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ABSTRACT The envelope glycoprotein of diverse endogenous and exogenous ret-
roviruses is considered inherently immunosuppressive. Extensive work mapped the
immunosuppressive activity to a highly conserved domain, termed the immunosup-
pressive domain (ISD), in the transmembrane (TM) subunit of the envelope glycopro-
tein and identified two naturally polymorphic key residues that afford immunosup-
pressive activity to distinct envelope glycoproteins. Concurrent mutation of these
two key residues (E14R and A20F) in the envelope glycoprotein of the Friend murine
leukemia virus (F-MLV) ISD has been reported to abolish its immunosuppressive ac-
tivity, without affecting its fusogenicity, and to weaken the ability of the virus to
replicate specifically in immunocompetent hosts. Here, we show that mutation of
these key residues did, in fact, result in a substantial loss of F-MLV infectivity, inde-
pendently of host immunity, challenging whether associations exist between the
two. Notably, a loss of infectivity incurred by the F-MLV mutant with the E14R and
A20F double ISD mutation was conditional on expression of the ecotropic envelope
receptor murine cationic amino acid transporter-1 (mCAT1) in the virus-producing
cell. Indeed, the F-MLV mutant retained infectivity when it was produced by human
cells, which naturally lack mCAT1 expression, but not by murine cells. Furthermore,
mCAT1 overexpression in human cells impaired the infectivity of both the F-MLV
double mutant and the wild-type F-MLV strain, suggesting a finely tuned relation-
ship between the levels of mCAT1 in the producer cell and the infectivity of the viri-
ons produced. An adverse effect on this relationship, rather than disruption of the
putative ISD, is therefore more likely to explain the loss of F-MLV infectivity incurred
by mutations in key ISD residues E14 and A20.

IMPORTANCE Retroviruses can interact with their hosts in ways that, although not
entirely understood, can greatly influence their pathogenic potential. One such ex-
ample is a putative immunosuppressive activity, which has been mapped to a con-
served domain of the retroviral envelope glycoprotein of several exogenous as well
as endogenous retroviruses. In this study, mutations naturally found in some enve-
lope glycoproteins lacking immunosuppressive activity were shown to affect retrovi-
rus infectivity only if the host cell that produced the retrovirus also expressed the
cellular entry receptor. These findings shed light on a novel role for this conserved
domain in providing the necessary stability to the envelope glycoprotein in order to
withstand the interaction with the cellular receptor during virus formation. This func-
tion of the domain is critical for further elucidation of the mechanism of immuno-
suppression mediated by the retroviral envelope glycoprotein.
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etroviruses are enveloped viruses with a genomic structure that includes, in its

simplest form, three open reading frames, gag, pro-pol, and env, encoding proteins
with structural or enzymatic functions (1, 2). Whereas more complex retroviruses may
additionally encode accessory proteins, the common proteins are thought to serve the
same function in all retroviruses (3). For example, the major protein on the surface of
retroviral particles in all retroviruses is the retroviral envelope glycoprotein, encoded by
the env (envelope) open reading frame (2, 4). Its main function is binding to the cellular
receptor and mediating membrane fusion, thus allowing retroviral entry into the target
cell. However, in addition to receptor binding and membrane fusion, the envelope
glycoprotein is also implicated in resistance to superinfection (5), as well as immuno-
modulation (6-11), through its different domains. Indeed, the newly synthesized en-
velope glycoprotein in the infected cell may also interact with the cellular receptor
either in the endoplasmic reticulum or at the cell surface, and this interaction underlies
resistance to superinfection with retroviruses using the same cellular receptor (5, 12).

Receptor binding and membrane fusion are mediated by the homotrimeric complex
of the envelope glycoprotein on the surface of retroviral particles (13, 14). Each
monomer of the complex comprises two subunits, the surface unit (SU) and the
transmembrane (TM), which are created following cleavage of the env-encoded single
polypeptide by a cellular protease in the Golgi apparatus (13). Large and variable
numbers of predominantly N-linked glycosylation sites are also modified in the SU
during translation (13). The SU and TM subunits are typically associated by a nonco-
valent interaction between the C-terminal domain of the SU and the N-terminal domain
of the TM, both of which are enriched in hydrophobic, nonpolar residues (15, 16). The
N-terminal domain of the TM also contains the fusion peptide, which mediates mem-
brane fusion (14-16). The C-terminal domain of the Friend murine leukemia virus
(F-MLV) SU carries a disulfide bond isomerase motif, CXXC (17), which is bonded to the
TM by a disulfide bond (18). Binding of the SU to the cellular receptor leads to
reshuffling of the disulfide bonds, creating an intramolecular bridge in the CXXC motif
of the SU (19). This reshuffling of the disulfide bridges separates the SU and TM
subunits, exposing the fusion peptides in the TM monomers, which then insert into the
target cell membrane, thereby initiating the fusion process (19).

Also present in the ectodomain of the TM is a conserved region with a putative
immunosuppressive function (8). This immunosuppressive domain (ISD) overlaps with
regions of the TM, whose conformational changes are essential for the fusion process,
and these constraints may partly account for the conservation of TM in diverse
endogenous and exogenous retroviruses (4, 7, 8, 11). Evidence for the immunosup-
pressive activity of the TM has been provided by multiple experimental systems
involving the envelope glycoproteins of several different exogenous as well as endog-
enous retroviruses (4, 7, 8, 11). Immunosuppressive activity was also demonstrated in
human and murine syncytins, endogenous retroviral envelope glycoproteins, indepen-
dently captured from distinct endogenous retroviruses and exapted in mammalian
placentation (8). Interestingly, seminal work by Heidmann and colleagues revealed that
only one of the two syncytins retains immunosuppressive activity in both humans and
mice, whereas both syncytins are fusogenic (20). Residues R14 and F20 in the TM of the
nonimmunosuppressive human Syncytin-1 distinguish it from the TM of immunosup-
pressive Syncytin-2 and other retroviral envelope glycoproteins (20). Indeed, the E14R
and A20F double mutation in the otherwise immunosuppressive TM of F-MLV has been
reported to render the virus highly susceptible to immune-mediated elimination (10).

Despite the potential importance of the immunosuppressive activity of the retroviral
envelope glycoprotein in tuning immune reactivity to exogenous and endogenous
retroviruses, the precise molecular targets of the immunosuppressive domain remain
unknown. In our efforts to elucidate the requirements for immunity to F-MLV infection,
we reexamined the effects of the E14R and A20F double mutation. In contrast to
previous reports, our results indicate that these specific mutations in this region of the
TM are, in fact, detrimental to virus infectivity, irrespective of immunogenicity, but are
dependent on the presence of the cellular receptor in the producer cell. Therefore, the
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FIG 1 Location of the double mutation in the F-MLV TM in relation to the predicted structural domains of the SU and the TM. (A) Schematic
representation of the SU and TM domains, based on models proposed for the MLV SU (15) and the MLV TM (21), respectively. The circled region
at the apex of the TM monomer corresponds to the ISD. (B) Sequence of the wild-type and double mutant F-MLV ISD. The numbers on the top
row correspond to the amino acid positions in the entire envelope polypeptide, whereas those on the bottom row correspond to the amino acid
positions in ISD only. Bold fonts indicate the cysteine residues involved in disulfide bonds. (C) Structure of the MLV TM trimer (Protein Data Bank
accession number 4JGS) (21), highlighting the positions of the E561 and A567 residues (left), and structural model of the FB29 (wild type) or the

FB29-DM (double mutant) TM apex (right).

viral attenuation arising from these two mutations should not be taken as evidence for

a lack of immunosuppression.

RESULTS

ISD mutants are conditionally replication defective. To examine the possible
immune effects of mutations in the putative ISD of the F-MLV envelope, we generated
a previously reported mutant in which fusogenicity was retained while immunosup-
pression was abolished (10). The key residues E561 and A567 in the envelope of F-MLV
clone FB29 were replaced with R561 and F567, respectively (E14R and A20F, respec-
tively, in the ISD) (Fig. 1A and B), which are naturally found in nonimmunosuppressive
human Syncytin-1 (10, 20). This double mutant is referred to here as FB29-DM, for
consistency with the published literature (10). Inspection of the 3-dimensional structure
of the murine leukemia virus (MLV) TM (21) indicated that these two amino acids are
located at the apex of each of the three TM monomers in the mature envelope
glycoprotein (Fig. 1C). Further modeling suggested that the surface created by these
amino acids at the apex of the TM is likely to be altered by the double E14R and A20F

mutation (Fig. 1C).

Plasmids containing the FB29 or FB29-DM genome were transfected into Mus dunni
cells, and virus production and spread were monitored by staining for the F-MLV
glycosylated Gag (glyco-Gag). Both cultures became uniformly positive for F-MLV
glyco-Gag within 10 days (Fig. 2A), indicating efficient spread of the FB29 and FB29-DM

viruses.

To confirm that the FB29-DM variant retained full infectivity potential in vitro, we
additionally tested its ability to acutely infect new M. dunni cells. Serial dilutions of
supernatants from chronically infected M. dunni cells were transferred onto new M.
dunni cells, which were tested for glyco-Gag expression 3 days later. Surprisingly,
although they contained comparable numbers of F-MLV RNA copies per volume unit,
supernatants from FB29-DM-producing M. dunni cells were ~100 times less infectious
than those from wild-type FB29-producing M. dunni cells (Fig. 2B). The same superna-
tants were additionally tested on BALB/c mouse 3T3 (B-3T3) cells and NIH 3T3 (N-3T3)
cells. The FB29 genome encodes an NB-tropic capsid and is therefore capable of
infecting both B-3T3 and N-3T3 cells (22, 23). Indeed, both cell types were infected by
supernatants from FB29-producing M. dunni cells, although N-3T3 cells were infected
with much less efficiency (Fig. 2B), likely due to their reduced expression of murine
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FIG 2 Infectivity of wild-type and ISD mutant F-MLVs produced by murine cells. (A) Frequency of M. dunni
cells positive for F-MLV glyco-Gag over time after transfection with plasmids containing the FB29
(wild-type) or the FB29-DM (E14R and A20F double mutant) genome. The results of one representative
of two experiments conducted are shown. (B) Frequency of F-MLV-infected (glyco-Gag-positive [glyco-
gag*]) M. dunni, B-3T3, or N-3T3 cells 3 days after infection with the indicated doses of FB29 or FB29-DM
viruses produced by transfection of M. dunni cells. The results of one representative of three experiments
conducted are shown. (C) Frequency of M. dunni cells positive for F-MLV glyco-Gag over time after
transfection with plasmids containing the FB29e57 or FB29e57-DM genome. The results of one repre-
sentative of two experiments conducted are shown. (D) Frequency of F-MLV-infected (glyco-Gag-
positive) M. dunni, B-3T3, or N-3T3 cells 3 days after infection with the indicated doses of FB29e57 or
FB29e57-DM viruses produced by transfection of M. dunni cells. The results of one representative of three
experiments conducted are shown.

cationic amino acid transporter-1 (mCAT1) (24, 25), the cellular receptor for ecotropic
retroviral envelope glycoproteins (26). In stark contrast, supernatants from M. dunni
cells producing FB29-DM were completely unable to infect either B-3T3 or N-3T3 cells
(Fig. 2B).

The apparent loss of infectivity of M. dunni cell-produced FB29-DM was at odds with
a published report in which the E14R and A20F double mutation was introduced into
the envelope of F-MLV clone 57 without an apparent loss of infectivity (10). The
envelopes of F-MLV clones FB29 and 57 are highly similar (96.8% amino acid identity)
(27) but not identical. To exclude the possibility that the discordant results were due to
the use of different F-MLV envelopes, we replaced the envelope of clone FB29 with
either the envelope of wild-type clone 57 (FB29e57) or the envelope of clone 57
carrying the E14R and A20F double mutation (FB29e57-DM). M. dunni cells transfected
with plasmids containing the FB29e57 or FB29e57-DM genome became uniformly
infected within 10 days, reflected in their glyco-Gag expression (Fig. 2C). However,
when supernatants from M. dunni cells were added to new M. dunni cells, supernatants
from FB29e57-DM-producing M. dunni cells were >100 times less infectious than those
from wild-type FB29e57-producing M. dunni cells (Fig. 2D). Moreover, wild-type
FB29e57 but not FB29e57-DM produced by M. dunni cells was able to infect B-3T3 cells,
and at higher titers, it caused cytopathic effects, resulting in an apparent drop in
infectivity, whereas neither virus could infect N-3T3 cells (Fig. 2D), again likely due to
the reduced expression of mCAT1 in N-3T3 cells (24, 25). Viruses with the wild-type
clone 57 envelope were 10 to 100 times less infectious in all three cell lines than those
with the wild-type clone FB29 envelope. Nevertheless, the E14R and A20F double
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FIG 3 Infectivity of wild-type and ISD mutant F-MLVs produced by human cells. (A) Frequency of
F-MLV-infected (glyco-Gag-positive) M. dunni, B-3T3, or N-3T3 cells 3 days after infection with the
indicated doses of FB29 or FB29-DM viruses produced by transfection of 293T cells. The results of one
representative of two experiments conducted are shown. (B) Frequency of F-MLV-infected (glyco-Gag-
positive) M. dunni, B-3T3, or N-3T3 cells 3 days after infection with the indicated doses of FB29e57 or
FB29e57-DM viruses produced by transfection of 293T cells. The results of one representative of two
experiments conducted are shown.

mutation in both envelopes appeared to considerably reduce infectivity (in M. dunni
cells) or abolish infectivity (in B-3T3 and N-3T3 cells).

One notable difference between earlier work describing the E14R and A20F double
mutation (10) and the work described here is the choice of virus producer cell.
Retroviral stocks are often prepared by transfection of human HEK 293 cells (10),
whereas we used murine M. dunni cells. To examine if the nature of the producer cell
type could account for the discordant results, we produced FB29 and FB29-DM viruses
by transfection of 293T cells and tested their infectivity for murine M. dunni, B-3T3, and
N-3T3 cells (Fig. 3A). Surprisingly, when virus was produced by 293T cells, the infectivity
of FB29-DM for M. dunni target cells was comparable to that of FB29 (Fig. 3A). Moreover,
FB29-DM could now also infect B-3T3 and N-3T3 target cells, albeit with an efficiency
somewhat reduced from that of FB29 (Fig. 3A). Similar results were also obtained when
the FB29e57 and FB29e57-DM viruses were produced by transfection of 293T cells (Fig.
3B). One exception was that the use of the wild-type clone 57 envelope but not the
mutated clone 57 envelope reduced the infectivity of the resulting viruses in compar-
ison with that when the wild-type FB29 envelope was used, specifically in M. dunni cells.
This finding is likely related to the expression of the mCAT1 variant in these cells, which
permits infection by some ecotropic MLV envelopes but not others (28, 29). Of note,
whereas both the FB29e57 and FB29e57-DM viruses produced by M. dunni cells could
not infect N-3T3 target cells, those produced in 293T cells could (Fig. 3B). Taken
together, these results imply that mutations in the ISD of the F-MLV envelope strongly
affect virus infectivity if the virus is produced by murine but not human cells.

ISD mutants fail to spread in vitro or in vivo independently of immunity. An
obvious difference between human 293T and murine M. dunni virus-producing cells is
the presence of the receptor mCAT1 only in the latter. M. dunni cells express an allelic
variant of the M. musculus Slc7a1 gene (encoding mCAT1) compared to the gene found
in laboratory mice and B-3T3 and N-3T3 cells (28, 29). The M. dunni protein variant is
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FIG 4 Infectivity of wild-type and ISD mutant F-MLVs in primary murine cells and in vivo. (A) (Left)
Frequency of B-3T3 cells positive for F-MLV glyco-Gag over time after transfection with plasmids containing
the FB29 or FB29-DM genome. (Right) Frequency of B-3T3 cells positive for F-MLV glyco-Gag over time in
cultures of FB29- or FB29-DM-infected B-3T3 cells mixed with uninfected B-3T3 cells (at a ratio of 1 infected
cell to 9 uninfected cells). The results of one representative of two experiments conducted are shown. (B)
Frequency of F-MLV-infected (gp70-positive [gp70*]) JAWSII cells over time after infection with FB29 or
FB29-DM viruses produced by transfection of 293T cells. (C) Flow cytometric detection of F-MLV-infected
(glyco-Gag-positive) JAWSII cells 3 days after infection with FB29 or FB29-DM viruses produced by JAWSII
cells. The plots are representative of those from two independent experiments. (D) Flow cytometric
detection of F-MLV-infected (glyco-Gag-positive) LPS-stimulated primary B cells 3 days after infection with
FB29 or FB29-DM viruses produced by JAWSII cells. The plots are representative of those from two
independent experiments. (E) Flow cytometric detection of F-MLV-infected (glyco-Gag-positive) LPS-
stimulated primary B cells 3 days after infection with FB29 or FB29-DM viruses produced by 293T cells. The
plots are representative of those from two independent experiments. (F) Frequency of F-MLV-infected
(glyco-Gag-positive) cells in Ter119-positive erythroid precursors in the spleens of Ragl—/— ll15ra~/~
Emv2—/~ mice 14 days after intravenous injection of FB29 or FB29-DM viruses produced by M. dunni cells.
Each symbol represents an individual mouse. The results of one representative of two experiments
conducted are shown.

distinguished by 3 amino acid substitutions and 1 insertion out of 622 amino acid
residues in the M. musculus protein, and these changes alter the binding of certain
ecotropic envelope glycoproteins (28, 29). It was therefore possible that F-MLV growth
in M. dunni cells selected for virus envelope mutants that were adapted to the M. dunni
mCAT1 variant and, as a result, were unable to use the M. musculus mCAT1. Sequencing
of the entire env open reading frame of the FB29 and FB29-DM viruses produced by M.
dunni cells revealed no additional mutations (data not shown). Nevertheless, we also
examined the ability of FB29 and FB29-DM viruses to replicate in B-3T3 cells. Following
transfection with plasmids containing the respective proviral genomes, B-3T3 cells
quickly became uniformly infected by FB29 (Fig. 4A). In contrast, the spread of FB29-DM
in B-3T3 cells was considerably slower and the virus never reached all of the cells in the
culture (Fig. 4A). To control for differences in the efficiency of initial transfection, the
replication of FB29 and FB29-DM viruses in B-3T3 cells was also tested in cultures in
which the starting frequency of infected B-3T3 cells was normalized by addition of
uninfected B-3T3 cells to achieve a ratio of 1 infected cell to 9 uninfected cells. Again,
even though both cultures started with the same frequency of infected cells (~10%),
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by day 3, cultures seeded with FB29-infected B-3T3 cells contained twice as many
infected cells as those seeded with FB29-DM-infected B-3T3 cells (Fig. 4A).

The ability of the FB29 and FB29-DM viruses to replicate in M. musculus cells was
additionally tested in JAWSII cells. JAWSII is an immature dendritic cell line derived from
C57BL/6 mice. The FB29 and FB29-DM viruses produced in 293T cells were used to
infect JAWSII cells, achieving ~80% infection (Fig. 4B). Whereas in the case of FB29 the
proportion of F-MLV-infected JAWSII cells rose to and remained at ~100%, in the case
of FB29-DM, this proportion eventually dropped to <30% (Fig. 4B), likely by the
outgrowth of cells that remained uninfected, indicating the defective spread of
FB29-DM in JAWSII cell cultures. Moreover, in contrast to FB29, the FB29-DM produced
by these JAWSII cells was completely unable to infect new JAWSII cells (Fig. 4C). The loss
of infectivity of FB29-DM, when it was produced by murine cells, was not restricted to
in vitro-grown cell lines, as JAWSII cell-produced FB29-DM was unable to infect lipo-
polysaccharide (LPS)-activated primary B cells, whereas JAWSII cell-produced FB29
efficiently infected these target cells (Fig. 4D). In contrast to the difference in infectivity
when they were produced by JAWSII cells, both the FB29 and FB29-DM produced by
293T cells infected LPS-activated primary B cells with comparable efficiencies (Fig. 4E).
These results argue that the loss of FB29-DM infectivity was the result of production by
murine cells and was not due to adaptation to the M. dunni mCAT1 variant.

We next examined if the inability of FB29-DM to spread in murine cells was also
apparent in vivo, where different modes of cell-to-cell transmission may be operating
(30). The E14R and A20F double mutation in the F-MLV envelope was previously
suggested to render the virus susceptible to immune control, mediated by T cells and
NK cells (10). We therefore tested the replication of either the FB29 or FB29-DM
produced by M. dunni cells in mice that were T cell, B cell, and NK cell deficient due to
a combined deficiency in Rag1 (which is necessary for T cell and B cell development)
and the interleukin-15 (IL-15) receptor « chain (which is necessary for NK cell devel-
opment). These Rag1—/~ ll15ra~/~ mice were additionally rendered deficient in Emv2,
the single ecotropic MLV provirus present in the genome of B6 mice. Emv2 was
removed to prevent ecotropic receptor interference (5), as well as the generation of
recombinant infectious MLVs, rescuing potential replication defects (31). Consistent
with the in vitro and ex vivo findings, FB29 but not FB29-DM was able to spread in
severely immunodeficient Rag?—/~ Il15ra~/~ Emv2~—/~ mice (Fig. 4F), indicating that
the lack of FB29-DM infectivity in vivo was not due to immune control.

Defective cell membrane expression and virion incorporation of ISD mutant
envelope. The apparent replication defects of F-MLV with the E14R and A20F double
envelope mutation observed in our study suggested the impairment of envelope
function. Such impairment would put the virus under selection pressure to regain
envelope function by either reversion to the wild-type sequence or the acquisition of
compensatory mutations in other parts of envelope. To investigate this further, we took
advantage of the limited replication of FB29-DM in JAWSII cells (Fig. 4B). JAWSII cells
were infected with 293T cell-produced FB29 or FB29-DM viruses, and individual cells
were cloned 2 weeks later and expanded as separate sublines. When they were tested
on new JAWSII cells, the supernatants from three FB29-infected sublines were compa-
rably infectious (Fig. 5A). By comparison, the supernatants from two of four FB29-DM-
infected sublines (sublines 1E and 5E) completely lacked infectivity, whereas those from
the other two (sublines 3F and 5B) partially regained infectivity (Fig. 5A). To examine if
the apparent differences in infectivity were associated with additional mutations, we
sequenced the entire env open reading frame of the proviruses integrated in these
sublines. The sequences obtained confirmed the presence of a single provirus in each
subline, validating the cloning approach. All four clones from the FB29-DM sublines had
retained the E14R and A20F double mutation (data not shown), likely because only rare
combinations in both these positions can preserve the fusogenic potential (10). Nota-
bly, in contrast to M. dunni cell-grown viruses, which did not acquire additional
mutations, the more severe impact of the double mutation on virus infectivity in JAWSII
cells appeared to select for additional mutations. Indeed, whereas FB29-DM clones 5E
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FIG 5 Infectivity of wild-type and ISD mutant F-MLV clones isolated in JAWSII cell sublines. (A) Frequency
of F-MLV-infected (glyco-Gag-positive) M. dunni cells 3 days after infection with the indicated doses of FB29
or FB29-DM viruses produced by the respective JAWSII cell sublines. The results of one representative of
two experiments conducted are shown. (B) Schematic representation of the SU and TM domains, based on
models proposed for the MLV SU (15) and the MLV TM (21), respectively. The circled region of the SU
domain indicates the location where the mutations in clones 3F and 5B of the FB29-DM virus were
identified. (C) Section of the amino acid sequence of the envelopes of the index isolate and clones 3F and
5B of the FB29-DM virus. Amino acid positions in gray and red represent unique and common substitutions,
respectively. Horizontal brackets indicate the cysteine residues involved in disulfide bonds. Underlined
residues denote the N-linked glycosylation sites.

and 1E, which showed no infectivity, had not acquired any mutations, the partial gain
of infectivity of FB29-DM clones 3F and 5B was associated with additional mutations at
the hydrophobic, nonpolar C terminus of the SU (Fig. 5B and C), which is thought to
participate in the noncovalent association with a similarly hydrophobic, nonpolar
region at the N terminus of the TM (16). FB29-DM clones 3F and 5B bore a number of
unique nonsynonymous substitutions, suggesting that they were acquired separately
(Fig. 5C). They also showed nonsynonymous changes at shared positions, including an
N-linked glycosylation site at position 336 and, interestingly, the replacement of two
hydrophobic, nonpolar glycine residues at positions 364 and 397 with hydrophilic,
polar arginine or serine residues (Fig. 5C). Thus, the association between the gain of
infectivity, albeit limited, of FB29-DM clones 3F and 5B and substitutions in the region
of the SU interacting with the TM suggested that these substitutions may partially
compensate for the disabling effect of the E14R and A20F double mutation.

We next examined which particular step in virion formation that could account for
the loss of infectivity might be affected by the E14R and A20F double mutation. To this
end, we used M. dunni cells that had been transfected with plasmids containing the
FB29 or FB29-DM proviral genome and had become uniformly positive for the F-MLV
glyco-Gag (Fig. 2A). The levels of transcripts of the F-MLV env open reading frame were
marginally higher in M. dunni cells infected with FB29-DM than in those infected with
FB29 (Fig. 6A). Similarly, M. dunni cells infected with either FB29 or FB29-DM were
comparably resistant to superinfection with an F-MLV envelope-pseudotyped green
fluorescent protein (GFP)-expressing vector (Fig. 6B). These results suggest that both
the FB29 and FB29-DM envelopes were transcriptionally expressed at comparable levels
and bound mCAT1 with an affinity sufficient to prevent superinfection. However, when
the levels of the F-MLV envelope on the cell surface were examined, we noted a
significant defect of the FB29-DM envelope (Fig. 6C). Whereas the levels of F-MLV
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FIG 6 Envelope expression and virion incorporation in wild-type and ISD mutant F-MLVs. (A) Expression of env mRNA relative to that of Hprt mRNA
in M. dunni cells chronically infected with FB29 or FB29-DM viruses following transfection with plasmids containing the FB29 or FB29-DM genome,
as in Fig. 2A. Shown are the means = SEMs (n = 3). (B) Frequency of GFP-expressing control M. dunni cells or M. dunni cells chronically infected
with FB29 or FB29-DM viruses 3 days after transduction with the indicated doses of an F-MLV envelope-pseudotyped GFP-expressing reporter
virus. The results of one representative of two experiments conducted are shown. (C) Flow cytometric detection of F-MLV glyco-Gag or gp70 cell
surface expression (left) and median fluorescent intensity (MFI) (means * SEMs [n = 4]) of F-MLV gp70 cell surface staining (right) in uninfected
control M. dunni cells or M. dunni cells chronically infected with FB29 or FB29-DM viruses. (D) Ratio of F-MLV gp70 and glyco-Gag cell surface
expression (assessed by flow cytometry) in the respective FB29- or FB29-DM-infected JAWSII cell sublines. (E) Western blot analysis of the gp70
(left) and Pr65 Gag and p30 (middle) present in M. dunni cells chronically infected with FB29 or FB29-DM viruses (Cells), the FB29 or FB29-DM
virions produced by these cells (Virions), or the total supernatant of these M. dunni cell cultures (Sup.). (Right) Also shown are the ratios of the
densitometric values of gp70 and Pr65 Gag in the same samples. The results are representative of those from four experiments conducted
(Western blots) or pooled from four experiments (gp70/Pr65 Gag ratio).

glyco-Gag were marginally higher in M. dunni cells infected with FB29-DM, the levels of
the F-MLV SU (gp70) were significantly lower in M. dunni cells infected with FB29-DM
than in those infected with FB29 (Fig. 6C). These findings suggest that the E14R and
A20F double mutation reduced cell surface envelope accumulation. Consistent with the
findings for M. dunni cells, the ratio of F-MLV SU (gp70) to glyco-Gag was significantly
reduced on all sublines of JAWSII cells infected with FB29-DM compared with those
infected with FB29 (Fig. 6D), again confirming that for the same amount of glyco-Gag,
less SU (gp70) is expressed at the cell surface when the E14R and A20F double mutation
is introduced.

In agreement with the reduced cell surface expression assessed by flow cytometry,
the levels of mutant gp70 were similarly reduced in comparison with those of wild-type
gp70 when they were assessed by Western blotting of whole-cell lysates of FB29- and
FB29-DM-infected M. dunni cells, as well as in the virions produced by these cells (Fig.
6E). Incorporation of F-MLV TM in the same virions could not be measured, as the E14R
and A20F double mutation abolished binding of the available anti-TM monoclonal
antibody, 42/114 (data not shown), consistent with the conformational dependence of
the 42/114 epitope (32). A compensatory increase in the levels of soluble gp70 in the
supernatant of FB29-DM-infected M. dunni cell cultures, which would suggest en-
hanced shedding of the SU from the cell surface, was not observed (Fig. 6E). Together,
these results indicate a reduced overall stability of the FB29-DM envelope, which in turn
reduces its availability in the cell and, subsequently, its incorporation into virions.
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FIG 7 Overexpression of mCAT1 in the producer cell impairs F-MLV infectivity. (A) Expression of Slc7a1
MRNA (encoding mCAT1) in M. dunni cells, 293T cells, and 293 cells stably transfected with murine Slc7a1
(293-mCAT1 cells) relative to that of murine Hprt or human HPRT mRNA in M. dunni and 293 cells,
respectively. Shown are the means = SEMs (n = 3). (B) Frequency of F-MLV-infected (glyco-Gag-positive)
M. dunni, B-3T3, or N-3T3 cells 3 days after infection with the indicated doses of FB29 or FB29-DM viruses
produced by transfection of 293-mCAT1 cells. The results of one representative of three experiments
conducted are shown.

mCAT1 overexpression attenuates wild-type F-MLV infectivity. The E14R and
A20F double mutation seemed to reduce the infectivity of F-MLV virions primarily when
they were produced by murine cells. This double mutation did not affect mCAT1
sequestration and, consequently, resistance to superinfection, but it did affect envelope
stability and availability. We therefore hypothesized that the E14R and A20F double
mutation altered the interaction of the F-MLV envelope with its cellular receptor,
mCATT1, in a way that damaged the envelope or led to its degradation. This hypothesis
would be entirely consistent with the lack of an effect of the E14R and A20F double
mutation on the infectivity of F-MLV virions produced by human cells, which naturally
lack mCATT1. To further test if the level of expression of mCAT1 was sufficient to impair
the infectivity of F-MLV with the double mutation, we used 293 cells that had been
stably transfected with Slc7al (encoding mCAT1) (293-mCAT1 cells) (33). The level of
expression of Slc7al in 293-mCAT1 cells was approximately 5 times higher than that in
M. dunni cells (Fig. 7A). 293-mCAT1 cells were transfected with plasmids containing the
FB29 or FB29-DM genome, and the infectivity of the virus produced was tested on
murine cells (Fig. 7B). In stark contrast to the full infectivity of the viruses produced by
293 cells (Fig. 3A), the infectivity of FB29-DM produced by 293-mCAT1 cells was
severely reduced or completely abolished (Fig. 7B). Surprisingly, overexpression of
mCAT1 in 293 cells also affected wild-type FB29 (compare Fig. 3A and 7B). Thus,
overexpression of mCAT1 in human cells was sufficient to abolish the infectivity of the
FB29-DM virions produced by these cells and also reduced the infectivity of wild-type
FB29 virions.

DISCUSSION

The retroviral envelope glycoprotein is tasked with distinct functions carried out by
well-defined domains (4, 13, 14). In addition to activity involving attachment to the
cellular receptor, membrane fusion during viral entry, and resistance to superinfection
of already infected cells, the retroviral envelope glycoprotein is also thought to possess
immunosuppressive activity (7, 8). This activity has been mapped to a conserved
domain of the TM subunit (34), which also participates in the conformational changes
that occur during membrane fusion. The R14 and F20 amino acid residues naturally
found in the ISD of human Syncytin-1 abolish its immunosuppressive activity, without
affecting its fusogenic potential (20). Introduction of these residues (the E14R and A20F
double mutation) into the normally immunosuppressive TM subunit of F-MLV was
previously reported to render this virus unable to replicate in immunocompetent mice
(10), suggesting that this double mutation inactivates a virulence factor that allows it
to escape immune detection. The findings that we report here confirm the essential
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requirement for residues E14 and A20 in the ISD of F-MLV for its replication (10).
However, our results further suggest that the E14R and A20F double mutation impacts
infectivity independently of immune-mediated control. Indeed, the F-MLV mutant was
greatly impaired in its ability to replicate in murine cells both in vitro and in severely
immunodeficient mice.

Whether or not the E14R and A20F double mutation also affects the immunosup-
pression exerted by the F-MLV envelope glycoprotein, which may contribute to its
virulence, particularly in immunocompetent mice (10), was not addressed in our study.
The potential for the F-MLV envelope glycoprotein to alter immune reactivity also was
not directly examined in our study. Inoculation of immunocompetent mice with F-MLV
with the ET14R and A20F double mutation failed to elicit an adaptive immune response
(data not shown), in agreement with published data (10). However, we interpreted this
lack of immunogenicity of the F-MLV mutant to be a direct consequence of its inability
to replicate in immunocompetent mice, also consistent with the findings of the
previous study (10). A lack of replication could mask any gain in immunogenicity due
to mutations in the putative immunosuppressive domain. Therefore, whether retroviral
envelope glycoproteins have immunosuppressive potential and whether the mecha-
nism of immunosuppression is mediated by retroviral envelope glycoproteins remain
open questions.

The immunosuppressive potential of the retroviral envelope glycoprotein notwith-
standing, our findings are more consistent with the notion that the inability of F-MLV
with the E14R and A20F double mutation to replicate is not due to the immune
response. Instead, this is likely the result of an inherent loss of infectivity, which is due
to defects in envelope glycoprotein stability. In certain combinations of retrovirus-
producing and target cell types, the loss of infectivity incurred by the E14R and A20F
double mutant is very substantial, if not complete, raising the question of why it has not
been previously observed. It should be noted that this loss of infectivity is dependent
to a great extent on the expression of the cellular receptor mCAT1 in the retrovirus-
producing cell. Indeed, the E14R and A20F double mutation had no measureable effect
on F-MLV infectivity if the retrovirus was produced in human cells, which naturally lack
mCAT1 expression and which are typically used to prepare retroviral stocks. Further-
more, F-MLV with the E14R and A20F double mutation could still spread in M. dunni cell
cultures, when it was introduced by transfection of its proviral DNA, and could also
infect M. dunni cells, albeit with a reduced efficiency. By comparison, the infectivity
defect of F-MLV with the E14R and A20F double mutation was much more pronounced
when laboratory mouse B-3T3 or JAWSII cells were used in vitro or, indeed, in primary
lymphocytes ex vivo and in immunodeficient mice in vivo. Together, these results
indicate that the degree of phenotypic attenuation provided by the E14R and A20F
double mutation in F-MLV is proportional to the levels of mMCAT1 expression in the
producer cell and is naturally further modified by the levels of mCAT1 expression in the
target cell.

The efficient replication of F-MLV with the E14R and A20F double mutation in
murine cell lines or mice rendered immunodeficient (10) could also be due to the
acquisition of compensatory mutations. Indeed, the limited replication of mutant F-MLV
in JAWSII cells gave rise to an additional mutation in the env open reading frame that
increased infectivity. The function of the E14R and A20F double mutant envelope
glycoprotein may also be restored by phenotypic mixing or recombination with
endogenous MLVs, which are typically induced in immunodeficient or irradiated mice
(31). To prevent either phenotypic mixing or recombination, we used as hosts immu-
nodeficient mice additionally lacking Emv2, encoding the endogenous ecotropic MLV
provirus, or any infectious ecotropic MLVs of endogenous origin.

In conclusion, our results strongly support a contribution of the E14 and A20
residues in the F-MLV envelope glycoprotein and, by extension, in that of other
retroviruses to overcoming a potential loss of infectivity due to interaction with the
cellular receptor in the producer cell. Escape from their cellular receptor appears to be
a general problem of enveloped viruses, which bud from the plasma membrane.
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Different viruses may have solved this problem in different ways. A well-recognized
example is the neuraminidase of influenza viruses, which enzymatically cleave the sialic
acid groups present in glycoproteins at the plasma membrane of the producer cell (35,
36). These sialic acid groups are the attachment targets of the viral hemagglutinin, and
their removal by neuraminidase is essential for virus release (35, 36).

In addition to virus release, interaction of the retroviral envelope glycoprotein with
its cellular receptor in the virus-producing cell may have major consequences for the
immunogenicity of the virus or its sensitivity to immune effector molecules. For
example, the antibodies that are most effective at mediating antibody-dependent
cell-mediated cytotoxicity (ADCC) against HIV-1-infected cells target epitopes that are
exposed only after binding of the envelope trimer to the CD4 receptor (37, 38).
Importantly, interaction of the HIV-1 envelope glycoprotein with CD4 in the same cell
exposes these epitopes, rendering the infected cells targets for ADCC-mediating anti-
bodies (37, 38). As with other retroviruses, interaction of the HIV-1 envelope glycopro-
tein with CD4 contributes to cell surface CD4 downregulation (39). Furthermore, two
accessory proteins of HIV-1, Nef and Vpu, also contribute to cell surface CD4 down-
regulation, and Vpu also antagonizes Tetherin, which normally inhibits retroviral release
(37, 38). These actions of Nef and Vpu reduce the exposure epitopes targeted by
ADCC-mediating antibodies and, consequently, the susceptibility of HIV-1-infected
cells to ADCC (37, 38). Thus, at least in HIV-1 infection, downregulation of the cellular
receptor in the infected cell is a retroviral immune evasion strategy.

In the case of retroviruses and perhaps of other viruses, too, interaction with the
cellular receptor in the producer cell may be promoted in order to confer resistance to
superinfection (5). Thus, opposing selection forces may fine-tune the strength of the
association between the SU and the TM subunits. This association needs to be strong
enough to withstand the interaction with the cellular receptor in the producer cell
(which is necessary for resistance to superinfection), without compromising incorpo-
ration of the envelope glycoprotein in the virion or causing the premature exposure of
the fusion peptide in the producer cell. Equally, it must allow the conformational
changes of the TM during entry and membrane fusion. It is likely that the E14 and A20
residues influence the strength of the association between the SU and the TM subunits
and their mutation disrupts this fine-tuning. This notion is supported by the observa-
tion that overexpression of the mCAT1 cellular receptor also affects the infectivity of
wild-type F-MLV, highlighting the interconnection of the three components, mCAT1,
SU, and TM. Further elucidation of this interaction and the role of the E14 and A20
residues will also facilitate understanding of the mechanism by which immunosuppres-
sion might be mediated.

MATERIALS AND METHODS

Plasmids. The E561R and A567F double mutation in the F-MLV envelope (E14R and A20F in the ISD)
was introduced by mutagenesis of the respective codons (GAG — CGC and GCC — TTT, respectively) in
plasmid pLRB302, containing the complete NB-tropic F-MLV clone FB29, resulting in the provirus
FB29-DM. The envelope open reading frame in FB29 and FB29-DM was separately replaced with that of
F-MLV clone e57, carrying either the wild-type sequence or the E561R and A567F double mutation,
resulting in plasmids containing the FB29e57 and FB29e57-DM proviruses, respectively. Mutagenesis,
gene synthesis, and cloning were performed by Genewiz LLC, and the constructs were verified by
sequencing.

Cell lines, infections, transfections, and transductions. Mus dunni fibroblast cells (M. dunni cells;
CRL-2017), NIH 3T3 cells (N-3T3 cells; CRL-1658), and BALB/c mouse 3T3 cells (B-3T3 cells; CCL-163) were
grown in Iscove’s modified Dulbecco’s medium (IMDM; Sigma-Aldrich) supplemented with 5% fetal
bovine serum (Gibco, Life Technologies), 2 mM L-glutamine, 100 U penicillin, and 0.1 mg/ml streptomy-
cin. 293T cells (CRL-3216) and 293-mCAT1 cells stably transfected with murine Slc7al (encoding murine
cationic amino acid transporter-1 [MCAT1]) (33) were also grown in the same medium. JAWSII murine
immature dendritic cells (CRL-11904) were grown in the same medium, which was additionally supple-
mented with 20 ng/ml recombinant granulocyte-macrophage colony-stimulating factor (Peprotech Ltd.).
Cells were transfected with plasmids containing the indicated F-MLV provirus using the Geneluice
transfection reagent (Novagen) following the manufacturer’s instructions. Culture supernatants with viral
stocks were prepared, and the amount of virus was normalized according to the number of viral RNA
copies per milliliter of supernatant, assessed by real-time quantitative reverse transcription-based PCR
(gRT-PCR). Infections and transductions were carried out by adding serial dilutions of the viral stocks to
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target cells in the presence of Polybrene (4 wg/ml). JAWSII cell sublines, each of which carried an FB29
or FB29-DM clone, were established by single-cell sorting, performed on a FACSAria Fusion flow
cytometer (BD Biosciences), of cells from JAWSII cell cultures that had been infected 2 weeks earlier with
either FB29 or FB29-DM viruses that had been produced by transfection of 293T cells.

Mice and ex vivo and in vivo infection. C57BL/6 (B6)-backcrossed Rag1-deficient mice (40) were
crossed to B6-congenic mice lacking Emv2 (41) and additionally to IL-15 receptor a chain-deficient mice
(42), creating triple mutant Rag1—/~ Il15ra—/~ Emv2~/~ mice, which lack mature T and B cells, NK cells,
and ecotropic MLVs. Mice (age, 8 to 12 weeks) received an inoculum of ~10* infectious units of F-MLV
clone FB29 or FB29-DM that had been produced by transfection of M. dunni cells. All animal experiments
were approved by the ethical committee of The Francis Crick Institute and conducted according to local
guidelines and UK Home Office regulations under the Animals Scientific Procedures Act 1986 (ASPA)
(Granted Project License PPL 7007643). For ex vivo infection of primary B cells, spleen cell suspensions
from B6 mice were stimulated with 100 wg/ml of lipopolysaccharide (LPS; Sigma-Aldrich) 48 h prior to
infection with FB29 or FB29DM viruses.

Flow cytometry. F-MLV-infected cells were detected in suspensions of cells from cultured cell lines
by flow cytometry using surface staining for the glycosylated product of the F-MLV gag gene, glyco-Gag
(gPr80), with matrix (MA)-specific monoclonal antibody 34 (mouse IgG2b) (43), followed by an anti-
mouse |gG2b-fluorescein isothiocyanate (FITC) secondary reagent (BD Biosciences), or for F-MLV SU
(gp70) with the gp70-specific monoclonal antibody 720 (mouse 1gG1) (43), followed by an anti-mouse
IgG1-FITC secondary reagent (BD Biosciences). Cell suspensions from the spleens of infected mice were
additionally stained with antibodies directly conjugated to Ter119 (eBioscience) to identify erythroid
precursors. Samples were acquired with an LSRFortessa X20 flow cytometer (BD Biosciences) and
analyzed with FlowJo (v10) software (Tree Star Inc.).

Sequencing. The entire env open reading frame of FB29 and FB29-DM clones isolated from JAWSII
cell sublines or from chronically infected M. dunni cells was first amplified by PCR, using Ranger DNA
polymerase (Bioline) and the following primers (Eurofin Genomics): forward primer 5'-ACACCAGGATTG
AGCCACCA-3' and reverse primer 5'-CCCCCTTTTTCTGGAAACTA-3'.

The amplicons were then subjected to sequencing at Source BioScience (Cambridge, UK). Sequence
analyses, comparisons, and alignments were performed with the Vector NTI (v11.5) program (Invitrogen).

Nucleic acid quantitation and expression analyses. The number of copies of F-MLV genomic RNA
in the supernatants of virus-producing cells was determined by qRT-PCR using the following primers
specific for the F-MLV env (Eurogentec): forward primer 5'-AAGTCTCCCCCCGCCTCTA-3’ and reverse
primer 5'-AGTGCCTGGTAAGCTCCCTGT-3'. The same primers were also used to quantify the expression
of F-MLV env in RNA isolated from producer cells. The expression levels of F-MLV env in virus-producing
murine cells were normalized by expression of Hprt mRNA, which was amplified with the following
primers: forward primer 5'-TTGTATACCTAATCATTATGCCGAG-3’ and reverse primer 5'-CATCTCGAGCAA
GTCTTTCA-3'. The expression levels of murine Slc7al mRNA (encoding mCAT1) were quantified by
gRT-PCR using the following primers: forward primer 5'-AGGGGCAGCGACCTGCTTTT-3" and reverse
primer 5'-CACGATGCCCACAGGAATGG-3'. These were also normalized to the level of expression of Hprt
mRNA in murine cells and HPRT mRNA in human cells. The expression levels of human HPRT mRNA were
quantified by gRT-PCR using the following primers: forward 5'-TGACACTGGCAAAACAATGCA-3' and
reverse 5'-GGTCCTTTTCACCAGCAAGCT-3'. RNA was isolated using an automated QlAcube workstation
(Qiagen) and subsequently used for cDNA synthesis with a high-capacity reverse transcription kit
(Applied Biosystems).

Western blotting. For preparation of whole-cell lysates, confluent cultures of M. dunni cells chron-
ically infected with FB29 or FB29-DM were washed once with phosphate-buffered saline and lysed on ice
with radioimmunoprecipitation assay lysis buffer (50 mM Tris-HCI, pH 7.4, 100 mM NaCl, 1% Igepal
CA-630, 0.1% SDS, 0.5% sodium deoxycholate, 4 mM dithiothreitol) supplemented with cOmplete Ultra
protease inhibitor cocktail (Sigma-Aldrich). Cellular debris was removed by centrifugation at 20,000 X g
at 4°C for 10 min. The protein concentration in the supernatants was measured with a bicinchoninic acid
protein assay kit (Pierce) following the manufacturer’s instructions. Virions from the culture supernatants
were distinguished from soluble proteins by differential centrifugation. Briefly, virions were pelleted by
centrifugation at 20,000 X g for 2 h at 4°C. Such low centrifugal forces precipitate viral particles but not
soluble proteins, and the pelleted material is referred to here as virions. Virion and soluble envelope
proteins were similarly pelleted by centrifugation of the culture supernatants at a higher centrifugal
force of 126,000 X g for 2 h at 4°C. All samples were resuspended in Laemmli sample buffer (Bio-Rad)
supplemented with 10% B-mercaptoethanol and denatured by heating at 97.5°C for 5 min before
loading onto a 4 to 20% mini-Protean TGX gel (Bio-Rad). Samples were then resolved by SDS-PAGE and
transferred to an Immun-Blot low-fluorescence polyvinylidene difluoride membrane (Bio-Rad). The
membrane was incubated for 1 h at room temperature in Odyssey blocking buffer (Li-Cor Biosciences UK
Ltd.). The F-MLV envelope was detected using F-MLV SU (gp70)-specific monoclonal antibody 720
(mouse IgG1). MLV Pr65 Gag products were detected using MLV p30-specific monoclonal antibody R187
(rat 1gG1) (44). Detection with primary antibodies was followed by detection with secondary goat
anti-mouse IgG1 (y1 chain specific) IRDye 680LT and goat anti-rat IgG (H+L) IRDye 800CW antibodies,
respectively (both from Li-Cor Biosciences UK Ltd.). Membranes were imaged with optimized brightness
and contrast by use of a Li-Cor Odyssey imaging system and further analyzed with Win Image Studio Lite
(v5.2.5) software.

Statistical analyses. Statistical comparisons and regressions were made using SigmaPlot (v13.0)
software (Systat Software Inc., Germany). Parametric comparisons of normally distributed values that
satisfied the variance criteria were made by unpaired Student’s t tests. Pairwise comparisons of data sets
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that did not pass the variance test were compared by the nonparametric two-tailed Mann-Whitney rank
sum test.

ACKNOWLEDGMENTS

We thank Mario Santiago for kindly providing the pLRB302 plasmid and Abraham

Pinter and Monica Roth for kindly providing the 42/114 hybridoma. We also thank
Christina Taubert for help with the Western blotting and Simon Pennell for help with
the structural analysis. We are grateful for assistance from the Biological Services and
Flow Cytometry Facilities at The Francis Crick Institute.

This work was supported by The Francis Crick Institute (FC001099, FC001162), which

receives its core funding from Cancer Research UK, the UK Medical Research Council,

and the Wellcome Trust, and by the Wellcome Trust (102898/B/13/Z).

REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

November 2017 Volume 91

Ahlquist P. 2006. Parallels among positive-strand RNA viruses, reverse-
transcribing viruses and double-stranded RNA viruses. Nat Rev Microbiol
4:371-382. https://doi.org/10.1038/nrmicro1389.

. Kim FJ, Battini JL, Manel N, Sitbon M. 2004. Emergence of vertebrate

retroviruses and envelope capture. Virology 318:183-191. https://doi
.org/10.1016/j.virol.2003.09.026.

. Malim MH, Emerman M. 2008. HIV-1 accessory proteins—ensuring viral

survival in a hostile environment. Cell Host Microbe 3:388-398. https://
doi.org/10.1016/j.chom.2008.04.008.

. Henzy JE, Johnson WE. 2013. Pushing the endogenous envelope. Philos

Trans R Soc Lond B Biol Sci 368:20120506. https://doi.org/10.1098/rstb
.2012.0506.

. Nethe M, Berkhout B, van der Kuyl AC. 2005. Retroviral superinfection

resistance. Retrovirology 2:52. https://doi.org/10.1186/1742-4690-2-52.

. Antony JM, van Marle G, Opii W, Butterfield DA, Mallet F, Yong VW,

Wallace JL, Deacon RM, Warren K, Power C. 2004. Human endogenous
retrovirus glycoprotein-mediated induction of redox reactants causes
oligodendrocyte death and demyelination. Nat Neurosci 7:1088-1095.
https://doi.org/10.1038/nn1319.

. Denner J. 2014. The transmembrane proteins contribute to immunode-

ficiencies induced by HIV-1 and other retroviruses. AIDS 28:1081-1090.
https://doi.org/10.1097/QAD.0000000000000195.

. Dupressoir A, Lavialle C, Heidmann T. 2012. From ancestral infectious

retroviruses to bona fide cellular genes: role of the captured syncytins in
placentation. Placenta 33:663-671. https://doi.org/10.1016/j.placenta
.2012.05.005.

. Li W, Lee MH, Henderson L, Tyagi R, Bachani M, Steiner J, Campanac E,

Hoffman DA, von Geldern G, Johnson K, Maric D, Morris HD, Lentz M, Pak
K, Mammen A, Ostrow L, Rothstein J, Nath A. 2015. Human endogenous
retrovirus-K contributes to motor neuron disease. Sci Transl Med
7:307ra153. https://doi.org/10.1126/scitransimed.aac8201.
Schlecht-Louf G, Renard M, Mangeney M, Letzelter C, Richaud A, Ducos
B, Bouallaga I, Heidmann T. 2010. Retroviral infection in vivo requires an
immune escape virulence factor encrypted in the envelope protein of
oncoretroviruses. Proc Natl Acad Sci U S A 107:3782-3787. https://doi
.org/10.1073/pnas.0913122107.

Ashkenazi A, Faingold O, Shai Y. 2013. HIV-1 fusion protein exerts
complex immunosuppressive effects. Trends Biochem Sci 38:345-349.
https://doi.org/10.1016/j.tibs.2013.04.003.

Kim JW, Cunningham JM. 1993. N-linked glycosylation of the receptor
for murine ecotropic retroviruses is altered in virus-infected cells. J Biol
Chem 268:16316-16320.

Hunter E. 1997. Viral entry and receptors. In Coffin JM, Hughes SH,
Varmus HE (ed), Retroviruses. Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY.

Barnett AL, Davey RA, Cunningham JM. 2001. Modular organization of
the Friend murine leukemia virus envelope protein underlies the mech-
anism of infection. Proc Natl Acad Sci U S A 98:4113-4118. https://doi
.org/10.1073/pnas.071432398.

Linder M, Wenzel V, Linder D, Stirm S. 1994. Structural elements in
glycoprotein 70 from polytropic Friend mink cell focus-inducing virus
and glycoprotein 71 from ecotropic Friend murine leukemia virus, as
defined by disulfide-bonding pattern and limited proteolysis. J Virol
68:5133-5141.

Pinter A, Honnen WJ. 1983. Topography of murine leukemia virus en-

Issue 21 e01152-17

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

velope proteins: characterization of transmembrane components. J Virol
46:1056-1060.

. Ferrari DM, Soling HD. 1999. The protein disulphide-isomerase family:

unravelling a string of folds. Biochem J 339(Pt 1):1-10.

. Pinter A, Kopelman R, Li Z, Kayman SC, Sanders DA. 1997. Localization of

the labile disulfide bond between SU and TM of the murine leukemia
virus envelope protein complex to a highly conserved CWLC motif in SU
that resembles the active-site sequence of thiol-disulfide exchange en-
zymes. J Virol 71:8073-8077.

. Wallin M, Ekstrom M, Garoff H. 2004. Isomerization of the intersubunit

disulphide-bond in Env controls retrovirus fusion. EMBO J 23:54-65.
https://doi.org/10.1038/sj.emboj.7600012.

Mangeney M, Renard M, Schlecht-Louf G, Bouallaga I, Heidmann O,
Letzelter C, Richaud A, Ducos B, Heidmann T. 2007. Placental syncytins:
genetic disjunction between the fusogenic and immunosuppressive
activity of retroviral envelope proteins. Proc Natl Acad Sci U S A 104:
20534-20539. https://doi.org/10.1073/pnas.0707873105.

Aydin H, Cook JD, Lee JE. 2014. Crystal structures of beta- and gamma-
retrovirus fusion proteins reveal a role for electrostatic stapling in viral
entry. J Virol 88:143-153. https://doi.org/10.1128/JV1.02023-13.

Jung YT, Kozak CA. 2000. A single amino acid change in the murine
leukemia virus capsid gene responsible for the Fv1(nr) phenotype. J Virol
74:5385-5387. https://doi.org/10.1128/JV1.74.11.5385-5387.2000.
Stevens A, Bock M, Ellis S, LeTissier P, Bishop KN, Yap MW, Taylor W,
Stoye JP. 2004. Retroviral capsid determinants of Fv1 NB and NR tropism.
J Virol 78:9592-9598. https://doi.org/10.1128/JV1.78.18.9592-9598.2004.
Chung M, Kizhatil K, Albritton LM, Gaulton GN. 1999. Induction of
syncytia by neuropathogenic murine leukemia viruses depends on re-
ceptor density, host cell determinants, and the intrinsic fusion potential
of envelope protein. J Virol 73:9377-9385.

Delarco J, Todaro GJ. 1976. Membrane receptors for murine leukemia
viruses: characterization using the purified viral envelope glycoprotein,
gp71. Cell 8:365-371. https://doi.org/10.1016/0092-8674(76)90148-3.
Albritton LM, Tseng L, Scadden D, Cunningham JM. 1989. A putative
murine ecotropic retrovirus receptor gene encodes a multiple
membrane-spanning protein and confers susceptibility to virus infec-
tion. Cell 57:659-666. https://doi.org/10.1016/0092-8674(89)90134-7.
Perryman S, Nishio J, Chesebro B. 1991. Complete nucleotide sequence
of Friend murine leukemia virus, strain FB29. Nucleic Acids Res 19:6950.
https://doi.org/10.1093/nar/19.24.6950.

Eiden MV, Farrell K, Warsowe J, Mahan LC, Wilson CA. 1993. Character-
ization of a naturally occurring ecotropic receptor that does not facilitate
entry of all ecotropic murine retroviruses. J Virol 67:4056-4061.

Jung YT, Kozak CA. 2003. Generation of novel syncytium-inducing and
host range variants of ecotropic Moloney murine leukemia virus in Mus
spicilegus. J Virol 77:5065-5072. https://doi.org/10.1128/JV1.77.9.5065
-5072.2003.

Zhong P, Agosto LM, Munro JB, Mothes W. 2013. Cell-to-cell transmis-
sion of viruses. Curr Opin Virol 3:44-50. https://doi.org/10.1016/j.coviro
.2012.11.004.

Young GR, Eksmond U, Salcedo R, Alexopoulou L, Stoye JP, Kassiotis G.
2012. Resurrection of endogenous retroviruses in antibody-deficient
mice. Nature 491:774-778. https://doi.org/10.1038/nature11599.
Schneider WM, Zheng H, Cote ML, Roth MJ. 2008. The MuLV 4070A
G541R Env mutation decreases the stability and alters the conformation

jviasm.org 14


https://doi.org/10.1038/nrmicro1389
https://doi.org/10.1016/j.virol.2003.09.026
https://doi.org/10.1016/j.virol.2003.09.026
https://doi.org/10.1016/j.chom.2008.04.008
https://doi.org/10.1016/j.chom.2008.04.008
https://doi.org/10.1098/rstb.2012.0506
https://doi.org/10.1098/rstb.2012.0506
https://doi.org/10.1186/1742-4690-2-52
https://doi.org/10.1038/nn1319
https://doi.org/10.1097/QAD.0000000000000195
https://doi.org/10.1016/j.placenta.2012.05.005
https://doi.org/10.1016/j.placenta.2012.05.005
https://doi.org/10.1126/scitranslmed.aac8201
https://doi.org/10.1073/pnas.0913122107
https://doi.org/10.1073/pnas.0913122107
https://doi.org/10.1016/j.tibs.2013.04.003
https://doi.org/10.1073/pnas.071432398
https://doi.org/10.1073/pnas.071432398
https://doi.org/10.1038/sj.emboj.7600012
https://doi.org/10.1073/pnas.0707873105
https://doi.org/10.1128/JVI.02023-13
https://doi.org/10.1128/JVI.74.11.5385-5387.2000
https://doi.org/10.1128/JVI.78.18.9592-9598.2004
https://doi.org/10.1016/0092-8674(76)90148-3
https://doi.org/10.1016/0092-8674(89)90134-7
https://doi.org/10.1093/nar/19.24.6950
https://doi.org/10.1128/JVI.77.9.5065-5072.2003
https://doi.org/10.1128/JVI.77.9.5065-5072.2003
https://doi.org/10.1016/j.coviro.2012.11.004
https://doi.org/10.1016/j.coviro.2012.11.004
https://doi.org/10.1038/nature11599
http://jvi.asm.org

Conditional Loss of Infectivity with ISD Mutations

33.

34,

35.

36.

37.

38.

November 2017 Volume 91

of the TM ectodomain. Virology 371:165-174. https://doi.org/10.1016/j
.virol.2007.09.033.

Jin J, Sherer NM, Heidecker G, Derse D, Mothes W. 2009. Assembly of the
murine leukemia virus is directed towards sites of cell-cell contact. PLoS
Biol 7:21000163. https://doi.org/10.1371/journal.pbio.1000163.
Cianciolo GJ, Copeland TD, Oroszlan S, Snyderman R. 1985. Inhibition of
lymphocyte proliferation by a synthetic peptide homologous to retro-
viral envelope proteins. Science 230:453-455. https://doi.org/10.1126/
science.2996136.

Rossman JS, Lamb RA. 2011. Influenza virus assembly and budding.
Virology 411:229-236. https://doi.org/10.1016/j.virol.2010.12.003.
Wagner R, Matrosovich M, Klenk HD. 2002. Functional balance between
haemagglutinin and neuraminidase in influenza virus infections. Rev
Med Virol 12:159-166. https://doi.org/10.1002/rmv.352.

Veillette M, Coutu M, Richard J, Batraville LA, Dagher O, Bernard N,
Tremblay C, Kaufmann DE, Roger M, Finzi A. 2015. The HIV-1 gp120
CD4-bound conformation is preferentially targeted by antibody-
dependent cellular cytotoxicity-mediating antibodies in sera from HIV-
1-infected individuals. J Virol 89:545-551. https://doi.org/10.1128/JVI
.02868-14.

Veillette M, Desormeaux A, Medjahed H, Gharsallah NE, Coutu M, Baalwa
J, Guan Y, Lewis G, Ferrari G, Hahn BH, Haynes BF, Robinson JE, Kauf-
mann DE, Bonsignori M, Sodroski J, Finzi A. 2014. Interaction with
cellular CD4 exposes HIV-1 envelope epitopes targeted by antibody-
dependent cell-mediated cytotoxicity. J Virol 88:2633-2644. https://doi
.org/10.1128/JV1.03230-13.

Issue 21 e01152-17

39.

40.

41.

42,

43,

44,

Journal of Virology

Hoxie JA, Alpers JD, Rackowski JL, Huebner K, Haggarty BS, Cedarbaum
AJ, Reed JC. 1986. Alterations in T4 (CD4) protein and mRNA synthesis in
cells infected with HIV. Science 234:1123-1127. https://doi.org/10.1126/
science.3095925.

Mombaerts P, lacomini J, Johnson RS, Herrup K, Tonegawa S, Papaioan-
nou VE. 1992. RAG-1-deficient mice have no mature B and T lympho-
cytes. Cell 68:869-877. https://doi.org/10.1016/0092-8674(92)90030-G.
Young GR, Ploquin MJ, Eksmond U, Wadwa M, Stoye JP, Kassiotis G.
2012. Negative selection by an endogenous retrovirus promotes a
higher-avidity CD4* T cell response to retroviral infection. PLoS Pathog
8:21002709. https://doi.org/10.1371/journal.ppat.1002709.

Lodolce JP, Boone DL, Chai S, Swain RE, Dassopoulos T, Trettin S, Ma A.
1998. IL-15 receptor maintains lymphoid homeostasis by supporting
lymphocyte homing and proliferation. Immunity 9:669-676. https://doi
.org/10.1016/51074-7613(00)80664-0.

Chesebro B, Wehrly K, Cloyd M, Britt W, Portis J, Collins J, Nishio J. 1981.
Characterization of mouse monoclonal antibodies specific for Friend
murine leukemia virus-induced erythroleukemia cells: Friend-specific
and FMR-specific antigens. Virology 112:131-144. https://doi.org/10
.1016/0042-6822(81)90619-X.

Chesebro B, Britt W, Evans L, Wehrly K, Nishio J, Cloyd M. 1983. Charac-
terization of monoclonal antibodies reactive with murine leukemia
viruses: use in analysis of strains of friend MCF and Friend ecotropic
murine leukemia virus. Virology 127:134-148. https://doi.org/10.1016/
0042-6822(83)90378-1.

jviasm.org 15


https://doi.org/10.1016/j.virol.2007.09.033
https://doi.org/10.1016/j.virol.2007.09.033
https://doi.org/10.1371/journal.pbio.1000163
https://doi.org/10.1126/science.2996136
https://doi.org/10.1126/science.2996136
https://doi.org/10.1016/j.virol.2010.12.003
https://doi.org/10.1002/rmv.352
https://doi.org/10.1128/JVI.02868-14
https://doi.org/10.1128/JVI.02868-14
https://doi.org/10.1128/JVI.03230-13
https://doi.org/10.1128/JVI.03230-13
https://doi.org/10.1126/science.3095925
https://doi.org/10.1126/science.3095925
https://doi.org/10.1016/0092-8674(92)90030-G
https://doi.org/10.1371/journal.ppat.1002709
https://doi.org/10.1016/S1074-7613(00)80664-0
https://doi.org/10.1016/S1074-7613(00)80664-0
https://doi.org/10.1016/0042-6822(81)90619-X
https://doi.org/10.1016/0042-6822(81)90619-X
https://doi.org/10.1016/0042-6822(83)90378-1
https://doi.org/10.1016/0042-6822(83)90378-1
http://jvi.asm.org

	RESULTS
	ISD mutants are conditionally replication defective. 
	ISD mutants fail to spread in vitro or in vivo independently of immunity. 
	Defective cell membrane expression and virion incorporation of ISD mutant envelope. 
	mCAT1 overexpression attenuates wild-type F-MLV infectivity. 

	DISCUSSION
	MATERIALS AND METHODS
	Plasmids. 
	Cell lines, infections, transfections, and transductions. 
	Mice and ex vivo and in vivo infection. 
	Flow cytometry. 
	Sequencing. 
	Nucleic acid quantitation and expression analyses. 
	Western blotting. 
	Statistical analyses. 

	ACKNOWLEDGMENTS
	REFERENCES

