JOURNAL OF VIROLOGY, Oct. 2001, p. 9553-9559
0022-538X/01/$04.00+0 DOI: 10.1128/JV1.75.19.9553-9559.2001

Vol. 75, No. 19

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Characterization of Envelope Glycoprotein Mutants for Human
T-Cell Leukemia Virus Type 1 Infectivity and Immortalization

TOMONORI TSUKAHARA, MATTHEW M. WIELGOSZ, ano LEE RATNER*

Departments of Medicine, Pathology, and Molecular Microbiology, Washington University
School of Medicine, St. Louis, Missouri 63110

Received 23 April 2001/Accepted 19 June 2001

The human T-cell leukemia virus type 1 (HTLV-1) envelope protein is required for virus spread. This study
further characterizes the role of the envelope protein in HTLV-1 immortalization. Viruses with single amino
acid substitutions within the SU protein at residue 75, 81, 95, 101, 105, or 195 or with a C-terminal cytoplasmic
domain truncation (CT), as well as an envelope-null (EN) virus, were generated within an infectious molecular
clone, ACH. Transfection of 293T cells resulted in the release of similar amounts of virus particles from all of
the mutants as determined by p19 enzyme-linked immunosorbent assay and immunoblot analysis of Gag in cell
lysates and supernatants. The virus particles from all mutants except ACH-101, ACH-CT, and ACH-EN were
infectious for B5S macaque cells in cell-free and cell-to-cell transmission assays and were capable of immor-
talizing transfected CD4™ lymphocytes. These results indicate that HTLV-1 spread is required for immortal-

ization.

Human T-cell leukemia virus type 1 (HTLV-1) infects and
immortalizes human CD4" T cells in vitro and is associated
with the development of adult T-cell leukemia/lymphoma (13,
28). The envelope glycoprotein is synthesized in infected cells
as a polyprotein precursor (gp62), which is subsequently
cleaved in the Golgi apparatus into two proteins, surface gly-
coprotein gp46 (SU) and transmembrane glycoprotein gp21
(TM) (12, 16). HTLV-1 SU is required for entry into the target
cell by mediating specific attachment to an unknown cellular
receptor (7). HTLV-1 TM supports fusion between viral and
cellular membranes to allow entry. The 24-amino-acid cyto-
plasmic domain in the C terminus of TM is highly conserved in
oncoretroviruses and is involved in the fusion process in a cell
type-dependent manner (25). In addition, fusion between en-
velope-expressing cells and receptor-bearing cells leads to the
formation of multinucleated cells (syncytia) (14).

Recently, viral pseudotype assays showed that SU protein
plays a major role in cell-to-cell transmission of HTLV-1 (8).
Furthermore, site-directed mutational analysis of SU revealed
that some SU mutants exhibit severe defects in cell-to-cell
transmission, despite competence for syncytium formation (5,
8). These findings suggest that the HTLV-1 envelope has mul-
tiple functions and may also be involved in postfusion steps
required for full infectivity.

Several studies have indicated that envelope proteins of
other retroviruses are involved in transformation, in addition
to their classical role in mediating viral entry. Spleen focus-
forming virus encodes a modified envelope product known as
gp55, which is necessary and sufficient for virus-induced eryth-
ropoietin-independent growth of erythroid cells by mimicking
the natural receptor-ligand interaction (17, 22). Expression of
gp55 alone induces erythroleukemia in transgenic mice (1).
Avian erythroblastosis virus S13 contains an envelope product
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fused to v-Sea that is capable of transforming fibroblasts and
erythroblasts (4). These findings demonstrate that envelope
glycoproteins may stimulate growth of infected cells and on-
cogenesis.

In the present study, we examined the effects of envelope
mutants on HTLV-1 infectivity and immortalization. There-
fore, viruses with single amino acid substitutions within the SU
region at residue 75, 81, 95, 101, 105, or 195 or with a C-
terminal cytoplasmic domain truncation (CT), as well as an
envelope-null (EN) virus, were generated within an infectious
clone, ACH (Fig. 1). Wild-type ACH-HTE and ACH point
mutants contain the env genes of HTLV-1 envelope mutants
from the HTE series (10, 27), provided by M. C. Dokhelar,
inserted between the Sphl site at position 5121 and the Nisil
site at position 6565 in the ACH clone (15). It has been shown
previously that these envelope expression vectors, including
wild-type pHTE and pHTE-75, -81, -95, -101, -105, and -195
mutants, retained syncytium formation activity and cell-to-cell
transmission ability at various levels in vitro (5, 8). For
ACH-EN and ACH-CT, stop codons were inserted at an Mfel
site (position 7479) and an Nsil site (position 6565) in the eny
open reading frame of the ACH clone, respectively, using
synthetic oligonucleotides (5'-AATTGTGCTCTAGAGCA
C-3’ and 5'-TCCTCTAGAGGATGCA-3’, respectively). Plas-
mid integrity was confirmed by automated sequencing.

To confirm that the ACH-envelope clones were able to
produce virus particles, 3 pg each of pACH-HTE and pACH-
envelope clones was transfected into 293T cells (3 X 10°) by a
calcium phosphate precipitation method (11), and virus parti-
cles were analyzed by immunoblotting using cell lysates and
supernatants obtained 48 h posttransfection. Pelleted virus
particles and cell lysates were separated on sodium dodecyl
sulfate (SDS)-12 or 10% polyacrylamide gels and electroblot-
ted to polyvinylidene difluoride membranes. Immunoblot anal-
ysis was performed using an HTLV-1 patient serum or a mono-
clonal antibody to gp46 (1C11) (24), followed by treatment
with the appropriate horseradish peroxidase-conjugated sec-
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FIG. 1. Construction of ACH-envelope clones. pACH-HTE, -75,
-81, -95, -101, -105, and -195 contain the env gene of pHTE mutants (5)
between an Sphl site and an Nsil site in the ACH molecular clone. The
point mutants are designated by the wild-type residue, the position (in
comparison to initiation methionine), and the mutant amino acid.
ACH-EN and ACH-CT were generated by inserting linkers at an Mfel
site at codon 32 and at an Nsil site at codon 465, respectively. CD,
cytoplasmic domain; a.a., amino acid.

ondary antibodies, and visualization was with an ECL Western
blotting detection system (Amersham, Little Chalfont, United
Kingdom).

Immunoblot analysis with the patient serum revealed similar
levels of Gag proteins, including p55°782¢, p24<4, and p19™M4,
as well as the envelope proteins, gp62F™™, gp465Y, and
gp21™ for each pACH-envelope clone (Fig. 2A and B). An
HTLV-1-infected lymphoid cell line, MT-2, was used as a pos-
itive control. Cell lysate and supernatant from parental 293T
cells were used as negative controls. No envelope protein was
detected in pACH-EN-transfected cells, and only uncleaved
gp59 envelope precursor protein was observed in pACH-CT-
transfected cells (Fig. 2A). Pelleted virus particles from super-
natants of each mutant contained predominantly p24““and
p19™A, similar to MT-2 cells (Fig. 2B). The virus particles were
also quantified by a p19 matrix antigen enzyme-linked immu-
nosorbent assay (ELISA) (Cellular Products, Buffalo, N.Y.)
(33). All ACH-envelope clones produced similar amounts of
pl9 antigen (data not shown). Immunoblot analysis with the
gp46 antibody also revealed similar levels of gp62 and gp46 in
pACH-101- and pACH-transfected cells in cell lysates,
whereas no envelope protein was detected in pACH-EN-trans-
fected cells and only gp59 envelope precursor protein was
detected in pACH-CT-transfected cells (Fig. 2C). The virus
particles of each pACH-envelope clone except pACH-EN and
pACH-CT had similar levels of gp46 (Fig. 2D). However, the
gp46 protein levels of ACH-81 in cell lysate and supernatants
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were slightly decreased compared to those of the other mu-
tants (5). Notably, monoclonal antibody 1C11 could not rec-
ognize gp46 and gp62 in pACH-195-transfected cells in cell
lysates and supernatants because the antibody reacts with an
epitope of gp46 and gp62 between amino acids 190 and 209
(24), although the patient serum could detect this mutant en-
velope protein (Fig. 2A).

We next examined the effect of the envelope mutations on
the ability of the ACH clone to infect susceptible cells by
cell-free and cell-to-cell transmission assays. For this purpose,
we used an HTLV-1-permissive cell line, BS, which was estab-
lished from a fetal rhesus lung cell line (9). Viruses were
generated by transfection of 293T cells with pACH-envelope
clones as described above. Inoculation of B5 cells (5 X 103)
was initiated with filtered (0.22-wm-pore-size filter) cell-free
virus supernatants (approximately 0.6 ng based on p19 antigen
ELISA) or by coculture with lethally irradiated (6,000 rads)
transfected 293T cells (10%). At 3 weeks postinfection, virus
infectivity was monitored by p19 antigen ELISA of clarified
supernatants. As shown in Fig. 3A, B5 cells inoculated with
ACH.WT and ACH-HTE, which also encodes a wild-type en-
velope protein, produced similar levels of p19 antigen in cell-
free and cell-to-cell transmission assays. Like the cells inocu-
lated with ACH-HTE, the cells inoculated with ACH-envelope
clones produced pl19 antigen in both assays, except for ACH-
101, ACH-EN, and ACH-CT, which were noninfectious. How-
ever, the levels of p19 from ACH-81 were slightly decreased
compared to those of other mutants in these assays. Culture
supernatants from untransfected 293T cells and irradiated cells
were used as negative controls. These findings indicate that
virus particles from ACH-envelope clones were infectious for
the target BS cells in cell-free and cell-to-cell transmission
assays, except for ACH-101, ACH-CT, and ACH-EN, which
were noninfectious. Similar results were obtained in three in-
dependent experiments. Interestingly, ACH-envelope clones
were infectious for BS cells in cell-free transmission and the
pattern of cell-free infectivity was similar to that of cell-to-cell
transmission, although HTLV-1 infection is thought to occur
primarily by cell-to-cell contact (19, 23, 29).

We then examined whether the lack of infection with ACH-
101, ACH-CT, and ACH-EN was due to defects in virus entry.
Pseudotyped particles were generated using vesicular stomati-
tis virus glycoprotein (VSV-G), which allows entry through a
different receptor for a single cycle of virus replication. Co-
transfection of a VSV-G expression vector (pHCMV-G), pro-
vided by J. K. Yee (3), did not rescue virus infectivity in any
case (data not shown). This is probably a result of the require-
ment for multiple rounds of replication in this assay for detec-
tion of p19 antigen.

We further examined the effect of the residue 101 mutation
on virus entry into target cells by a pseudotype assay (34).
Briefly, inoculation of human HOS cells was initiated with
supernatants from 293T cells transfected with a human immu-
nodeficiency virus type 1 (HIV-1) genome containing the lu-
ciferase gene driven by a simian virus 40 promoter in place of
the env gene (pNL4-3SV-40Luc+Env-) (HIV core) and wild-
type pHTE or pHTE-101. At 2 days postinfection, virus entry
was monitored by luciferase assays, which were normalized for
HIV-1 p24“* antigen levels. Luciferase activity in HOS cells
inoculated with pseudotyped particles consisting of the HIV
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FIG. 2. Gag and envelope protein expression of ACH-envelope clones.
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(A and B) Cell lysates (A) and virions released into supernatants (B)

from pACH-transfected 293T cells (lanes 1 to 9, as indicated), untransfected 293T cells (lane 10), and MT-2 cells (lane 11) were subjected to
SDS-12% polyacrylamide gel electrophoresis and immunoblotted with a patient serum followed by horseradish peroxidase-conjugated secondary
antibodies; visualization was with an ECL system. (C and D) Cell lysates (C) and supernatants (D) from each transfectant were separated on
SDS-10% polyacrylamide gels and blotted with a gp46 monoclonal antibody (1C11). * and ** indicate a p69 Env-px fusion protein in MT-2 cells
(20) and a p59 protein in pACH-CT-transfected cells, respectively. The arrangement of lanes is similar to that of panel A. Specific protein bands
are indicated by arrows. Numbers on the left show molecular masses in kilodaltons.

core and HTE-101 glycoprotein was approximately 10-fold
lower than that of the HIV core with wild-type HTE. However,
luciferase activity from HTE-101 pseudotyped virus particles
was still higher than that of HIV core with no envelope protein.
VSV-G pseudotyped virus was used as a positive control (ap-
proximately 16-fold more active than the HTLV-1 envelope,
HTE) (Fig. 3B).

We then examined the effect of the envelope mutations on
the ability of the ACH clone to immortalize peripheral blood
mononuclear cells (PBMCs). To do this, 10 PBMCs were
isolated from uninfected donors by Ficoll-Paque purification,
activated for 72 h with medium containing 5 pg of phyto-
hemagglutinin-P (Sigma, St. Louis, Mo.) per ml and 50 U of
interleukin-2 (IL-2) per ml, and transfected by electroporation
with 25 ng of pACH-envelope clones (31). Cell viability was
monitored for 90 to 120 days posttransfection by 3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
conversion assays, as previously described (31).

We have shown previously that ACH.WT immortalized
PBMC:s and that the immortalized cells produced high levels of

p19 antigen (31). Wild-type pACH-HTE- and pACH-envelope
clone-transfected PBMCs continued to proliferate for at least
120 days in the presence of IL-2, whereas the cells transfected
with pACH-101, pACH-EN, and pACH-CT, as well as an
empty vector (pBluescript KS), grew transiently and died by 90
days after transfection. The virus particles released from the
immortalized cells were quantified by the p19 antigen ELISA.
All immortalized cells produced p19 antigen (greater than 4 ng
per ml) in each culture supernatant at 90 days posttransfection
(Table 1). We also performed virus entry complementation
assays using VSV-G. Cotransfection of pHCMV-G did not
immortalize PBMCs in any case.

To examine the cell surface phenotype of ACH-envelope
clone-immortalized PBMCs, 10° immortalized cells were
stained with anti-CD4 antibody—fluorescein isothiocyanate, an-
ti-CD8 antibody—phycoerythrin, and isotype controls for 30
min on ice and analyzed with a FACScalibur flow cytometer
(Becton Dickinson, San Jose, Calif.). As shown in Fig. 4, the
majority of immortalized cells transfected with pACH-HTE,
pACH-75, pACH-81, pACH-95, pACH-105, and pACH-195
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FIG. 3. (A) Effect of envelope protein mutation on HTLV-1 infectivity in cell-free and cell-to-cell transmission assays. Virus particles were
generated by transfection of pACH clones into 293T cells. Inoculation of the target BS cells was initiated with filtered cell-free virus supernatants
(Cell-Free) or by coculture with lethally irradiated 293T cells transfected with pACH clones as indicated (Cell-to-Cell). At 3 weeks postinfection,
virus infectivity was determined by a p19 antigen ELISA. Representative data from three independent experiments are shown. cont, control. (B)
Effect of the residue 101 mutation in SU protein on virus entry. Pseudotyped viruses were generated by cotransfection of 293T cells with
pNL4-3SV-40Luc+Env- and pHTE, pHTE101, or VSV-G. Inoculation of HOS cells was initiated with each cell-free pseudotyped virus particle.
At 2 days after infection, virus entry was monitored by luciferase activity (normalized for HIV-1 p24 antigen levels). Representative data are shown.

expressed CD4 and lacked CD8 expression. This is consistent
with previous analyses of the ACH.WT clone (32).

Finally, we confirmed by PCR-based direct sequencing that
ACH-envelope mutant viruses in immortalized cells were not
revertants. Genomic DNA was isolated from 10’ ACH-HTE-,
ACH-75-, ACH-81-, ACH-95-, ACH-105-, and ACH-195-im-
mortalized cells with a QIAamp Blood mini Kit (Qiagen Inc.,
Valencia, Calif.). The env gene fragments corresponding to the
mutated regions were amplified by PCR using forward primers
5'-CAGCAGATCAGGCCCTACAG-3" and 5'-CAGCCAAC
TGCCTCCCACCG-3' and reverse primers 5'-CTTCCAGTA

TABLE 1. Immortalization of transfected PBMCs
by ACH-envelope clones

No. of immortalized cultures?/ p19 expression in

Clone® no. of electroporation expts immortalized cells®
ACH.WT NT¢ NT
ACH-HTE 3/5 +
ACH-75 3/4 +
ACH-81 2/5 +
ACH-95 4/5 +
ACH-101 0/5 -
ACH-105 4/5 +
ACH-195 4/5 +
ACH-EN 0/5 -
ACH-CT 0/5 -
pBluescript KS 0/5 -
ACH-101/VSV-G 0/3 -
ACH-EN/VSV-G 0/3 -
ACH-CT/VSV-G 0/3 -

“ Clones used for this assay are shown.

® Determined by MTT assays (31).

¢ Results of p19 antigen expression in immortalized cells at 90 days posttrans-
fection, as previously described (33). + and — p19 expression of greater than
4 ng/ml and less than 25 pg/ml, respectively.

4 NT, not tested.

GGGGCTGGAGA-3' and 5'-GTAGAAGAAGAGGATGG
AAC-3', and purified DNA was subjected to direct sequencing
using these forward or reverse primers. Sequence analysis in-
dicated that all envelope mutations in the ACH clone were
maintained in each immortalized cell line (data not shown).
These findings indicate that the immortalization activity by
ACH-envelope mutant clones did not result from a reversion
of the mutations to a wild-type virus.

In this study, we analyzed effects of envelope mutations on
HTLV-1 infectivity and immortalization. We demonstrated
that HTLV-1-induced immortalization is strongly associated
with envelope-mediated cell-free and cell-to-cell transmission.
These findings suggest that HTLV-1 spread is required for
immortalization.

We constructed HTLV-1 envelope mutants within an infec-
tious molecular clone, ACH (Fig. 1). The SU protein point
mutants used in this study were selected from a panel of en-
velope mutants as previously described, since they are all con-
served among HTLV-1 and -2 isolates (5) and are essential for
their fusion and infectivity (8). However, the envelope muta-
tions are all independent of the four N-linked glycosylation
sites of SU, which are also involved in fusion (26). A cytoplas-
mic domain truncation mutant (ACH-CT) was constructed
because the cytoplasmic domain in TM contains a YXXJ
tyrosine-based motif, where X is any residue and & is a hydro-
phobic residue, which plays a role in cell-to-cell transmission
(6). For a negative control, an envelope-null virus (ACH-EN)
was generated (Fig. 1).

Immunoblot analysis with an anti-gp46 antibody revealed
similar levels of gp46 in wild-type ACH-HTE- and ACH-en-
velope mutant-transfected cells, whereas only noncleaved
product, gp59, was detected in ACH-CT-transfected cells (Fig.
2). This cleavage defect is probably due to retention of the
misfolded protein in the endoplasmic reticulum, which pre-
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FIG. 4. Cell surface phenotypes of the ACH-envelope clone-immortalized cells. Immortalized cells were stained with anti-CD4 antibody—
fluorescein isothiocyanate and anti-CD8 antibody—phycoerythrin (right panels) and isotype control antibodies (left panels) and analyzed with a
FACScalibur flow cytometer. FL1-H and FL2-H indicate CD4 and CDS8 levels, respectively.

vents transport to the Golgi compartment, where cleavage infection assay demonstrated that the envelope proteins play a
normally occurs (8). major role in cell-to-cell transmission and that it is a principal

HTLV-1 is thought to be transmitted almost exclusively via route of transmission to the target cells, since cell-free virus
cell-to-cell contact (19, 23, 29). A quantitative single-round particles are very poorly infectious (8). However, in our system,
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the virus particles from wild-type ACH-HTE and mutant
ACH-envelope clones were infectious for BS cells in both
cell-to-cell and cell-free transmission assays. Our system has
several differences from the single-round infection assay, which
could all contribute to detection of cell-free infection: there
are multiple rounds of infection, full-length HTLV-1 is used,
no G418 selection is required, and virus is cultured on BS5 cells.

Viral transmission assays showed that the ACH-101 mutant
was noninfectious for B5 cells, although gag and envelope
expression were comparable to those of wild-type virus (Fig. 2
and 3). This observation is consistent with results that the
HTE-101 mutant exhibited a severe defect in cell-to-cell trans-
mission, despite competence for processing and fusion (8),
although in the case of murine leukemia virus, the envelope-
mediated fusion activity was not always consistent with virus
infectivity (30). These data suggest that the SU protein might
be involved in postfusion events required for infectivity. To
address this hypothesis, we further examined whether lack of
infectivity in the residue 101 mutation is due to defects in viral
entry. Pseudotype assays showed that the entry efficiency of
HTE-101 pseudotyped particles was approximately 10-fold
lower than that of wild-type HTE psuedotyped particles. These
data suggest that residue 101 in the SU protein is involved in
virus entry, and this can be one explanation for the infectivity
defect.

ACH-CT was also noninfectious for B5 cells in these assays,
which is presumably due to a cleavage defect (Fig. 2 and 3), as
previously described (8). Alternatively, loss of the YXX& mo-
tif may explain the lack of infectivity, since this motif is in-
volved in cell-to-cell transmission (6). However, little is known
about the actual role of the YXX& motif in HTLV-1 infection
(6). As expected, viral transmission was not observed with the
envelope-null ACH-EN clone, suggesting that the HTLV-1
envelope is also involved in cell-free infection of this virus.

ACH-81 has slightly decreased infectivity compared to other
mutants in transmission assays, which is probably due to a
minor defect in processing of the envelope protein (Fig. 2C
and D). This observation is consistent with previous data ob-
tained using pHTE-81 (8).

HTLV-1 immortalizes CD4" human lymphocytes in vitro
(21, 35). Immortalization assays showed that wild-type ACH-
HTE and ACH-envelope clones, except for ACH-101, ACH-
EN, and ACH-CT, also immortalized CD4" PBMCs in the
culture in the presence of IL-2 (Table 1 and Fig. 4). Immor-
talization activity correlated with viral transmission, since only
viruses capable of replication in B5 cells were able to immor-
talize human lymphocytes (Fig. 3 and Table 1).

The viral protein Tax is believed to be critical for immortal-
ization of human lymphocytes based on results from overex-
pression of this protein using a retroviral vector in vitro (2).
However, under our experimental conditions, some ACH-en-
velope clones could not immortalize PBMCs, although they all
have wild-type Tax. These findings suggest that the HTLV-1
envelope protein, in addition to Tax, may also be directly or
indirectly involved in immortalization of PBMCs. Further-
more, previous studies have shown that envelope proteins of
other retroviruses stimulate cell growth of infected cells, and
this may be involved in pathogenesis (4, 22). Very recently,
Maeda et al. demonstrated that Jaagsiekte sheep retrovirus
envelope protein directly transformed a murine cell line (18).

J. VIROL.

Future analysis to determine cellular effects of expression of
the HTLV-1 envelope alone in PBMCs will help us understand
whether there is a direct role of the envelope protein in im-
mortalization.

In conclusion, we demonstrated that HTLV-1 immortaliza-
tion was strongly associated with envelope-mediated infectiv-
ity. These findings suggest that HTLV-1 spread is required for
immortalization in our culture system, and this may help us
understand more precisely the mechanism of HTLV-1 patho-
genesis.
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