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A PHQ motif near the amino termini of gammaretroviral envelope glycoprotein surface (SU) subunits is
important for infectivity but not for incorporation into virions or binding to cognate receptors. The H residue
of this motif is most critical, with all substitutions we tested being inactive. Interestingly, porcine endogenous
retroviruses (PERVs) of all three host-range groups, A, B, and C, lack full PHQ motifs, but most members have
an H residue at position 10. H10A PERV mutants are noninfectious but were efficiently transactivated by
adding to the assays a PHQ-containing SU or receptor-binding subdomain (RBD) derived from a gibbon ape
leukemia virus (GALV). A requirement of this transactivation was a functional GALV receptor on the cells. In
contrast to this heterologous transactivation, PERV RBDs and SUs were inactive in all tested cells, including
porcine ST-IOWA cells. Surprisingly, transactivation by GALV RBD enabled wild-type or H10A mutant PERVs
of all three host-range groups to efficiently infect cells from humans and rodents that lack functional PERV
receptors and it substantially enhanced infectivities of wild-type PERVs, even for cells with PERV receptors.
Thus, PERVs can suboptimally infect cells that contain cognate receptors or they can employ a transactivation
pathway to more efficiently infect all cells. This ability to infect cells lacking cognate receptors was previously
demonstrated only for nontransmissible variant gammaretroviruses with recombinant and mutant envelope
glycoproteins. We conclude that some endogenously inherited mammalian retroviruses also have a receptor-
independent means for overcoming host-range and interference barriers, implying a need for caution in
xenotransplantation, especially of porcine tissues.

Many membrane-enveloped viruses, including retroviruses,
orthomyxoviruses (e.g., influenza A virus), and filoviruses (e.g.,
Ebola virus), contain trimeric envelope glycoproteins with two
subunits, a surface subunit (SU) that binds to receptors and a
transmembrane subunit (TM) that occurs in a metastable con-
formation (15, 21, 58). Based principally on studies of influ-
enza A, it is believed that the TM subunits undergo a triggered
series of irreversible conformational changes that fuse the viral
and cellular membranes (11, 15). For viruses such as influenza
A and mouse mammary tumor virus, the conformational
changes in TM are induced by the acidic pH of endosomes (11,
15, 22, 44, 49), whereas for others, including human immuno-
deficiency virus and gammaretroviruses, it is believed that the
TM changes are induced by binding of viral SU glycoproteins
onto cell surface receptors (15, 21, 22, 24, 37).

Recent studies have suggested that the membrane fusion
process may require coordinated interactions of envelope gly-
coproteins on the viral surface. The SU subunits of gammaret-
roviruses contain a PHQ motif near their amino termini (6,
31). Deletion or mutation of the H residue in this motif blocks
infectivity and membrane fusion but not envelope glycoprotein
processing into virions or receptor binding (6, 31). Further-

more, the noninfectious �H viruses can be transactivated by
adding PHQ-containing SU glycoproteins or soluble receptor-
binding domains (RBDs) to the culture media (6–9, 27, 30, 31,
53, 63). For viruses that have been selected as experimental
models because they efficiently and independently replicate in
cell cultures and animals, transactivation requires use of target
cells that contain receptors for both the �H virus and for the
SU glycoprotein or RBD that is employed (20, 30, 31). This
group of �H viruses is also transactivated much more effi-
ciently by the homologous RBD than by heterologous RBDs
from other viruses. This and related evidence has implied that
binding of these viruses to their cell surface receptors may
normally induce a conformational change in the SU subunits
that exposes two sites for association (cross-talk), with one of
these sites containing the PHQ region and the other being its
docking site in another receptor-associated SU (7, 8, 27, 30).
Because �H viruses can be transactivated by PHQ-containing
RBDs, occupancy of the viral docking site must be a prereq-
uisite for infection whereas the viral PHQ is unnecessary.

Important recent studies have identified several gammaret-
roviruses, including feline leukemia virus type T (FeLV-T)
(which causes immunodeficiency in domestic cats) (39, 45) and
mink cell focus (MCF)-inducing murine leukemia virus 247
(which causes lymphomas in mice) (10, 12, 19, 48, 52), that
infect cells lacking cognate viral receptors when transactivating
heterologous SUs or RBDs are present (9, 59). As discussed
below (see Discussion), FeLV-T and MCF 247 are pathogenic
variants that were isolated from chronically infected animals,
they have recombinant and mutant envelope glycoproteins,
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and it is believed that they are not naturally transmissible
(although they can be experimentally passaged to new hosts)
(14, 19, 39, 46–48, 53, 59). Receptor-independent viruses, such
as FeLV-T and MCF247, have a selective advantage in chron-
ically infected animals because they are unaffected by interfer-
ence and can therefore massively superinfect cells (23, 35, 45,
47, 59, 61). Presumably, the SU glycoproteins of these gam-
maretroviruses must have native conformations in which the
docking sites for cross-talk are constitutively exposed in the
absence of viral receptors. However, it is unknown whether
receptor-independent viruses are only mutants and recombi-
nants with altered SUs that form and die in individual animals
or whether some inherited gammaretroviruses might also have
this capability.

Studies were recently initiated on the porcine endogenous
retroviruses (PERV-A, -B, and -C), which are of concern be-
cause porcine tissues are used for xenotransplantation and
because PERV-A and -B can infect several human cell lines
(36, 41, 55, 60). As described below, PERVs lack clear PHQ
motifs and use receptors distinct from those previously de-
scribed for other gammaretroviruses (17, 40, 51, 53, 55, 60).
Our results suggest that the PERVs of all three host-range
groups substantially rely on a transactivation pathway for in-
fection and that they efficiently infect human and rodent cells
that lack functional PERV receptors.

MATERIALS AND METHODS

Cell lines. Human embryonal kidney 293T/mCAT1 cells, which express
mCAT1, the murine receptor for ecotropic MuLVs (5), were grown in Dulbec-
co’s modified Eagle high-glucose medium supplemented with 10% fetal bovine
serum (FBS). Chinese hamster ovary (CHO) cells and derivatives were grown in
Dulbecco’s modified �-medium with 10% FBS. Other cell lines, including human
TE671 rhabdomyosarcoma, human HeLa cervical adenocarcinoma, swine testis
ST-IOWA cells, rat XC sarcoma, murine Mus dunni tail fibroblasts (MDTF)/
FePit1 fibroblasts (which contain FePit1, the feline receptor for FeLV-B and for
GALV [FePit1]) (3), and feline FEA fibroblasts (4) were grown in Dulbecco’s
modified Eagle medium with 10% FBS. The TelCeB6 packaging cell line, a
TE671 derivative that expresses Moloney MuLV (Mo-MuLV) Gag and Pol
proteins and contains the retroviral vector nlsLacZ (13), produces pseudotyped
LacZ virions after introduction of envelope glycoprotein (Env) expression vec-
tors (13). Cerd 9 and CE-hPit1 are CHO derivatives that express the ecotropic
murine leukemia virus (MuLV) receptor mCAT1 alone or with hPit1, the human
receptor for gibbon ape leukemia virus (GALV), respectively (54, 57).

Envelope expression vectors. Plasmids FB FeB SALF, FB PERV-A SALF, FB
PERV-B SALF, and FB PERV-C SALF encode Gardner-Arnstein FeLV-B
(16), PERV-A (32), PERV-B (32), and PERV-C (1) envelopes and a phleomycin
resistance gene (55). Mutant derivatives were made with a Quick-Change site-
directed mutagenesis kit (Stratagene, La Jolla, Calif.) (oligonucleotide sequences
available upon request) and were verified by sequencing. Plasmids encoding
secreted RBDs and SUs were derived from these vectors by fusion of their
carboxyl termini to an RGS-His6 tag (RGSHHHHHH) (25). The number of Env
amino acids in these RBDs and SUs, counted from the initiation codon and
indicated in parentheses, were as follows: FeLV-B RBD (247), PERV-A RBD
(254), PERV-B RBD (234), PERV-A SU (460), PERV-B SU (457). TE671 and
293T/mCAT1 cells were transfected with these RBD and SU vectors by using
PolyFect (QIAGEN, Valencia, Calif.), and phleomycin-resistant colonies were
pooled. RBDs and SUs in the conditioned culture media and negative control
conditioned medium were filtered through 0.2-�m-pore-size membranes and
were stored at 4°C.

Protein detection. RBDs and SUs were detected by immunoblotting as previ-
ously described (27) with anti-RGS-(H4) tag antibody (QIAGEN). Viral proteins
lacking epitope tags were detected with goat antisera to FeLV-B gp70 (ViroMed
Biosafety Laboratories, Cambden, N.J.) or to the Rauscher MuLV p30 capsid
protein (ViroMed Biosafety Laboratories). Flow cytometry was performed as
previously described (29). Briefly, for RBD and SU binding assays, ST-IOWA or
293T/mCAT1 cells (106) were detached from culture plates with phosphate-

buffered saline (PBS) (Invitrogen, Carlsberg, Calif.) containing 0.02% EDTA
and then were incubated for 1 h at 37°C in the presence of 8 �g of Polybrene
(Sigma, St. Louis, Mo.)/ml and 0.1% sodium azide with 1 ml of conditioned
medium from the stably transfected or negative control TE671 cultures described
above. Cells were then washed with PBA (PBS, 2% fetal bovine serum, and 0.1%
sodium azide) and incubated in 100 �l of a 1:100 dilution of the mouse anti-
RGS(H)4 tag antibody for 1 h at 4°C. After two washes, cells were incubated with
100 �l of an Alexa Fluor 488 donkey anti-mouse immunoglobulin G (Molecular
Probes, Eugene, Oreg.) diluted in PBA (1:2,000) for 45 min at 4°C. Cells were
counterstained for 5 min with 20 �g of propidium iodide (Sigma)/ml and were
then thoroughly washed. Fluorescence of 104 living cells (negative for propidium
iodide) was analyzed with a fluorescence-activated cell sorter (FACSCalibur;
Becton Dickinson). For virus-binding assays, 106 MDTF/FePit1 cells were incu-
bated with 1 ml of virus sample in 8 �g of Polybrene/ml for 1 h at 37°C and were
then washed with PBA (Invitrogen). Cells were then incubated in the same
solution with 100 �l of undiluted hybridoma culture medium containing the
broadly reactive rat monoclonal gp70 antibody 83A25 (18) for 1 h at 4°C and
then with 100 �l of a 1:2,000 dilution of Alexa fluor 488 rabbit anti-rat immu-
noglobulin G (Molecular Probes). Propidium iodide (20 �g/ml) was added for 5
min. Live cells (104) were analyzed for fluorescence. Experiments were repeated
three times.

Infectivity assays. TELCeB6 cells transfected with Env vectors were selected
with phleomycin (8 �g/ml), and resistant colonies were pooled and used to make
pseudotyped LacZ virions (34). Target cells (5 � 104 cells/well) were infected in
24-well plates. CE-hPit1 cells were infected with FeLV-B viruses in 8 �g of
Polybrene/ml for 4 h, followed by incubation in fresh medium for 48 h and
staining for �-galactosidase (34). Other cells were infected in the presence of
Polybrene by spinoculation at 2,000 rpm for 2 h at 30°C in a Beckman GS-GR
tabletop centrifuge (28).

Protein accession numbers. The following protein accession numbers of Env
sequences used in this study are from the National Center for Biotechnology
Information database: Mo-MuLV, 0711245A; Friend MuLV (Fr-MuLV),
AAA46480; AKV, an ecotropic MuLV from an AKR strain of mice, CAA24493;
NZB, a xenotropic MuLV from an NZB strain of mice, AAA46531; MCF,
AAA46517; 10A1-MuLV, AAA46514; 4070A-MuLV, AAA46515; FeLV-A
Glasgow-1, PO8359; FeLV-T, AAC59315; FeLV-C Sarma, P06752; FeLV-B
Garner-Arnstein, P03391; GALV SEATO, AAC96083; Mus dunni endogenous
virus, AAC31806; PERV-A, CAA72927; PERV-B, CAA72928; PERV-C,
AF038600.

RESULTS

The gammaretroviral PHQ motif. Figure 1 compares amino-
terminal sequences of gammaretroviral SU glycoproteins, with
boxes surrounding conserved positions. The PHQ motif occurs
in the most widely studied SUs, but there is some divergence,
especially in the PERVs, which contain only part of this motif.
Several PERVs lack even a remnant of this motif (e.g., acces-
sion numbers AF426940 and AF296168) (33). More distantly

FIG. 1. Amino acid sequence aligment of the amino termini of
processed gammaretroviral SU glycoproteins. The amino acids that are
the most conserved are boxed. The histidine of the SPHQV motif is the
only amino acid in the SPHQV motif that is common to all of these
envelope glycoproteins.
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related retroviral genera have SU amino termini distinct from
those depicted in Fig. 1, but within each genus there are con-
served sequences (results not shown).

Figure 2 shows a mutagenic analysis of the SPHQV se-
quence in the FeLV-B SU. As indicated by alanine scanning
shown in panel A, the P4A and Q6A mutations caused 20- to
40-fold reductions in infectivities, whereas the H5A mutation
completely eliminated infectivity. In all cases, the infectivities
were almost fully restored to the wild-type level by additions to
the media of PHQ-containing soluble RBDs derived from ei-
ther FeLV-B or the Friend strain of ecotropic MuLV. As also
shown, the wild-type and mutant Env glycoproteins were in-
corporated in equal amounts into virus particles, and they
adsorbed strongly and equally onto Mus dunni tail fibroblasts
that express feline Pit-1, the natural receptor for FeLV-B (3,
50). Based on these results, we analyzed additional mutations
in the H5 position of FeLV-B SU (Fig. 2B). All tested mutants
were noninfectious. However, their infectivities were substan-
tially restored by transactivations with FeLV-B RBD or Friend
MuLV RBD. Interestingly, the Friend MuLV RBD was ap-
proximately five times more active than the homologous
FeLV-B RBD in these assays. These mutations also did not
interfere with Env incorporation into virions or binding to
receptors (Fig. 1B).

Functional analyses of the H10 residue in the PERV SU
glycoproteins. Based on the above evidence, we made H10A
mutations in the SU glycoproteins of PERV-A and -B, and we
analyzed their infectivities in susceptible human 293T/mCAT1
cells and in derivatives of these cells that stably express differ-
ent RBD or SU glycoproteins (Fig. 3A and B). Although wild-
type PERV-A and -B were infectious for these cells, their
infectivities were increased approximately five- to sevenfold by
the presence of GALV RBD. Similarly, as shown in Fig. 3C
and as described below, infectivities of wild-type PERV-A and
-B were reproducibly increased 7- to 30-fold by adding soluble
GALV RBD to the media of all other cells with functional
PERV receptors that we examined (i.e., human TE671 and
HeLa, feline FEA, rat XC, porcine ST-IOWA, and murine
MDTF/FePit1). Correspondingly, the H10A mutant viruses
were inactive (see arrows in Fig. 3), and their infectivities were
reproducibly restored to levels that were generally higher than
the wild-type basal infectivities by GALV RBD. Although the
ecotropic Friend and Mo-MuLV RBDs were partially active in
293T/mCAT1 cells, which express the ecotropic MuLV recep-
tor mCAT1, other RBDs and SUs were inactive or only mar-
ginally active in these assays, including those derived from
PERV-A and -B. Similar transactivation results were obtained

FIG. 2. Mutagenic analysis of the conserved amino-terminal SPHQV motif of the FeLV-B envelope glycoprotein. (A) Each amino acid of the
SPHQV motif was replaced individually by an alanine. (B) The histidine of this motif was deleted (�H) or replaced with a basic (K or R) or
aromatic amino acid (F or W). The bar graphs show infectivities of the wild-type and mutant viruses in CE-Pit1 cells in the absence or presence
of FeLV-B RBD (Fe-RBD) or of the Friend MuLV RBD (Fr-RBD). The titers are averages of four independent experiments � standard errors
of the means. The middle data are Western immunoblots of the wild-type and mutant pseudotyped virus pellets, showing the SU glycoproteins and
the viral capsid (CA) proteins. The bottom data show FACS analyses of the binding of the wild-type and mutant envelope glycoproteins onto
MDTF/FePit1 cells. The background fluorescence (black lines) was measured when the cells were incubated with media from nontransfected
TELCeb6 cells. The assays were done three times. wt, wild type.
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with human TE671 cells, which are susceptible to both
PERV-A and -B (Fig. 3C).

The RBDs and SUs that we used all contained RGS-His6
tags at their carboxyl termini; they were produced at similar
concentrations as determined by Western immunoblotting us-
ing a tag-specific antibody; they all bound specifically onto the
293T/mCAT1 cells in the conditions of our transactivation
assays as indicated by fluorescence-activated cell sorter
(FACS) analyses (Fig. 4). However, the binding levels of these
RBDs and SUs did not correlate with their transactivation

potencies. Moreover, the binding levels of PERV-A and -B
SUs and RBDs were relatively low in these assays. These
differences in binding could be caused by differences in affin-
ities of these glycoproteins for their receptors and/or in the
numbers of the corresponding receptors on the 293T/mCAT1
cells. Binding results were also similar on the TE671 and 293T/
mCAT1 cells, except that the former lack mCAT1 and were
therefore unable to bind the Friend or Moloney RBDs or to be
transactivated by them (results not shown).

The results shown in Fig. 3 were initially surprising, because

FIG. 3. Efficient rescue of fusion-defective PERV-A and PERV-B by GALV RBD. (A and B) 293T/mCAT1 cells expressing different soluble
RBDs or SUs were infected with LacZ-carrying viruses pseudotyped with wild-type or H10A mutant PERV-A or PERV-B envelope glycoproteins.
(C) TE671 cells were infected with these viruses or with GALV or �H GALV in the presence or absence of soluble GALV RBD or PERV RBDs
and SUs. Infectivities are the averages of four independent experiments � standard errors of the means. Ga, GALV; GadelH, �H GALV; Fe,
FeLV-B; Fr, Friend MuLV; MO, Mo-MuLV; A, amphotropic strain 4070A MuLV.
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the homologous PERV RBDs and SUs were almost com-
pletely inactive in transactivating the H10A mutant PERVs. In
contrast, for many �H gammaretroviruses, including �H
GALV and �H Mo-MuLV, homologous transactivation is
much more active than heterologous transactivation (see be-
low). However, as shown in Fig. 2, �H FeLV-B mutants are
transactivated more efficiently by Friend RBD than FeLV-B
RBD. To determine whether the low activities of the PERV
RBDs and SUs in the assays shown in Fig. 3 were due to a
weakness in their binding to the human PERV receptors, we
repeated these studies with porcine ST-IOWA cells that are

susceptible to the PERV-A, -B, and -C (41, 55). As shown by
the assays in Fig. 5A, the infectivities of wild-type PERV-A, -B,
and -C in ST-IOWA cells were all enhanced at least fivefold
when GALV RBD was present. Furthermore, GALV RBD
but not PERV RBDs strongly transactivated infections by
H10A mutant PERVs. In contrast, GALV RBD but not
FeLV-B RBD strongly transactivated infections by �H GALV,
whereas the opposite was true for �H FeLV-B. In addition, we
studied binding of the GALV and PERV RBDs to the ST-
IOWA cells (Fig. 5B). Interestingly, ST-IOWA cells bound
only small amounts of the RBDs. Moreover, the binding of

FIG. 4. Characterization of RBD and SU envelope glycoproteins. (A) 293T/mCAT1 cells that had been stably transfected with RBD and SU
expression vectors were used for analysis of the cell-associated envelope glycoproteins by Western immunoblotting as previously described (28, 31,
34) using the anti-RGS(H)4-specifc mouse antibody. (B) Conditioned medium from negative control TE671 cells or cells making RBDs or SUs
were incubated with EDTA-detached 293T/mCAT1 cells for 1 h at 37°C before washing the cells and incubating them with the anti-RGS(H)4
antibody. The data show FACS analyses. (C) The conditioned media used for the latter binding assays were analyzed directly by Western
immunoblotting with the anti-RGS(H)4 antibody. The RBDs were shed into the culture media in similar amounts, although they bound to the
293T/mCAT1 cells to different extents. Ga, GALV; Fe, FeLV-B; Fr, Friend MuLV; MO, Mo-MuLV; A, amphotropic strain 4070A MuLV.
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PERV RBDs was substantially greater than the binding of
GALV RBD, despite the much stronger transactivation caused
by the latter. A modified version of PERV-A RBD with a
restored PHQ motif was also unable to substantially transac-
tivate H10A mutant PERVs (results not shown). These results
support our conclusion that the transactivation potencies of
RBDs is not proportional to the level of their binding onto the
test cells and that the PERV RBDs are only weak in their
abilities to transactivate the H10A PERVs.

PERV-A, -B, and -C infect cells that lack cognate receptors.
We next analyzed cell lines that lack functional receptors for
these viruses (Fig. 6). As shown by the arrows in Fig. 6A, rat
XC and murine MDTF/FePit-1 cells lack functional receptors
for PERV-A but are susceptible to PERV-B, GALV, and
ecotropic strains of MuLV. These differences in susceptibility
to PERVs are entirely due to entry limitations, because the
viruses were pseudotypes that differed only in their envelope
glycoproteins. Surprisingly, both of these rodent cell lines be-
came highly susceptible to wild-type or H10A mutant PERV-A
when GALV or Friend MuLV RBDs were added to their
culture media. These results also indicate that �H GALV is
transactivated by GALV RBD but not by Friend MuLV RBD
and that the opposite is true for �H Mo-MuLV. Conversely, as
shown in Fig. 6B, human HeLa and feline FEA cells are com-
pletely resistant to PERV-B but are susceptible to PERV-A.
Nevertheless, both cell lines became susceptible to PERV-B
when incubated with GALV RBD. Although the cells shown in

Fig. 6 were all resistant to PERV-C, the latter virus also in-
fected these cells to a significant extent in the presence of
GALV RBD (results not shown). These results also confirmed
that titers of wild-type PERVs in cells that contain functional
cognate receptors were reproducibly increased by approxi-
mately 5- to 30-fold by the GALV-RBD.

We examined infectivities of PERV-A, -B, and -C in CHO
cells, which lack functional receptors for nearly all gammaret-
roviruses,including PERVs (55), and in the CEhPit1 derivative
of CHO cells that expresses functional receptors for GALV
and for ecotropic MuLVs (54, 57). PERV-A, -B, and -C and
their H10A derivatives were all infectious for CEhPit1 cells in
the presence of GALV RBD but not in its absence (Fig. 7).
Similarly, but to a lesser extent, the infections were induced by
Friend RBD. Transactivations by GALV RBD or by Friend
RBD did not occur in the parental CHO cells that lack func-
tional receptors for these RBDs.

DISCUSSION

We have characterized a conserved H residue in the amino-
terminal regions of gammaretroviral SU glycoproteins and
have confirmed its importance for a receptor-induced interac-
tion (i.e., cross-talk) that occurs between envelope glycopro-
teins on the viral surface membranes. When this cross-talk is
prevented by mutations of the critical H residue, the viruses
can no longer independently infect cells (6, 7, 20, 31, 62).

FIG. 5. PERV RBDs and SUs do not rescue infections of fusion-defective H10A mutant PERV-A, -B, or -C in porcine ST-IOWA cells.
(A) ST-IOWA cells were infected with wild-type or fusion-defective H10A PERVs, with GALV (Ga) or �H GALV (GadelH), and with FeLV-B
(Fe) or �H FeLV-B (FedelH), in the presence or absence of soluble GALV or FeLV-B RBDs or PERV RBDs and SUs. (B) Conditioned medium
from negative control TE671 cells (open curve) or cells making RBDs (filled black) were incubated with ST-IOWA cells for 1 h at 37°C before
washing the cells and incubating them with the anti-RGS(H)4 antibody. Fluorescence of 104 living cells (negative for propidium iodide) were
analyzed by FACS. Experiments were repeated three times.
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However, the infectivities of the �H viruses can be rescued by
adding specific PHQ-containing SU or RBD glycoproteins to
the assays (Fig. 3 and 5 to 7) (7–9, 20, 27, 31, 53, 59, 63). For
gammaretroviruses such as GALV and Friend MuLV, which
have been widely used as models because they replicate effi-
ciently and independently in cell cultures and animals, trans-
activation requires cell surface receptors for both the �H virus
and for the RBD (7–9, 20, 27, 31, 59). Moreover, for these
viruses, transactivation is generally much more efficient with
the homologous RBD than with heterologous RBDs (Fig. 3
and 5 to 7) (20, 27, 31). For this group of highly independent
viruses, the binding to cognate receptors is believed to induce

exposure of two previously buried sites in SU that associate in
a head-to-tail fashion, with one site probably containing the
PHQ region and the other being its docking site situated in the
carboxyl-terminal region of another receptor-associated SU (7,
8, 27, 30). Because �H mutant viruses can be transactivated by
PHQ-containing RBDs, the occupancy of the docking site ap-
pears to be a sufficient stimulus for infection, whereas a viral
PHQ site is unnecessary. These previous results implied that
cross-talk is a necessary stage in the infection pathway, that it
normally occurs on the viral surface membrane after the bind-
ing onto receptors, and that multiple SU glycoproteins collab-
orate in the process that leads to infection. Thus, cross-talk
may coordinate the irreversible conformational changes in ad-
jacent SU-TM complexes that result in membrane fusion (8,
27, 53, 59).

Important recent studies have revealed a second group of
gammaretroviruses that is more dependent on heterologous
SUs and RBDs and that can efficiently infect cells that lack
functional receptors for the virus. This alternative pathway for
infection, which we call receptor independent, can occur in
part because retroviruses attach to cells by components other
than cognate receptors (38, 42, 43). This alternative pathway
for infection was initially suggested for FeLV-T and MCF 247,
which are nontransmissible variant viruses with mutant and
recombinant envelope glycoproteins. FeLV-T was isolated
from a domestic cat that was chronically infected with its
FeLV-A progenitor and that suddenly developed a severe im-
munodeficiency (14, 39, 45, 47). FeLV-T appears to replicate
in cells that lack cognate viral receptors only if a transactivating
FeLV-B SU or a related endogenously expressed RBD termed
FeLIX is present and if the cells have functional FeLV-B
receptors (2, 9, 26). Similarly, MCF 247 formed in a mouse by
env gene recombination between a replicating ecotropic
MuLV and an endogenous polytropic viral env sequence (10,
12, 19, 48, 52). Recent studies have established that MCF 247
replication is strongly transactivated by ecotropic MuLV RBDs
in cells that lack functional MCF receptors (59). Although
MCF 247 can also replicate independently in cells that contain
MCF receptors, its replication in these cells is greatly acceler-
ated by addition of a transactivating ecotropic RBD (59). Fur-
ther studies will be required to learn whether other MCFs are
able to infect cells that lack cognate receptors and whether this
might also be possible for nonrecombinant endogenously in-
herited polytropic envelopes. In addition, several laboratory-
derived gammaretroviruses with large deletions or substitu-
tions in the RBD regions of their SUs can also infect cells in
the presence of transactivating RBDs (7, 8, 30). Presumably,
these receptor-independent viruses, including FeLV-T and
MCF 247, must have native SU structures in which the docking
sites mentioned above are constitutively exposed in the ab-
sence of cognate viral receptors (7–9, 30, 59).

Our results strongly suggest that PERV-A, -B, and -C can all
infect cells lacking cognate receptors by using this same trans-
activation mechanism. Thus, this pathway is available to retro-
viruses that occur in the germ lines of mammals, implying that
it is much more prevalent than was previously known. Each
PERV host-range group has limited species and cell tropism
specificity (41, 55) (Fig. 6 and 7). These tropism restrictions are
clearly caused by deficiencies in entry, because they were all
overcome by adding GALV RBD to the cell cultures, with the

FIG. 6. GALV RBD transactivates PERV-A and PERV-B infec-
tions of cells that lack functional PERV receptors. (A) Rat XC and
MDTF/FePit1 cells are completely resistant to PERV-A (open bars,
see arrows) but become susceptible in the presence of GALV RBD
(black stipled bars) or Friend MuLV RBD (striped bars). (B) FEA and
HeLa cells are completely resistant to PERV-B but become suscepti-
ble in the presence of a transactivating GALV RBD. The data are the
averages of four experiments � standard errors of the means. Ga,
GALV; GadelH, �H GALV; Fe, FeLV-B; MO, Mo-MuLV; ModelH,
�H Mo-MuLV. The arrows represent assays that indicated there was
no infection.
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only requirement being the presence of functional GALV re-
ceptors on the cells. Alternatively, these tropism restrictions
could be less efficiently overcome by adding Friend RBD to
cells that expressed the ecotropic MuLV receptor mCAT1 (see
Fig. 3, 6, and 7). For example, CHO cells are widely used as a
negative control for infection and receptor transfection studies
because they lack functional receptors for almost all gamma-
retroviruses, including PERVs (53, 55, 59). A CHO derivative
that expresses the GALV receptor hPit1 is susceptible to all
PERVs in the presence of GALV RBD (Fig. 7).

Consistent with our hypothesis that PERVs rely substantially
but incompletely on transactivation by heterologous SUs or
RBDs, the titers of wild-type PERVs in cells with functional
cognate receptors were reproducibly increased by approxi-
mately 5- to 30-fold when GALV RBD was added to the assays
(Fig. 3 and 5 to 7). This increase in wild-type PERV titers
occurred not only in cells from heterologous species but also in
porcine ST-IOWA cells (Fig. 5). These results imply that the
infectivities of wild-type PERVs in cells that contain functional
cognate receptors are suboptimal due to limitations in the
cross-talk step. Accordingly, the PERV SUs and RBDs were
unable to significantly transactivate H10A PERV mutants (Fig.
3 and 5 to 7). Similarly, wild-type MCF 247 replicates much
more rapidly and efficiently in cells that contain MCF receptors
when Friend RBD is present (59). There is also no evidence
that FeLV-T or MCF 247 can be transactivated by their ho-
mologous RBDs.

The conservation of this ability to infect cells lacking cognate
receptors in the diverse group of PERV-A, -B, and -C viruses
suggests that it has been advantageous throughout their pro-
longed evolution (56), presumably because it may have en-
abled them to overcome restrictions caused by interferences or

by host mutations of their receptors. Receptor independence
would also provide novel opportunities for such viruses to
infect germ cells and to invade new species. Based on these
considerations, we suggest a need for caution in xenotransplan-
tations, especially of porcine tissues.
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