows se-
quence similiarity to the bacterial glycerol-3-phosphate and
D-glucarate transporter members of the major facilitator su-
perfamily of transporters. It is currently speculated that Flvcr
may function as an organic anion transporter (138, 170).

RETROVIRUSES THAT REQUIRE TWO CELLULAR
PROTEINS FOR ENTRY

Receptors for Primate Lentiviruses

There have been numerous recent reviews describing the
HIV receptor complex (21, 47, 121, 193), and for this reason
we have not provided an exhaustive review on this topic here
(where appropriate, readers are referred to the relevant review
for a more detailed overview). Rather, the summary of the

FIG. 3. Evolution of FeLV-B, GALV, and MLV. Viruses that use only Pit1 as a receptor are those that developed from recombination between
exogenous retroviruses and endogenous retroviral sequences. FeLV-B is a recombinant virus derived from the exchange of genetic material
between exogenous FeLV-A and endogenous FeLV-related envelope sequences. 10A1 MLV arose as a consequence of recombination between
A-MLV and an endogenous murine retroviral sequence, and GALVs contain envelope sequences derived from a certain Southeast Asian species
of feral mice harboring MLV class I endogenous retroviral sequences.
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receptors for primate lentiviruses is provided as a comparison,
to illustrate common themes in retroviral receptors, as well as
some of the complexities that appear to be unique to HIV-
receptor interactions. HIV HIV-1 and HIV-2 and the related
simian immunodeficiency viruses (SIV) typically require two
receptor molecules: CD4 (40, 89, 108, 113, 157), which nor-
mally plays a role in MHC class II recognition, and one of a
variety of coreceptors that are G-protein-coupled chemokine
receptors (Fig. 1). HIV-1 typically uses one of two chemokine
receptors, CCR5 (R5 viruses) or CXCR4 (X4 viruses), and
viruses with dual coreceptor specificity (X4R5 viruses) are also
observed (5, 34, 44, 49, 50, 59).

CD4 serves as the binding receptor for HIV SU and is
required for efficient entry into cells by almost all natural
isolates of HIV-1, HIV-2, and SIV. Binding to CD4 is believed
to lead to a conformational change in the viral surface unit that
exposes a binding site for the chemokine receptor, which acts
as a fusion receptor (97, 153, 158, 176, 190). This second
binding event then leads to fusion due to a series of subsequent
conformational changes that result in the fusion peptide being
inserted into the target cell membrane. This initiates pH-inde-
pendent fusion between the virus and the cell. The series of
events starting from the stage of coreceptor binding are very
similar to the events in the entry of most oncoretroviruses. The
major difference for the lentiviruses HIV-1, HIV-2, and SIV is
the requirement for a binding receptor, CD4, prior to interac-
tion with the second receptor. For most simple retroviruses,
one molecule appears to be sufficient for both binding and the
steps leading to fusion. However, as discussed below, there are
examples for lentiviruses that can enter cells by using only one
receptor molecule and there is an example of an oncoretrovi-
rus that requires two molecules for entry.

The domains of the HIV surface unit that interact with CD4
and the chemokine receptor are complex. CD4 binds to a
recessed pocket in the SU, but it also appears to contact a large
portion of SU, including residues that surround the pocket
(193). Residues in a disulfide-bonded loop of the HIV-1 SU
that has been defined as the third variable region (V3) largely
determine chemokine receptor specificity (34, 36). It remains
unclear whether a direct interaction between V3 and the co-
receptor is critical for binding; in any case, it is thought that
other domains of SU are important for this interaction. The
overall charge of this V3 loop sequence and well as the iden-
tities of specific amino acids have been shown to influence viral
tropism and coreceptor specificity (reviewed in reference 71).
Typically, viruses with V3 domains that are basic use CXCR4,
and it has been noted that the predicted extracellular loops of
CXCR4 are acidic (71). Other domains of SU, particularly
variable domains 1 and 2, also determine cell tropism and, by
implication, coreceptor specificity (115). The fact that HIV-1,
HIV-2, and SIV all can use CCR5 as a coreceptor suggests that
there must also be a conserved sequence or structure in the SU
that determines interactions with the coreceptor (193).

Because CD4 is required for virus binding, the host range of
HIV and SIV is largely restricted to CD4� cells, which include
a subset of T lymphocytes (T-helper cells), cells of the mono-
cyte lineage (microglia and macrophages), and dendritic cells.
Both CCR5 and CXCR4 are expressed in macrophages (102,
195, 198). CCR5 and another less commonly used HIV-1 co-
receptor, CCR3, are expressed on the surface of microglia

(68). Studies of peripheral blood mononuclear cells suggest
that CCR5 is expressed in memory T lymphocytes whereas
CXCR4 is expressed in naive T cells (22, 102, 191). In the
mucosal compartment, which is presumed to harbor the cells
that are early targets for HIV transmission, CCR5 and CXCR4
are also both expressed on T lymphocytes and macrophages.
Interestingly, only CXCR4 and not CCR5 was detected on
dendritic cells from the genital compartment, even though
these cells had been postulated to be early target cells for
transmission of R5 viruses (69). As discussed below, this ap-
parent paradox may be explained by the discovery of a lectin
molecule on dendritic cells that binds and sequesters HIV-1
particles, perhaps permitting dendritic cells to serve as a non-
productively infected reservoir for virus transfer to lymph
nodes.

Before the discovery of the coreceptors, HIV-1 isolates were
discriminated on the basis of their ability to infect T-cell lines
or macrophages (60, 116). We now know that the T-cell lines
expressed CXCR4 and that T-cell-line-tropic viruses use
CXCR4 as a coreceptor (20). Macrophage-tropic viruses al-
most invariably use CCR5, although both CCR5 and CXCR4
are expressed in macrophages. It is unclear why CXCR4 is not
functional for macrophage infections in most cases, although
there are examples of CXCR4-mediated entry into macro-
phages (179, 195). It may be that levels of expression of either
CXCR4 or CD4 are not adequate to permit infection because
X4 primary viruses appear to require higher CD4 levels than
R5 viruses do (92). In that regard, the conditions under which
the cells are cultured and the state of activation may affect the
levels of receptor-chemokine receptor expression and thus the
susceptibility to HIV (98, 102). There have been suggestions
that the oligomeric form of the CXCR4 receptor expressed in
macrophages differs from that expressed in lymphocytes and
that this may affect its ability to interact with CD4 (98). Post-
translational changes in CXCR4, such as processing and/or
N-linked glycosylation, have been suggested to affect CXCR4
function (31, 195). There are also data to suggest that the
interaction of HIV-1 SU with CCR5 and CXCR4 in macro-
phages leads to different signaling responses, which could re-
strict postentry stages in replication (105). It remains unclear
which, if any, of these mechanisms limit infection of macro-
phages by X4 HIV-1.

Other chemokine receptors serve as coreceptors for infec-
tion by some HIV-1 strains (reviewed in reference 21), but this
has largely been in transformed cell lines engineered to express
CD4 and these molecules. Thus, the relevance of these core-
ceptors in HIV-1 replication in the host is unclear. At issue is
the fact that HIV-1 enters these engineered cell lines with
reduced efficiency compared to cells similarly engineered to
express CD4 and CCR5 or CXCR4. In addition, it is unclear if
the level of expression of these proteins in the transfected cell
lines approximates what is present on the surface of primary
cells. Moreover, some of the chemokine receptors may not be
coexpressed with CD4 in the same cell in vivo, making it
unclear how these molecules could function for HIV-1 entry.

It has been difficult to clearly define the role of specific
chemokine receptors in HIV-1 replication in vivo. The excep-
tion is CCR5, where an inactivating genetic mutation (A32)
present in a small fraction of Caucasians has been associated
with reduced susceptibility to HIV-1 infection in high-risk in-
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dividuals with the homozygous �32 CCR5 allele (43, 74, 106,
154). Lymphocytes and macrophages from these individuals
are not permissive to replication of R5-HIV-1 strains (140),
demonstrating a requirement for CCR5 for HIV-1 replication
in these primary cells. For CCR5, CXCR4, and CCR3, ligands
and/or antibodies that bind to these receptors block HIV-1
infection in primary cells in culture, which provides indirect
evidence that they are functional coreceptors in vivo. For ex-
ample, the ligand for CCR3 can block the entry of CCR3-using
strains in microglial cells (68), suggesting that CCR3 may be
used as a coreceptor for some neurotropic strains of HIV-1.

HIV-2 and SIV also use CD4 and CCR5 to gain entry into
cells (32, 33, 109, 151). CCR5 is thought to play a major role in
SIV replication and pathogenesis in macaques. There is no
genetic parallel to �32 CCR5 in the macaques, so the basis for
this hypothesis is primarily the observation that almost all SIVs
use CCR5 as a coreceptor with high efficiency in vitro. GPR15
is also commonly used by SIV strains in vitro (45, 86), but
Pohlmann et al. (137) have shown that when a pathogenic SIV
strain that uses both CCR5 and GPR15 is mutated to abolish
GPR15 recognition, the virus can still replicate to the same
levels as the parental virus. This provides direct evidence that
entry via GPR15 is dispensable for replication of SIV in mon-
keys. There are also additional coreceptors for SIV (reviewed
in reference 71); as with HIV, the biological relevance of these
molecules as receptors in vivo is unclear. It is of interest that
SIV can replicate efficiently in cells from individuals with the
deletion in CCR5 (�32), suggesting at least one other core-
ceptor may be important for SIV replication in primary target
cells (33, 199; S. E. Forte and J. Overbaugh, unpublished data).

The chemokine receptors resemble the oncoretroviruses in
the fact that they are multiple membrane spanning receptors
that are predicted to have several extracellular loops. As with
the multiple membrane-spanning receptors used by oncoret-
roviruses, there are interactions between the HIV-1 SU and
more than one domain in the chemokine receptors. The N-
terminal domain of CCR5 is important for entry by R5 HIV-1,
but the N-terminus of CXCR4 does not appear to be important
for entry by X4 viruses (reviewed in refrence121). Analyses of
chimeric chemokine receptors that combine nonfunctional
with functional receptors indicate that the domains of these
coreceptors that participate in entry are complex. For example,
each of the three extracellular loops of CCR5 has been shown
to be critical for HIV infection in at least one study (121).
Different groups have identified different domains as determi-
nants for fusion or entry, which may reflect the viral strain
tested. It may also reflect the sequence of the nonfunctional
receptor used in the chimera because some of these molecules
may encode sequences in one or more loop that are functional
when paired with the loops from a functional receptor. Finally,
some studies have only assessed fusion, and it is possible that
there are additional domains that are required for subsequent
steps in entry after fusion. To complicate matters, SIV and
HIV appear to interact with different domains of CCR5 (52).
In this regard, the coreceptors resemble the Pit receptors for
simple retroviruses discussed above, where multiple domains
are important for viral entry, and these domains may differ
among different viruses competent to use these receptors, as
exemplified by interactions between Pit1 and FeLV-B versus
Pit1 and GALV (see above). Similarly, studies of chimeric Pit

receptors have also illustrated that the nonpermissive receptor
that is used to make the chimeric protein may also determine
which domains from a functional receptor can confer the abil-
ity to permit viral infection.

The Kabat laboratory has reported an interdependence be-
tween the levels of CD4 and the coreceptor that are required
to permit HIV-1 infection. Their studies of engineered cell
lines suggest that when either CD4 or CCR5 are present at
very low concentrations on the cell, there must be higher levels
of the other receptor component for HIV-1 to gain entry into
the cell (135). Recent studies from the same group suggest that
interactions with the coreceptor leading to productive infection
may require virus binding to a cluster of four to six coreceptors
(93). This model of receptor clustering is similar to one they
proposed previously for MLV infection via the mouse CAT
receptor (160), suggesting that this could be a common feature
of fusion receptors. It is unclear if multiple envelope trimers
participate in binding, although this may be predicted for ret-
roviruses based on studies of influenza virus HA-receptor in-
teractions, which have served as a model for retroviral enve-
lope-receptor interactions. If binding between multiple
envelope and coreceptor molecules is required for HIV-1 en-
try, then a higher envelope affinity for the coreceptor and/or a
high density of both proteins may be predicted to lead to more
efficient infection (93).

Some Primate and Feline Lentiviruses May Enter Cells by
Using Only a G-Protein-Coupled Chemokine Receptor

Several strains of HIV and SIV are CD4 independent and
require only the chemokine receptor for binding, fusion, and
entry (51, 53, 57, 90, 96, 142, 143). Typically, these viruses
infect more efficiently in the presence of CD4 than in its ab-
sence. CD4-independent viruses appear to be most common in
HIV-2, although there are several examples in SIV and a few
in HIV-1. The frequency of these variants in natural infection
is unclear, especially for HIV-1, where all the CD4-indepen-
dent viruses reported to date were adapted in the laboratory
(51, 90, 96). However, for HIV-2, which is a relatively less
pathogenic virus than HIV-1, it is possible that CD4-indepen-
dent viruses are replicating without the use of CD4 in HIV-2-
infected individuals, because such viruses can be isolated from
infected subjects (142). Because CD4-independent variants do
not require interactions with CD4, it is thought that their SUs
are already in a conformation that exposes the chemokine
receptor binding sites. Interestingly, some of these viruses are
particularly neutralization sensitive, suggesting that a confor-
mation that results in exposure of the chemokine receptor
binding site also leads to exposure of an antibody epitope (72).
If this is the case, it may explain why CD4-independent viruses
are rare among primary isolates from patients, because such
viruses would be strongly selected against by the host immune
response. In contrast, such viruses may be viable in cell culture
systems, where there is no immune selection. Thus, it is tempt-
ing to speculate that the adaptation of primate lentiviruses to
use CD4 binding to expose a chemokine receptor binding site
may reflect immune pressures rather than structural or func-
tional requirements for CD4 in viral entry.

Some strains of the feline lentivirus feline immunodeficiency
virus (FIV) also appear to infect cells by using the chemokine
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receptor, CXCR4, in the absence of CD4 (54, 73, 146, 186).
While it is clear that CD4 does not function as a receptor for
FIV, it is less clear whether other receptors are involved in FIV
entry. Studies to date have shown CXCR4 functions for infec-
tion of several FIV isolates (146, 186). However, not all isolates
can infect cells expressing CXCR4, suggesting that there may
be an as yet identified receptor and/or another coreceptor for
FIV. It will be interesting to see if most FIVs will require only
a chemokine receptor for entry. This may suggest that this
feline lentivirus represents a transition virus between the on-
coretroviruses and the primate lentiviruses that uses a chemo-
kine receptor for all aspects of entry but does not require a
separate binding receptor. This may suggest that the confor-
mation of the FIV SU that leads to exposure of the receptor
binding domain does not simultaneously expose a key neutral-
ization epitope.

Are CD4 and Coreceptor Necessary and Sufficient
for Efficient HIV-1 Entry?

The requirements for HIV and SIV infection appear more
complex than a simple need to have CD4 and the coreceptor
present on the cell surface. Studies of HIV-1 infection in non-
human primate cells have shown that the coreceptors partici-
pate in postentry stages of replication (32). These studies
showed that such restrictions to replication occur at the level of
translocation of the preintegation complex to the nucleus. This
block in replication can be overcome by expression of the
appropriate coreceptor, suggesting that the chemokine recep-
tors may in some manner affect steps in replication after entry
but before integration of the viral DNA. The cellular processes
and/or the viral factors that participate in these stages of viral
replication have yet to be identified.

There are also additional molecules, other than CD4 and the
chemokine receptors, that have been implicated in the earliest
stages of HIV infection. Recently, a protein that is expressed
on dendritic cells, DC-SIGN, has been shown to bind HIV-1
SU (63). DC SIGN and a related C-type lectin (136) do not
function as receptors per se, because binding of HIV to these
surface molecules does not permit entry. Rather, they are
thought to bind virus particles and transfer them to cell targets
expressing CD4 and chemokine coreceptor. It is not yet known
what role this trans infection may play in the host, but it has
been suggested that such a mechanism could permit the trans-
fer of HIV-1 from mucosal sites that are rich in dendritic cells
to lymphoid tissues that have lymphocyte and macrophage cell
targets (63, 164).

Other molecules have also been implicated as binding part-
ners for HIV-1. In some cases, such binding partners appear to
facilitate entry, which contrasts with DC-SIGN, which is per-
haps best described as a potential trans-infection cofactor. For
example, galactosylceramide can bind HIV-1 SU, and antibod-
ies to it inhibit HIV-1 entry (67). Therefore, it has been sug-
gested that this glycolipid could permit entry into CD4-nega-
tive cells, particularly cells in the nervous system where it is
found. However, because the efficiency of infection with galac-
tosylceramide appears to be very low, the physiological rele-
vance of this molecule as a receptor is unclear. Multiple studies
have also shown that heparin sulfate proteoglycans (HSPGs)
can bind HIV and HSPGs may play a role in virus attachment

and entry into some cell targets (13, 28, 120, 126, 132, 147,
148). HSPGs also appear to play a role in FIV binding to some
cells (46), although for both FIV and HIV, the role for HSPGs
in attachment and binding appears to be strain specific (46,
123).

FeLV-T: the First Example of an Oncoretrovirus
That Uses a Two-Component Receptor Complex

As discussed above, the receptors for most variants of FeLV
and MLV are multiple membrane-spanning transport proteins.
These molecules were identified as viral receptors because
when they were introduced into nonsusceptible cells, they ren-
dered them permissive for infection by specific viruses. It has
largely been assumed that FeLV and related mammalian on-
coretroviruses require just a single receptor for viral binding
and entry, although there are examples of MLVs and FeLVs
that can bind to a specific receptor but cannot infect cells that
express this molecule (101, 165). Thus, it remains to be seen
whether there are secondary molecules involved in entry for
some oncoretroviruses or whether the inability to execute post-
binding events such as fusion reflects an incompatibility be-
tween different domains of the SU that must interact to acti-
vate fusion, as has been proposed (99).

Recently, it has been demonstrated that T-tropic variants of
FeLV require a second molecule, in addition to the phosphate
transport receptor, Pit1, for entry (7) (Fig. 1). Analyses of
postentry stages in replication, such as reverse transcription,
indicate that this second protein, termed FeLIX (for “feline
leukemia virus infection X-cessory protein”), acts at a stage
prior to DNA synthesis, suggesting that it is an entry cofactor
(A. S. Lauring and J. Overbaugh, unpublished data). In the
absence of either Pit1 or FeLIX, there is no detectable reverse
transcription or other evidence of infection of cells by FeLV-T,
whereas when both are present, cells become highly permissive
to productive infection. Surprisingly, FeLIX is secreted from
the cell, and this molecule is encoded by endogenous FeLV-
like cellular sequences (7). Endogenous FeLV-like sequences
are present at multiple copies in the genome of domestic cats,
but they do not encode infectious virus and many of the open
reading frames (ORFs) are truncated relative to exogenous
FeLV (19, 94). The FeLIX ORF is predicted to encode a
273-amino-acid protein that includes an endoplasmic reticu-
lum signal sequence and is similar in sequence to the N ter-
minus of FeLV SU (7). However, FeLIX lacks the correspond-
ing C-terminal SU sequences and all of the TM domain.
Studies using conditioned media from cells expressing FeLIX
have shown that FeLIX can act in trans to facilitate FeLV-T
infection in cells expressing Pit1. Thus, although FeLIX ex-
pression is restricted largely to lymphoid cells (98a, 114), other
cell types may be targets for FeLV-T infection in the cat if they
are exposed to FeLIX. Moreover, cells infected with FeLV-B
are also targets for FeLV-T infection, because FeLV-B SU can
substitute for FeLIX in FeLV-T infection (7). This is because
FeLV-B evolves from FeLV-A by transduction of endogenous
FeLV-like sequences (130), and as a result the N terminus of
FeLV-B SU is nearly identical (96% sequence identity) to
FeLIX. Because Pit1 is widely expressed, and secreted FeLIX
or FeLV-B SU can act as an entry cofactor for FeLV-T,
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FeLV-T is predicted to have a broad host cell specificity in the
cat.

There are as yet no other examples of naturally arising
mammalian oncoretroviruses that use a two-component recep-
tor. However, some MLVs that have been engineered to be
defective in postbinding stages of virus replication can be res-
cued by exogenous SU proteins that resemble FeLIX (101).
Interestingly, a variety of soluble SUs and their cognate recep-
tors can rescue these MLVs, which encode a single amino acid
deletion in the N terminus of SU. In addition, MLVs where the
viral receptor binding domain has been replaced by erythro-
potetin sequences can be rescued in a similar manner when
both the erythropoietin receptor and the receptor that binds
the soluble SU are present on the cell (11). This suggest that
the engineered forms of MLV, which are unable to carry out
postbinding stages in entry, can pair with nearby SU-receptors
to carry out the steps in entry after binding, such as fusion.
Presumably, this requires some direct interaction between the
virus and its receptor and the soluble SU and its receptor.

These defective MLVs are not found in natural infections
and in that way are quite different from FeLV-T, which evolves
in the infected cat (149). Moreover, FeLV-T is competent for
replication in feline cells and in cats (130, 149) whereas these
MLVs are not replication competent in murine cells (11, 101).
Nonetheless, the ability of soluble SU proteins to rescue in-
fection by these defective MLVs may provide some parallels
with natural infection by FeLV-T. In particular, the changes
that make these MLVs defective are in an N-terminal domain
of SU, where FeLV-T encodes similar novel sequence differ-
ences relative to other FeLVs (48, 65, 101). However, the
receptor interactions that lead to infection appear to be quite
different for FeLV-T and defective MLVs. For example, these
defective MLV SUs bind like their wild-type counterparts to
the cognate receptor (101) whereas FeLV-T binding to Pit1 is
weak to undetectable (A. S. Lauring, H. H. Cheng, and J.
Overbaugh, unpublished data). In addition, these defective
MLVs can be rescued by a variety of receptor-SU combina-
tions (101) whereas the receptor complex for FeLV-T is quite
specific: only Pit1 and an endogenous FeLV SU, either FeLIX
or FeLV-B, can function as an FeLV-T receptor (98a). Even
FeLV-B SUs that can bind and recognize Pit2 as receptor
cannot render cells permissive to FeLV-T infection in the
presence of Pit2 (98a). This suggests that there may be specific
interactions between FeLV-T and the Pit1 receptor, even
though binding between the two proteins cannot readily be
detected using standard methods that measure equilibrium
binding. It is perhaps of interest that direct binding of HIV-1
SU to CXCR4 has also been difficult to detect using standard
equilibrium binding methods (47). Thus, methods that can
detect lower-affinity interactions may be needed to detect
FeLV-T binding to Pit1. One model to explain the present data
is that as a result of FeLIX binding to Pit1, there is a confor-
mational change in the receptor that permits or augments virus
binding. However, given the novel nature of this receptor com-
plex, more experiments are needed to define the interactions
between FeLV-T, FeLIX, and Pit1 that lead to entry.

One of the interesting features of FeLV-T is it inability to
establish superinfection interference, and this has been linked
to its cytopathic properties (48, 145). The lack of interference
could reflect the very weak or transient interaction between the

virus and the Pit1 receptor, which is sufficient to permit binding
and fusion but insufficient to cause downregulation or other-
wise block subsequent interactions with the Pit1 receptor. It is
tempting to speculate that other oncoretroviruses that also are
impaired in establishing interference, such as SNV (83), will
also require a two-component receptor and/or have a low-
affinity interaction with their primary receptor. As proposed by
Temin, failure to establish interference may cause the cyto-
pathic effects due to such viruses (173).

RECEPTORS WITH A SINGLE
MEMBRANE-SPANNING REGION

Single Transmembrane-Spanning Receptors
Are Used by the Avian Oncoretroviruses

The Alpharetrovirus genus consists of the avian sarcoma and
leukosis viruses (ASLV). The sarcoma viruses are distin-
guished from the leukosis viruses by the presence of an onco-
gene, for example, the src oncogene of Rous sarcoma virus.
Otherwise, these viruses are simple retroviruses with only gag,
pro, pol, and env genes, exhibit a C-type particle morphology,
and bud at the cytoplasmic membrane. The ASLV have been
divided into groups A through J based on interference prop-
erties, and the receptors for ASLV-A, ASLV-B, ASLV-D, and
ASLV-E have been identified. All are single- transmembrane-
spanning proteins, although the receptor for ASLV-A may
exist in a GPI-anchored form as well.

Initially the gene encoding the receptor for ASLV-A viruses
was cloned from chicken genomic DNA, but no transcripts
were detected from this DNA and so the nature of the protein
product could not be determined (197). The quail ortholog of
this gene was later cloned and shown to produce two RNA
species that encode two distinct proteins, Tva isoforms 800 and
950, with identical 83-amino-acid extracellular domains but
different membrane anchors (12). Both of these proteins serve
as receptors for ASLV-A viruses and are related in sequence to
the low-density lipoprotein (LDL) receptor. One of the recep-
tors (Tva 950) spans the membrane once with the amino ter-
minus outside of the cell, while the other (Tva 800) is predicted
to be anchored to the outer side of the cytoplasmic membrane
by a GPI anchor. A soluble form of the extracellular portion of
Tva blocks infection and directly binds to the Env from
ASLV-A (38). Direct binding of the ASLV-A env to Tva, a
protein with similarity to the LDL receptor, suggests that the
Env protein could have some sequence relationship to LDL,
the natural ligand for the receptor, but no sequence similarity
has been identified. It is unclear whether Tva is both a binding
and a fusion receptor for ASLV-A, but no other requirement
for virus entry following transfer of Tva to nonsusceptible cells
has been identified.

Although viruses in the ASLV-B, ASLV-D, and ASLV-E
groups were initially thought to use different receptors based
on their interference and host range properties, it is now clear
that they all use closely related orthologs of a member of the
tumor necrosis factor (TNF) receptor family denoted Tvb (also
called CAR1 [for “cytopathic ASLV receptor”] for ASLV-B
and ASLV-D and SEAR [for “subgroup E ASLV receptor”]
for ASLV-E) (2, 27). Tvb is most closely related to the human
TNF receptor family members TRAIL-R1 and TRAIL-R2 and
is likely to mediate the cell killing induced by ASLV-B and
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ASLV-D. As with ASLV-A and LDL proteins, it is interesting
to hypothesize that the ASLV-B, ASLV-D, and ASLV-E Env
proteins might show some amino acid similarity to TNF family
proteins, the natural ligands for TNF receptor family proteins,
and this might explain the Env specificity for Tvb; however, no
such similarity is apparent.

Interestingly, infection with ASLV-B or ASLV-D can block
entry by ASLV-E, but infection by ASLV-E does not block
infection by ASLV-B or ASLV-D in cells expressing an or-
tholog of Tvb (Tvbs1) that confers susceptibility to all of these
ASLV subgroup viruses. This pattern of interference is called
nonreciprocal interference and is not expected if all of these
viruses use the same receptor for entry. This paradox was
recently resolved by the finding that the tvbs1 gene encodes two
types of Tvbs1 protein, type 1, serving as a receptor for all of
these ASLV groups, and type 2, specific for ASLV-B and
ASLV-D (1). These conclusions were reached by showing that
ASLV-E Env could be used to immunoprecipitate radiola-
beled receptor in cell lysates but that ASLV-B Env could
immunoprecipitate additional receptor after lysate clearing
with ASLV-E Env while ASLV-E Env could not precipitate
additional receptor after lysate clearing with ASLV-B. Gel
analysis of the receptor proteins revealed two species of the
receptor proteins with different molecular weights, but no dif-
ferences in size or relative abundance were observed to corre-
late with receptor phenotype. The nature of the differences in
the Tvb proteins that account for their differential receptor
activity is not known, although heterogeneous N-linked glyco-
sylation of the receptor proteins does not appear to account for
these differences (1). As for ASLV-A entry mediated by Tva, it
is unclear whether Tvb is both a binding and fusion receptor
for ASLV-B, ASLV-D, and ASLV-E, but no other require-
ment for virus entry has been identified following transfer of
Tvb into nonsusceptible cells.

Examples of Oncoretroviruses That Use a
Single Transmembrane Receptor

The murine cDNA encoding the receptor for mouse mam-
mary tumor virus was identified using a technique based on
cDNA expression cloning (64). This receptor, designated Mtvr,
is different from gammaretrovirus receptors in that it contains
a single membrane-spanning domain. However, like many oth-
er retroviral receptors described in this review, it is transcribed
in a wide variety of tissues. The normal function of Mtvr is
unkown.

A putative receptor for bovine leukemia virus has been iden-
tified (9, 10). Blvr shows sequence similarity to the delta
subunit of the adapter-related AP-3 protein complex (8), a
cytoplasmic heterotetrameric protein complex involved in in-
tracellular protein sorting, and further study is required to
resolve the potential role of Blvr as a receptor for BLV.

RECEPTORS LINKED TO THE MEMBRANE BY A
GLYCOSYLPHOSPHATIDYLINOSITOL ANCHOR

Jaagsiekta sheep retrovirus (JSRV) represents the first doc-
umented example of a retrovirus that uses a GPI-anchored
protein, HYAL2, as a receptor (139). GPI-anchored proteins
have an amino-terminal endoplasmic reticulum signal se-
quence and a hydrophobic carboxy-termial end that is removed

during GPI anchor addition; the hydrophobic acyl tails of the
GPI moiety anchor the protein to the exterior of the cytoplas-
mic membrane. HYAL2 was initially thought to be a lysosomal
hyaluronidase, but this appears to be an artifact of the way the
localization was assessed by using a green fluorescent protein
tag linked to the carboxy end of the protein, which would
probably be removed and degraded during GPI anchor addi-
tion. Several lines of evidence support the existence of the
GPI anchor; in particular, an amino-terminal FLAG-tagged
HYAL2 protein can be cleaved from the cell surface using
bacterial phosphatidylinositol-specific phospholipase C, and
cells expressing this protein or the endogenous human HYAL2
can be rendered resistant to JSRV vector infection by treat-
ment with phosphatidylinositol-specific phospholipase C while
infection by an otherwise identical vector bearing an ampho-
tropic virus Env, which binds to the non-GPI-anchored Pit2
receptor, is unaffected. There is some controversy about the
hyaluronidase activity of HYAL2, which, if anything, is quite
low compared to that of other hyaluronidases (103, 139). It is
unclear whether HYAL2 is both a binding and fusion receptor
for JSRV, but transfer of HYAL2 into nonsusceptible mouse,
hamster, and several human cell lines renders these cells fully
susceptible to JSRV vector infection, indicating that if there is
a coreceptor, it is broadly expressed in mammalian cells.

UNIDENTIFIED RECEPTORS

As depicted in Fig. 2, receptors for several of the important
retroviruses have not yet been identified. HTLV-1 and
HTLV-2 are human pathogens, and knowledge of receptor use
will be important for understanding disease caused by HTLV
and possibly for devising therapeutic strategies. HTLV-1 and
HTLV-2 use the same receptor, which localizes to human
chromosome 17q (62, 162, 171). Suitable mouse, rat, and bo-
vine cell lines that are resistant to HTLV infection are avail-
able for pursuing standard techniques for receptor cloning
involving complementation of the receptor defect in these
cells, for example, using cDNA expression libraries.

Transplantation of porcine tissues into humans is being con-
sidered for treatment of human disease, but the existence of
several PERVs that can infect human cells poses a potential
disease threat. The receptors for these viruses have not been
identified, although suitable nonsusceptible cell lines exist for
receptor-cloning approaches.

Foamy virus has a very broad tissue and species host range,
and vectors based on foamy virus are being developed for gene
therapy purposes. Identification of the receptor(s) for foamy
viruses will be more difficult than for the viruses mentioned
above because of the lack of nonsusceptible cells required for
receptor screening.

Identification of receptors for other retroviruses, both
known and yet to be discovered, will continue to provide in-
sight into the critical properties of proteins required for retro-
virus binding and entry into cells. Furthermore, retrovirus vec-
tors can be pseudotyped with surface glycoproteins from other
virus families, for example, those from vesicular stomatitis
virus, filoviruses, alphaviruses, influenza viruses, and Sendai
virus. Thus replacement of the env genes in the genomes of
existing retroviruses with glycoprotein genes from these other
viruses is likely to result in the generation of replication-com-
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petent retroviruses, and it is interesting to speculate on the
fitness of such viruses, whether they could have evolved in the
wild, and why they are apparently not represented among the
naturally occurring retroviruses. Study of such hybrid viruses
and pseudotyped vectors will improve our understanding of
entry requirements and the evolution of retroviruses to use
diverse receptors for cell entry.

CONSEQUENCES OF RECEPTOR SPECIFICITY ON
SELECTION FOR VIRUS VARIANTS IN THE HOST

To understand the role that viral selection plays in deter-
mining the receptor specificity of related retroviruses, we must
review the processes that lead to retroviral variation. Retrovi-
ruses, like many RNA viruses, are highly genetically variable.
Genetic variation occurs because the viral polymerase that
transcribes the viral RNA genome into DNA, reverse tran-
scriptase, is error prone; moreover, reverse transcription is not
subjected to proofreading, which is a way in which DNA poly-
merases limit errors during cell division (reviewed in reference
187). Typically, a retrovirus will acquire approximately one
mutation in every few replication cycles. Reverse transcriptase
also permits a large amount of recombination between the
diploid retroviral genomes that are packaged into viral parti-
cles, because strand exchange is required for retroviral DNA
synthesis. For retroviruses such as HIV, which have a high
turnover rate in the infected host, a viral genome with almost
every possible mutation is predicted to be represented in the
viral quasispecies (37, 70, 184). Thus, the generation of the
precise mutation that is required for adaptation is not likely to
be rate limiting for retroviruses. More likely, the selective
pressure on the virus population determines the makeup of the
variants that will successfully compete and persist from among
the complex pool of genetic variants that arise continually in
the infected host (129).

Clearly, retroviruses must bind host cell receptor proteins,
because this is required for their propagation. Therefore, ge-
netic variation that limits their ability to recognize a cell re-
ceptor will be deleterious whereas changes that allow the virus
to find new target cells may provide a fitness advantage. Ret-
roviruses establish superinfection interference as a means of
preventing reinfection of the same cell by a virus that uses the
same receptor. Once a cell becomes infected, the receptor is in
some manner downregulated so that it is unavailable for use by
another viral particle. This sets up a situation in which viruses
that evolve to use new receptors may be favored in a persis-
tently infected host. Thus, the selection pressures related to
cell tropism may differ at different stages. For example, the
viruses that are selected for their fitness for transmission from
host to host may be determined by the available target cells at
the site of viral exposure. These cells may differ from those that
are targets for the virus during persistent infection, when there
may be viral interference in the cells that were targets during
primary infection.

For lentiviruses such as HIV-1, there is evidence that differ-
ent target cells may be important for transmission versus per-
sistence. The identity of the earliest target cells for HIV-1
infection is not clear, and this information may remain elusive
because it is very difficult to identify individuals within the very
early window after infection and it is obviously difficult to

sample a broad number of cell types or tissues even if one does
identify them. However, there is evidence for a bottleneck to
transmission of viruses that use a particular coreceptor, CCR5.
The evidence to support this is that the strains found when
HIV-1 infection is first detected almost always require CCR5
for entry and very few can infect cells using CXCR4 (reviewed
in references 21 and 71). In addition, as mentioned previously,
individuals who lack functional CCR5 are less susceptible to
infection (43, 74, 106, 154). For about half of the individuals,
there is evidence that either the virus expands it coreceptor
specificity to use CXCR4 and perhaps other coreceptors in
addition to CCR5 or the virus evolves to use CXCR4 and not
CCR5 (39). Because CCR5 and CXCR4 are expressed on
different T-cell subsets, this may provide some advantage for
X4 viruses in a host that has been infected for long periods with
R5 virus. However, the advantage may also be due in part to
the increased replicative capacity of X4 viruses. In some indi-
viduals, the later-stage R5 viruses may also have increased
replication fitness compared to the infecting R5 strain (159),
even though there is no apparent switch in coreceptor prefer-
ence. This may be similar to the situation for SIV, where the
strains present at all stages of infection use CCR5 yet the
late-stage variants replicate to much higher levels in an in-
fected host (87, 152). For SIV, there is as yet no evidence that
the virus changes coreceptors over the course of infection (86).
Thus, it will be interesting to define the ways that these late-
stage, highly replicative viruses find new target cells in the host,
particularly given that they also deplete the lymphocyte targets
as disease progresses. One possibility is that late-stage viruses
may be forced to infect cells that have a lower level of the
receptor or coreceptor, because the early-stage viruses have
infected and killed many of the cells expressing larger amounts
of these proteins.

For oncorctroviruses, there is evidence for selection for new
variants that use a common receptor within an infected host as
well as between hosts infected by different oncoretroviruses. In
particular, multiple mammalian C-type retroviruses converge
to use the phosphate transport proteins, Pit1 and Pit2. For
example, during FeLV infection of cats, there is evolution of
new variants that use Pit receptors. For FeLV, one subgroup,
FeLV-A, appears to be preferentially transmitted (76), sug-
gesting that cells expressing the as yet unidentified FeLV-A
receptor are important target cells at the site of initial infection
or in early virus amplification in the host. As the host becomes
systemically infected, new subgroups of FeLV evolve from this
transmitted genome either through a series of point mutations
or through recombination during reverse transcription (25,
130, 150). FeLV-B emerges in most infected cats, and this
virus uses either of two Pit receptors (Pit1 or Pit2) for infection
(M. M. Anderson, et al., submitted for publication). (25, 172).
Because the Pit receptors are widely expressed, FeLV-B
would be expected to have a large number of possible cell
targets, even if the cat has been infected for a long period
with FeLV-A. Cells infected with FeLV-B are in turn targets
for FeLV-T replication because FeLV-T requires Pit1 and
either FeLV-B SU or FeLIX for entry. It is unclear how fre-
quently FeLV-T variants emerge in the infected cat, because
this subgroup of FeLV was only recently identified (122). Be-
cause these viruses can infect cells that are already infected
with FeLV-B, as well as cells expressing FeLIX, they have a
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broad range of possible cell targets. Perhaps more importantly,
FeLV-T variants are unable to establish superinfection inter-
ference, which permits many rounds of reinfection of the same
cell (48, 145).

It is interesting that the receptor for two of the FeLV sub-
groups that evolve in infected cats are phosphate transporter
molecules. It is perhaps more striking that these are also the
receptors used by some MLVs and by GALV, all of which have
evolved by recombination with endogenous host sequences, as
discussed above (see Fig. 3). The domain of FcLV-B, GALV,
and MLV that is the primary determinant of Pit1 and/or Pit2
receptor utilization is a region that is highly variable both
within and between these virus groups (the VRA region, as
discussed above). An alignment of VRA sequences of FeLV,
MLV, and GALV suggests that there is no apparent linear
sequence that defines the receptor recognition determinant
among viruses that use Pit1 as a primary receptor (25, 66, 175).
The observation that various retroviruses employ the same
receptor without any marked conservation of the viral ligand
implies that they have evolved different means of interacting
with the desired receptor. Surprisingly, all of these interactions
lead to the same functional consequences: viral fusion and
entry. This type of general association between the SU and
receptor contrasts, for example, with ligand-receptor interac-
tions, in which there is a cascade of events that result from a
very specific protein-protein interaction. The observation that
the Pit receptors are a common target for viral entry but that
details of the binding are not conserved among viruses that use
Pit receptors implies that the mode of binding is immaterial to
Pit-mediated viral entry (134). Similar findings have been ob-
tained using chimeric ecotropic enveloped retroviral vectors,
and it was shown that the binding of chimeric enveloped par-
ticles to cells does not lead to successful membrane fusion
(200) and that most cell surface proteins fail to facilitate tar-
geted retroviral entry due to postbinding blocks (177). These
findings imply that receptor conservation may be maintained at
a second, postbinding step in viral entry and that finding an
effective envelope-receptor fit that permits binding is less dif-
ficult than is finding a cellular receptor competent to permit
the subsequent stages in viral entry.

There may be other reasons why many different viruses con-
verged to use similar receptors. Pit1 and Pit2 are coexpressed
on almost all cell types and apparently represent only two of a
possible large number of Pi transporters. This redundancy in
transport receptors provides a critical safeguard for the cell
because virus binding has been demonstrated to block Pit1 and
Pit2-mediated Pi uptake (80, 127, 188). In addition, there are
advantages to the virus in using a receptor that is found on
almost all cell types in the host.

CONCLUSIONS AND FUTURE DIRECTIONS

Many retroviral receptors and coreceptors have been iden-
tified in the past decade by using gene transfer methods. The
success of this approach relies on the identification of nonsus-
ceptible cell targets that are resistant by virtue of the absence
of a functional receptor and on the availability of a high-titer
virus bearing the envelope of interest. Although it is not trivial
to generate such reagents, once this is accomplished it is gen-
erally feasible to clone receptors using gene transfer if the virus

requires only a single receptor molecule. The situation is
clearly much more challenging for cases in which more than
one molecule is required for viral entry. Nonetheless, both
receptor molecules have been identified for HIV and SIV and
for FeLV-T.

The challenge for the next decade is to better define the
virus-receptor interactions that permit binding, fusion, entry
and perhaps postentry stages in virus replication. There is
evidence that these determinants may be structural rather than
sequence based. For example, HIV-1, HIV-2, and SIV both
bind and use a common coreceptor for fusion yet have less
than 50% identity in the envelope SU. Similarly, FeLV has
overlapping receptor specificity with both GALV and MLV yet
there is less than 40% identity among these SUs (16). Thus, if
we are to understand the functional interactions that are re-
quired for steps in entry and fusion, it will be important to
determine the structure of retroviral envelope proteins, ideally
in conjunction with their receptor. Only two such structures
have been resolved, the N-terminal half of the E-MLV SU (58)
and the core portion of HIV-1 SU in complex with portions of
CD4 and antibody (95, 192). These structures have proven
enormously useful in advancing the study of envelope-receptor
interactions. It is worthwhile nothing that although 10 years
ago only three retroviral receptors were known, perseverance
in cloning receptors, combined with advances in technology,
has led to many successes since then, as highlighted in this
review. Advances in our understanding of envelope-receptor
interactions in the next decade will rely on having similar
rewards from our current efforts in structural analyses.
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