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Abstract

To examine the binding properties of the envelope glycoproteins of porcine endogenous retrovirus subgroups A and B (PERV-A and
PERV-B), we produced two forms of soluble envelope proteins, termed Env-ST and Env-SU, using a baculovirus expression system. Env-ST
and Env-SU encompass one-third of the N-terminal and the entire surface unit (SU) of the envelope protein, respectively. Using these proteins,
binding assays were performed in various mammalian cell lines. The binding properties of the Env-STs that contain the putative receptor
binding domain (RBD) did not correlate with the susceptibility to the pseudotype viruses having PERV envelopes, whereas those of the
Env-SUs correlated fairly well. These results suggested that the Env-SUs but not Env-STs interacted with their receptors in various cell lines.
Interestingly, PERV-A Env-SU did not bind to a mink cell line (Mv1-Lu cells) that is highly susceptible to the PERV-A pscudotype virus. In
addition, PERV-B Env-SU did not interfere with the PERV-B pseudotype virus on Mvl-Lu cells. These results suggest the existence of a
cognate receptor-independent entry pathway as demonstrated in an immunodeficiency-inducing vaviant of feline leukemia virus FelV.
© 2005 Elsevier SAS. All rights reserved,

Keywards: Porcine endogenous retroviruses; Receptors; Xenotransplantation

1. Introduction cells [5], have recently been shown to infect and replicate in

human cells in vitro [ 6]. Therefore, the potential risk of PERV

Pigs are considered the most suitable donor of organs or infection [ 7] has became an issue in pig-to-human xenotrans-
tissues in xenotransplantation to humans [1]. However, endog- plantation.

enous retroviruses are present in the porcine genome widely
2.3] and complete particles of porcine endogenous retrovi-
ruses (PERVs) [4], once thought to be uninfectious to human

PERVs consist of three subgroups (PERV-A, B and C)
according lo the sequences of their envelope proteins, with
both PERV-A and PERV-B exhibiting tropism to human cells
in vitro [8]. PERVs are classified into the family Retroviri-
dae, genus Gammaretrovirus [ 5], and gammaretroviral enve-
Abbreviations: DMEM, Dulbecco’s modificd Eagle’s medium; FCS, fetal lope proteins are synthesized as polyproteins that are pro-

calf serum; FelV, feline Jeukemia virus; Gal.V, gibbon ape leukemia virus; : : .
’ P ’ teolyticall rocessed  into  surface unit a
HEK, human embryonic kKidney; MAb, monoclonal antibody; MLV, murine y y P (SU) nd

leukemia virus; PAGE, polyacrylamide gel electrophoresis; PBS, phosphate- transmembrane glycoproteins to acquire infectivity [9]. The
buffered saline; PCR, polymerase chain reaction; PERV, porcine endoge- receptor binding domain (RBD) is present at the N-terminal
nous retrovirus; PRR, proline-rich region; RBD, receptor binding domain; of the SU envelope glycoprotein. The transmembrane enve-

SDS, sodium dodecyl sulfate; S19, Spodoptera frugiperda 9; SU, surface
unit; VR, variable region; X-gal, 5-bromo-4-chloro-3-indolyl--D-
galactopyranoside.

lope glycoprotein is responsible for the membrane anchoring
and fusion activity that is required for viral entry into host

* Corresponding author. Tel: +81 155 49 5392; fax: +81 155 49 5394, cells [10]. Le Tisser et al. (1997) defined two variable regions
E-mail address: takavet@ obihiro.ac_jp (7. Miyazawa). (VRs), VRA and VRB, followed by a proline-rich region

1286-4579/% - sce front matter @ 2005 Elsevier SAS. All rights reserved.
doi:10.1016/j.micinf.2005.01.008
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(PRR) in the SU envelope of PERV based on analogy with
the envelope of murine leukemia virus (MLV), a prototype of
the gammaretroviruses. The RBD of MLV consists of VRA
and VRB and plays a dominant role in the choice of receptor
[11-13], while the PRR of MLV is considered to contribute
to the envelope’s conformation and fusogenicity [14,15].

The host ranges of PERVs have been well characterized
by infection assays using pseudotype MLV harboring PERV
envelopes and it has been revealed that various mammalian
cell lines possess functional receptor molecules permitting
pseudotype viral infections [16]. On the other hand, the basic
properties of PERV envelope proteins are still unclear. In this
study, to examine the binding properties of envelope glyco-
proteins for PERV receptors, we expressed two forms of
soluble envelope protein, termed Env-ST and Env-SU, using
a baculovirus expression system. Env-ST covered one-third
of the N-terminal SU envelope protein containing VRA and
VRB. Env-SU covered all of the SU of envelope protein.
Using these proteins, binding and interference assays were
performed in various mammalian cell lines.

2. Materials and methods
2.1. Cells

Mamunalian cells, human embryonic kidney (HEK) 293,
Hela (human cervix adenocarcinoma), HT1080 (human fib-
rosarcoma), NIII3T3 (mouse embryonic fibroblast), Mus
dunni (mouse fibroblast) and Mv1-Lu (mink lung) cells were
maintained in Dulbecco’s modified Eagle’s medinm (DMEM)
(Sigma, St. Louis, MI, USA) supplemented with 10% fetal
calf serum (FCS), penicillin (100 units/ml) and streptomycin
(100 pg/ml). TELCeB/pFBPERV-A and TELCeB/
pFBPERV-B cells were used as a source of PERV pseudo-
type viruses and maintained in DMEM. Both MOLT-4 (human
T lymphoblast) and 3201 (feline thymic lymphoma) cells were
maintained in RPMI 1640 medium supplemented with 10%
FCS and antibiotics. An insect cell line Spodoptera fru-
giperda (S)9 was cultured in TC100 insect medium (Sigma)
supplemented with 10% FCS. Another insect cell line, High-
Five™, derived from Trichoplusia ni, was cultured in
EX-CELL™ 405 medium (JRH BIOSCIENCES, Lenexa,

" KS, USA) in the absence of FCS.

2.2. Construction of mammalian expression plasmids
and production of recombinant baculoviruses

According to the alignment of the amino acid sequences
of the PERYV envelope proteins (Fig. 1a), two soluble enve-
lope proteins were designed. The DNA fragments encoding
the N-terminal (Env-ST) and entire region (Env-SU) of SU
of envelopes (Fig. 1b) were amplified by polymerase chain
reaction (PCR) from the envelope expression plasmids
pFBPERV-A and pFBPERV-B [16] as templates. PCR was
performed using platinum® pfx polymerase (Invitrogen, Bed-

fold, MA, USA) and the primers listed in Table 1. Amplified
fragments were digested with Xbal and SacIl, and then cloned
into Xbal/Sacll sites of pcDNA3.1/myc-His B (Invitrogen)
to add myc and His tags at the C-terminal of the SU proteins.
DNA fragments encoding Env-ST and Env-SU tagged with
myc-His epitopes, were excised with EcoR1/Pmel digestion
and cloned into EcoRIl/Pmel sites of the vector pCAG to pro-
duce mammalian expression vectors, pPCAG/Env-STs { pCAG/
PERVA(ST) and pCAG/PERVB(ST)} and pCAG/Env-SUs
{pCAG/PERVA(SU) and pCAG/PERVB(SU)). These frag-
ments were also cloned into FcoR1/Bgl sites of the vector
pSGS (Stratagene, La Jolla, CA, USA), and then env se-
quences followed by the SV40 polyA tail signal were cut out
by Xbal digestion and cloned into the Xbal site of the bacu-
lovirus transfer vector pvVL1392 {Becton Dickinson (BD),
San Jose, CA, USA] to produce transfer vectors termed
pVL/PERVA(SU), pVL/PERVB(SU), pVL/PERVA(ST) and
pVL/PERVB(ST). To obtain recombinant baculoviruses,
AcPERVA(SU), AcPERVB(SU), AcPERVA(ST) and AcPER-
VB(ST), transfer vectors were transfected to Sf9 cells with
linear BaculoGold™ (BD). The recombinant baculoviruses
were purified by plaque purification and inoculated onto
879 cells to obtain stocks of virus with higher titers. The DNA
fragment encoding Env-SU of the amphotropic MLV
(MLV-A) envelope was amplified by PCR from the envelope
expression plasmid pFBASALF [17]. The amplified frag-
ment was cloned into pcDNA3.1/myc-His B and excised by
BamH1/Pmel digestion. This fragment was cloned into
BamMl/Bglll sites of the vector pSGS and excised by Xbal
digestion to produce pVL/MLVA(SU) as described above. The
recombinant baculovirus Ac/MLVA(SU) was obtained by
co-transfection of pVL/MLVA(SU) and linear BaculoGold™.

2.3. Expression and immunoblot analyses
of the recombinant proteins

Mammalian expression plasmids, pCAG/Env-SUs, were
transfected to HEK293T cells using FuGENEG {ransfection
reagent (Roche, Basel, Switzerland). Forty-eight hours after
transfection, the culture supernatants and cells were har-
vested. Culture supernatants were centrifuged at 3500 rpm
for 5 min to clarify the cell debris. Cells were washed twice
with ice-cold phosphate-buffered saline { PBS(-)}, lysed with
a lysis buffer (10% Triton X-100, 10% glycerol, and 0.5%
CHAPS), and then soluble fractions were collecied.

Stocks of recombinant baculoviruses were inoculated onto
HighFive™ cells at a multiplicity of infection of 10. One hour
after infection, cells were washed and cultured in non-serum
EXCELL™ 405 medium. Three days afler infection, culture
supernatanis and cells were harvested as described above.

Each sample was subjected to 12% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and sepa-
rated proteins were detected by immunoblotting using an anti-
hexa-1lis monoclonal antibody (MAb) (TECIINE,
Minneapolis, MN, USA) as described elsewhere.
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Fig. 1. (a) Comparison of the amino acid sequences of envelope proteins of PERV-A, PERV-B and PERV-C. 1dentical amino acids are shown with adot and gaps
are indicated with a dash. Two VRs (VRA and VRB), PRR and putative PHQV motif are enclosed with boxes. The cleavage site between SU and transmem-
brane envelope glycoproteins is indicated with an arrowhead. (b) Schematic representation of a full-length PERV envelope protein (Full) and truncated soluble

envelope proteins (Env-ST and Env-SU) used in this study.

Table 1
Oligonucleotide primers used for PCR
Forward PERV Fwd 5-GCTCTAGACCACCATGCATCCCACGTTAAGCTG-3
MLV-A Fwd 5-GCTCTAGACCACCATGGCGCGTTCAACGCTCTC-3
Reverse PERV-A ST 5-TCCCCGCGGTTCCATCIGAGTTTCTAITCIGAGGCG-3
PERV-A SU 5-TCCCCGCGGTCTTTTTGGCCGATTATATCTATAG-3'
PERV-B ST 5-TCCCCGCGGGGGTCCCACTGCCACAGGGG-3'
PERV-B SU 5-TCCCCGCGGATAGTCATATTCATCAAGGACC-3
MLV-A SU 5-TCCCCGCGGTCTTTTATATTTGGTACGCTGTTCAAGC-3’

The PERV Fwd is a universal primer for all target sequences of PERVs. Underlincs represent restriction enzyme recognition sites.

2.4. Deglycosylation analyses

Harvested protein samples were deglycosylated using
endoglycosidases, EndoH and PNGaseF (New England
Biolabs, Beverly, MA, USA), according to the manufactur-
er’s instructions. In brief, samples were denatured by boiling
for 10 min at 100 °C in the presence of 0.5% SDS and 1%
B-mercaptoethanol. Then, reaction buffer and the endogly-
cosidase were added to the samples and incubated for 1 h at
37 °C. PNGaseF treatment was carried out in the presence of
1% Nonidet P-40. Following the deglycosylation, each sample
was subjected to 12% SDS-PAGE and separated proteins were
detected with the anti-His MAb.

2.5. Titration of PERV pseudotvpe viruses

The titration of PERYV pseudotype viruses was performed
as described previously [18] with a slight modification. In
brief, target cells were seeded at a concentration of 2.5 x 10*
cells in 0.25 ml per well of 48-well plates the day before infec-
tion. Culture supernalants from producer cell lines were {il-
tered through a 0.45 pm filter (Millipore, Bedford, MA, USA)
and serially diluted. These diluted samples were inoculated
onto target cells in the presence of 8 pg/ml polybrene. Four
hours after inoculation, the cells were washed once and incu-
bated with fresh medium for a further 2 days. Cells were
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stained with 5-bromo-4-chloro-3-indolyl-p-D-galactopyrano-
side (X-gal) and lacZ-positive foci were counted.

2.6. Binding assays of soluble envelope proteins

Target cells were detached from culture flasks by treat-
ment with PBS(-) containing 0.05% EDTA. Approximately
106 cells were suspended in 500 pl of culture medium, then
mixed with an equal volume of culture supernatant from High-
Five™ cells infected with recombinant or wild-type baculovi-
ruses. The mixtures were incubaled at 4 °C for 1 h with gentle
rotation. After three washes with PBS(-) containing 1% FCS,
the cells were incubated with 100 pl of 1:200 diluted anti-
tetra-His MADb (Qiagen, Hilden, Germany) for 1 h on ice and
washed. Then, cells were incubated with 100 pl of 1:200 di-
luted anti-mouse IgG (H + L) conjugated with phycoerythrin
(Jackson IinmunoResearch, West Grove, PA, USA) for 1 h
on ice. After washing, fluorescence intensity was analyzed

with a cytofluorometer FACSCalibur (BD). Then, mean fluo-

rescent intensity was read from histograms and relative bind-
ing intensity was calculated based on control mean fluores-
cent intensity.

2.7. Purification of Env-SU proteins and interference
assays

Env-SU proteins of PERV-B and MLV-A were purified
from culture supernatants of HighFive™ cells by using
Ni-NTA agarose beads (Qiagen). In brief, 100 ml of supema-
tant was added to 500 pl of 50% Ni-NTA slurry and incu-
bated for 14 h at 4 °C with gentle rotation. Then, the beads
were collected using an empty column and washed twice with
a washing buffer (50 mM NaH,PO,, 300 mM NaCl, and
20 mM imidazole, pH 8.0). After the wash, Env-SU proteins
were eluted with an elution buffer (50 nM NaH,PQ,, 300 mM
NaCl, and 250 mM imidazole, pH 8.0) and flow-through frac-
tions were collected. The collected proteins were dialyzed to
remove the imidazole and analyzed by SDS-PAGE to check
their purity.

The interference assays of pseudotype viruses were per-
formed as described previously [19] with a slight modifica-
tion. In brief, Mv1-Lu cells were seeded at a concentration of
2.5 % 10% cells in 0.25 m1 per well of 48-well plates the day
before infection. The purified proteins were serially diluted
and added to the target cells prior to infection. After 30 min
of pre-incubation, DMEM containing 100 focus-forming units
(ffu) of PERV-B or MLV-A pseudotype virus was inoculated
onto the target cells. Four hours after inoculation, the cells
were washed once and incubated with fresh DMEM for a
further 2 days. Cells were stained with X-gal and lacZ-
positive foci were counted.

3. Results

3.1. Alignment of the amino acid sequences of PERV
envelope proteins

The alignment of the amino acid sequences of envelope
proteins of PERV-A, PERV-B and PERV-C are shown in

Fig. 1a. There are two VRs, VRA and VRB, in the N termi-
nus of the SU region followed by PRR. PRR has extensive
varjations and the sequence identity of this region is even
lower than that of VRA.

3.2. Expression of recombinant envelope proteins

Culture supernatants and cell lysates of HEK293T cells
transfected with expression plasmids and HighFive™ cells
infected with recombinant baculoviruses were harvested. Each
sample was separated by SDS-PAGE under reducing condi-
tions, and then the separated proteins were detected by immu-
noblotting (Fig. 2). The Env-ST proteins of both PERV-A and
PERV-B were detected in cell lysates and efficiently released
into culture supernatants of HEK293T cells (Fig. 24, upper
panel). The approximate molecnlar weights were 27 kDa,
coinciding with a previous report on MLV [20]. However,
though Env-SU proteins from HEK293T were detected in the
cell lysates, they were not released into culture supernatants
efficiently (Fig. 2a, lower panel). On the other hand, in the
baculovirus expression system, both Env-SU and Env-ST pro-
teins were detected in the colture supernatants and cell lysates
(Fig. 2b).

To examine the glycosylation-properties, the proteins from
culture supernatants of HighFive™ cells infected with recom-
binant baculoviruses were deglycosylated by EndoH and
PNGaseF. Immunoblot analyses after deglycosylation re-
vealed that Env-ST and Env-SU were attached with carbohy-
drates after translation (Fig. 3). Env-ST proteins were attached
with EndoH susceptible high-mannose-typed carbohydrates.
On the other hand, almost all carbohydrates altached to
Env-SU proteins were resistant to EndoH and partially
digested by PNGaseF.

Deglycosylation analyses were also carried out using
soluble envelope proteins expressed in HEK293T cells. Celt
lysates of HEK293T cells transfected with expression plas-
mids were treated with endoglycosidases. Immunoblot analy-
ses after deglycosylation showed the same glycosylation pat-
tern with the baculovirus expression system (data not shown).

HEK293T HighFive™
__sup cell sup cell
ABCA BQ ; ABCA B
37 2 37 =
W Ay - Env-ST
75 e 25
sup cell sup cell
A BCGCA BCt ABCtA BQ
75 e e
s Env-SU
500 s 5 v

Fig. 2. Immunoblot analyses of Env-ST (upper panel) and Env-SU (lower
panel) proteins expressed by mammalian (a) and baculovirus expression sys-
tems (b). (a) HEK293T cells was transfected with mammalian expression
plasmids (pCAG) of envelopes of PERV-A (lane A) and PERV-B (lane B).
PCAG cmpty plasmid was used as a control (lane Ct). (b) HighFive™ cells
was infected with recombinant baculoviruses expressing envelopes of
PERV-A (lane A) and PERV-B (lane B). The baculovirus AcNPV was used
as a control (lane Ct).
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endoglycosidase

- H F
AB A B AB

37

Fig. 3. Immunoblot analyses of Env-ST (a) and Env-SU (b) proteins in the
culture supernatants from HighFive™ cells after the treatment with endo-
glycosidases, EndoH (H) and PNGascF (F). Soluble envelope proteins of
PERV-A (lane A) and PERV-B (lane B) were digested with the endoglyco-
sidases indicated at the top of each panel.

3.3. Susceptibilities of various mammalian cell lines to
PERYV pseudotype viruses

PERV pseudotype viruses were titrated in various mam-
malian cell lines (Table 2). Pseudotype viruses possessing
Moloney MLV cores were used to avoid post-entry restric-
tion [21]. Consistent with a previous report [16], Mv1l-Lu and
HEK?293 cells were susceptible to both PERV-A and PERV-B
pseudotype viruses. Murine cell lines, NIH3T3 and M. dunni,
showed susceptibility to PERV-B but not to PERV-A pseudo-
type virnses. HEK293 cells persistently infected with PERV-A
or PERV-B were resistant to superinfections of each pseudo-
type virus. Interestingly, the HEK293 cells infected with
PERVs were significantly more susceptible to the pseudot-
ype viruses of heterologous subtypes than unifected
HEK?293 cells. Though the reason for the phenomenon is
unknown at present, PERV may assist the infection of hetero-
logous subtype viruses with each other.

3.4. Binding properties of soluble envelope proteins in
mammalian cells

The binding assays were conducted on a PERV-susceptible
cell line (HEK?293) and unsusceptible cell line (MOLT-4) by
using Env-ST and Env-SU proteins expressed by the recom-

Table 2
The titers of pscudotype virus in various target cells

Targetcells  Source Titer (ffu/ml) of lacZ psendotype®

PERV-A PERV-B
Mv 1-Lu Mink 55,000 26,500
NIH3T3 Mouse <10 150
M. dunni <10 1300
3201 Feline <10 <10
HEK293 Human 1000 200
293/PERV-A" <10 3050
293/PERV-BF 6050 <10
HeLa 400 30
MOLT-4 <10 <10
HT1 080 <10 <10

? Averages of titers expressed as ffu of lacZ pseudotype viruses in two
independent experiments are shown.
Y HEK?293 cells persistently infected with PERV-A or PERV-B.

binant baculoviruses (Iig. 4). PERV-B Env-ST efficiently
bound to both HEK293 and MOLT-4 cells, whereas PERV-A
Env-ST did not bind to either. In contrast, PERV-B Env-SU
strongly bound to HEK293 but not to MOLT-4 cells, and
PERV-A Env-SU bound to HEK293, but not to MOLT-
4 cells. To know the binding specificity, we carried out bind-
ing assays on HEK293 cells persistently infected with
PERV-A or PERV-B. Tirespective of the persistent infection
of PERVs, PERV-A Env-ST did not bind to HEK293 cells
and PERV-B Env-ST bound to HEK293 cells. On the other
hand, Env-SU proteins of PERV-A and PERV-B did not bind
to HEK293 cells infected with PERV-A (293/PERV-A) and
PERV-B (293/PERV-B), respectively (Fig. 4).

The binding assays were extended to various maminalian
cell lines and the relative binding intensity was calculated
(Table 3). There was no binding of PERV-A Env-ST in the
cell lines as observed in HEK293 and MOLT-4 cells. PERV-B
Env-ST showed non-specific binding properties to non-
susceptible cell lines such as 293/PERV-B and MOLT-
4 cells. PERV-A Env-SU showed specific binding to all PERV-
A-susceptible cell lines except for Mvl-Lu cells. Although
PERV-A pseudotype virus infects Mvl-Lu cells very effi-
ciently (Table 2), there was no binding between PERV-A
Env-SU and Mv1-Lu cells. PERV-B Env-SU bound to vari-
ous cell lines susceptible lo the PERV-B pseudotype virus.

3.5. Interference of pseudotype viruses with soluble
envelope proteins

The inhibition assays on IHEK293 and Mv1-Lu cells were
performed using purified Env-SUs of PERV-B and MLV-A.
In HEK293 cells, MLV-A Env-SU specifically inhibited the
infection of MLV-A pseudotype virus efficiently and PERV-B
Env-SU also inhibited the infection of PERV-B pseudotype
virus (about 70% reduction by addition of 10 pg/nl of puri-
fied PERV-B Env-SU) (data not shown). In Mv1-Lu cells, the
infection of MLV-A psendotype virus was efficiently inhib-
ited by MLV-A Env-SU (Fig. 5a). This inhibition was spe-
cific because the envelope did not interfere with PERV-B
pseudotype virus infection (Fig. 5b). However, Env-SUs of
PERV-B and MLV-A did not interfere with PERV-B pseudo-
type virus on Mv1-Lu. These inhibition assays were repeated
with crude Env-SU proteins from culture supernatants of
HighFive™ cells infected with Ac/PERVB(SU) and
Ac/MLVA(SU) and similar results were obtained (data not
shown).

4. Discussion

The glycosylation of envelope protein is essential for the
proper folding of receplor binding sites in human immuno-
deficiency virus [22,23]. In addition, in Friend MLY, secre-
tion of Env-SU was prevented when N-linked oligosaccha-
ride was eliminated [24]. Previously we found that PERV
infection requires N-linked carbohydrates in the envelope pro-
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Fig. 4. Binding properties of PERV envelope proteins to HEK293 (a) and MOLT-4 (b). HEK293 cells persistently infected with PERV-A (c) and PERV-B (d)
were also used as target cells. The X-axis represents the fluorescence intensity of control (gray filled), PERV-A Env (dotted line) and PERV-B Env (broken line).

The soluble envelope proteins used are indicated at the top of each panel.

teins [25]. Although there are differences in the glycosyla-
tion pathways between insect and mamimalian cells [26], many
groups have used recombinant glycoproteins expressed by
baculovirus systems. By using the recombinant proteins, bind-
ing propettics of cnvelope proteins of amphotropic MLV, den-
gue virus and feline leukemia virus (FeLV) have been inves-
tigated [19,27,28]. As the first step in this study,
deglycosylation experiments were performed using two
endoglycosidases (EndoH and PNGaseF) to reveal the gly-
cosylation properties of the recombinant proteins with a bacu-

Table 3
Relative binding intensities of PERV envelopes in various mamaliau cells
PERV-A® PERV-B*

Target cells Env-ST Env-SU Env-8T Env-SU
Mvl-Lu - - ++ ++
NIHA3T3 - - + +

Mus dunni - - ++ +
3201 - - - -
HEK?293 - + + +
293/PERV-A - - + +
293/PERV-B - + + -
Hela - + + +
MOLT4 - - ++ ~
HTI1080 - - - -

? Represents relative binding intensity under 2.5; +, 2.5-10.0; ++, > 10.0.
At least two independent experiments were carried out.

lovirus expression system. EndoH digests high-mannose-
typed carbohydrates and PNGaselF digests both high-
mannose-typed and complex-typed carbohydrates [29].
Immunoblot analyses after endoglycosidase treatments
revealed that both Env-ST and Env-SU had been modified
with carbohydrates. The carboliydrates of Env-ST proteins
were completely removed by EndoH treatment, indicating that
high-mannose-typed carbohydrates were attached to the pro-
teins. On the other hand, the great majority of carbohydrates
attached to Env-SU was resistant to EndoH and only par-
tially removed by PNGaseF treatment, indicating that these
proteins were modified with O-linked carbohydrates. The rea-
son for this different modification is unclear at present. How-
ever, it is possible that the conformations of the truncated
Env-ST proteins are different from those of Env-SU proteins,
influencing the carbohydrate-modification in the cells. Previ-
ously, it had been reported that retroviral envelope glycopro-
teins were modified with both N-linked and O-linked carbo-
hydrates [30,31]. Since we needed large amounts of soluble
envelope proteins modified with carbohydrates for the assays,
we used recombinant envelope proteins expressed by the
baculovirus expression system.

First we used Env-ST proteins for the binding assays
because Env-ST contains the putative RBD and Env-ST pro-
teins have been used for binding assays in MLV studies [27]
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and receptor cloning for PERV-A [32]. HEK293 and MOLT-
4 cells were selected as representative target cells that showed
high and no susceptibility to PERV pseudotype viruses,
respectively. Contrary to our expectation, PERV-A Env-ST
did not bind either cell line whereas PERV-B Env-ST bound
both. These results suggest that the conformation of RBD
might not be retained properly in the Env-ST form. Then, we
also used Env-SU proteins in the binding assays. Env-SUs
from both PERV-A and PERV-B bound to HEK293 cells but
not to MOLT-4 cells, suggesting that there was a specific
interaction between PERV Env-SUs and receptor molecules.
The binding specificity was confirmed in assays using
HEK?293 cells persistently infected with PERVs. Previously,
two molecules were cloned as cellular receptors for PERV-A
from HeLa cells, and designated as HuPAR-1 and HuPAR-2
[32]. PERV-A preferred HuPAR-2 to HuPAR-1, and PERV-A
Env-ST bound specifically to HuPAR-2 but not HuPAR-1
[32]. It is possible that PERV-A Env-ST binds specifically to
HuPAR-2 but this binding does not reflect the natural condi-
tion. In the present study, HEK293 cells may predominantly
express only HuPAR-1 since PERV-A Env-ST bound to
HEK?293 cells transfected with the expression plasmid for
HuPAR-2 (data not shown). PERV-A Env-SU might have
bound to HuPAR-1 expressed on HEK 293 cells.

Next, we applied the binding assays to various mamma-
lian cell lines. The binding properties of PERV-A Env-SU
correlated [airly well with the susceptibility lo PERV-A
pseudotype virus and those of PERV-B Env-SU completely
coincided with the susceptibility to PERV-B pseudotype virus
(Table 3). However, there was one exception; PERV-A
Env-SU did not bind to Mv1-Lu cells, which are highly sus-
ceptible to the pseudotype virus. From the results obtained in
HEK?293 and 293/PERV-A, PERV-A Env-SU surely inter-
acts with the PERV-A receptor(s). There are two possible
explanations for this phenomenon. First, the affinity of
PERV-A Env-SU prepared in this study for the PERV-A recep-
tor(s) of minks was very low. Another possibility is that
PERV-A infected the cells via an alternative pathway (i.e. cog-
nate receplor-independent pathway) by virtue of the enve-
lope protein of an endogenous retrovirus as reported in an
immunodeficiency-inducing variant of Fel.V [33,34].

Finally, we performed interference assays with the pseudo-
type viruses in HEK293 and Mv1-Lu cells by using purified

recombinant envelope proteins of PERV-B and MLV-A. In
HEK293 cells, both recombinant proteins inhibited the infec-
tion of the homologous pseudotype viruses. However,
PERV-B Env-SU failed to block the infection by PERV-B
pseudotype virus on Mvl-Lu even at high concentrations.
Although the reason for this phenomenon is unclear, PERV-B
pseudotype virus might have infected the cells via an alter-
native pathway instead of through its cognate receptor(s) on
Mvl-Lu. Quite recently Lavillette et al. [35] reported that
both PERV-A and PERV-B can infect non-susceptible cells
when the envelope protein of gibbon ape leukemia virus
(GaLV) is added in trans. It is possible that Mvl-Lu cells
express an endogenous retrovirus similar to GalLV. Actually,
Mvil-Lu cells have been reported to express an endogenous
retrovirus, although the characteristics of the virus are
unknown [36]. GalV utilizes Pit-1 as a receptor sharing with
subgroup B Fel.lV (Fel.V-B) [37] and we also reported that
Mvl1-Lu cells were partially resistant to Fel.V-B pseudotype
virus [38]. The Mvl-Lu cells seem not to express envelope
protein of endogenous Fel.V-related virus that interferes with
FeLV-B because endogenous Fel.V-dependent Fel.V-T does
not infect Mv1-Lu cells (data not shown). These data may
suggest that Mv1-Lu cells express Gal.V-like endogenous ret-
rovirus {39] but not FeLLV-like one. Molecular cloning of the
endogenous retroviruses expressed in the Mvl-Lu cells is
needed to clucidate the mechanism of PERV infection to the
cells.

In this study we revealed that PERV Env-STs do not bind
to PERV receptors specifically and that the entire region of
SU Env is required for a specific binding. These properties
are similar to those observed in xenotropic and polytropic
MLVs but not those in ecotropic and amphotropic MLVs [13].
As our results suggested that both PERV-A and PERV-B
infected Mv1-T.u cells via a cognate receptor-independent
pathway, PERVs may infect non-susceptible cells efficiently
by virtue of endogenous retrovirus expressed in humans. Fur-
ther studies are required to verify this possibility and to evalu-
ate the risks of PERYV infections in the xenotransplantation of
pig organs to humans.
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