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Capsid (CA)-specific restrictions are determinants of retroviral tropism in mammalian cells. One such
restriction, human Refl, targets strains of murine leukemia virus bearing an arginine at CA residue 110
(N-MLYV), resulting in decreased accumulation of viral cDNA. The cellular factors accounting for Refl activity
are unknown. As,QO; increases N-MLYV titer in Refl-positive cells, possibly by counteracting Refl. Restriction
factor saturation experiments suggest that Refl may also target human immunodeficiency virus type 1 (HIV-1),
but only if its CA is not bound to the cellular protein cyclophilin A (CypA). As a step towards understanding
the genetic determinants of Refl, we subjected Refl-positive TE671 cells to three sequential rounds of selection
with N-MLYV reporter viruses. We isolated a subclone, 17H1, that was permissive for N-MLYV infection and
therefore deficient in Refl activity. Stimulation of N-MLYV replication by As,O; was attenuated in 17H1,
confirming that the drug acts by overcoming Refl activity. HIV-1 infection of 17H1 cells was resistant to
disruption of the CA-CypA interaction, demonstrating that Refl restricts CypA-free HIV-1. Our results suggest
that interaction with CypA evolved to protect HIV-1 from this human antiviral activity.

Retrovirus tropism in mammalian cells is partially deter-
mined by dominant restriction factors that act after viral entry
but before integration into the host genome. The archetype of
such restriction factors is the product of the murine FvI gene,
which restricts infection by murine leukemia virus (MLV) (14).
The product of this gene is a protein related to the Gag pro-
teins of the murine endogenous retrovirus MuERV-L and the
human endogenous retrovirus HERV-L (3, 13). Two alleles of
the gene, FvI” and FvI?, restrict different forms of MLV that
are termed B-tropic and N-tropic, respectively (B-MLV and
N-MLYV). A single amino acid in the MLV capsid (CA) deter-
mines the specificity of restriction; changes at this position are
sufficient to switch virions between N- and B-tropic phenotypes
(9). Restriction by Fvl can be overcome either by high multi-
plicities of infection (MOIs) or by pretreatment of target cells
with MLV virions or virus-like particles (VLPs) of the re-
stricted tropism (5, 7). These observations suggest that Fvl, or
another cellular factor required for Fv1’s restriction activity,
can be saturated by high doses of incoming viral capsids, al-
lowing subsequently entering virions to escape restriction.

More recently, a number of nonmurine mammalian cell lines
were shown to exhibit Fvl-like restriction activity against
MLV. This activity is always directed against N-tropic virus—
B-tropic virus is unrestricted (18). This N-MLV restricting
activity has been termed Refl (18). Refl, like Fvl, can be
overcome at high MOI and by treatment with saturating doses
of N-MLV VLPs (19). The similarities between the Refl and
Fvl restriction phenotypes suggest that similar mechanisms
may be involved in both human and murine cells, but there is
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no human FvI gene (3). Mechanistic differences between Fvl
and Refl restriction have also been described. Restriction by
Refl occurs at the level of reverse transcription, the major
defect being a profound decrease in the production of full-
length ¢cDNA, while Fvl acts after reverse transcription is
complete (2, 12, 18).

To better understand the mechanism and genetics behind
Refl, we set out to create cell lines defective in Refl activity.
We began with the assumption that individual cells within a
pool would exhibit variable levels of Refl activity due to ge-
netic or epigenetic variability. This assumption was based on
previous observations in our lab that single cell clones derived
from a given cell line support different levels of retrovirus
replication. Our strategy was to select those “naturally” occur-
ring cells within a population that were the most permissive to
N-MLYV infection.

We chose to work with the human TE671 rhabdomyosar-
coma cell line because of its robust Refl activity: TE671 cells
have previously been shown to restrict N-MLV by greater than
100-fold compared to the B-MLYV titer (18). To select a Refl-
deficient TE671 clone, a starting pool of 10° cells was subjected
to sequential infection at low MOI (0.01 to 0.001) with vesic-
ular stomatitis virus G protein (VSV-G)-pseudotyped N-MLV
vectors delivering drug resistance genes, followed by selection
of transduced cells with the appropriate drug (Fig. 1). This
strategy was designed to select for those cells with the highest
permissivity to N-MLV infection. At 48 h after each infection,
cells were subjected to selection with the corresponding drug
until colonies grew out. These colonies were then pooled and
subjected to the next round of infection and selection with a
different resistance vector-drug combination.

Retroviruses and retroviral vectors were produced by trans-
fection of 293T cells with Lipofectamine 2000 (Invitrogen) and
then filtered (0.45 pm). N- and B-tropic MLV vectors
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FIG. 1. Selection strategy for isolating Refl-deficient TE671 cells.
A total of 10° cells were sequentially infected at a low MOI (0.001 to
0.0001) with N-MLV-puromycin and N-MLV-hygromycin and sub-
jected to drug selection with puromycin and hygromycin, respectively,
between rounds of infection. Drug-resistant clones were then isolated
and screened for Refl activity. The clone exhibiting the lowest Refl
activity was subjected to another round of infection and selection with
N-MLV-blasticidin and blasticidin. Blasticidin-resistant clones were
isolated and assayed for Refl activity. The clone with the lowest ac-
tivity, designated 17H1, was selected for further study.

pseudotyped with the VSV-G protein were produced using
either pCIG3 N or B (4) and the VSV-G expression plasmid
pMD.G and carried either MSCV-based enhanced green flu-
orescent protein (GFP) or DsRed Express expression cassettes
(21) or pPBABE-based drug resistance cassettes (11). When the
titers of N- and B-tropic MLV vectors were to be directly
compared, the two vectors were first shown to have equal titers
on Mus dunni tail fibroblasts (MDTF), cells that do not restrict
either N- or B-tropic MLV (18).

After two rounds of infection and selection, first with N-
MLV-puromycin and then with N-MLV-hygromycin, several
colonies were isolated and analyzed for Refl activity, using a
rapid two-color restriction assay similar to ones already de-
scribed (18). Briefly, clones were infected with a mixture of
N-MLV-GFP and B-MLV-DsRed. Each infected clone was
then assayed by flow cytometry to determine the ratio of red to
green cells. Those clones with the lowest red cell-to-green cell
ratio were deemed Refl deficient and were analyzed further.

Among the clones analyzed after two rounds of selection,
the one with the lowest Refl activity (roughly 10-fold, versus
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>150-fold for the parent TE671 line) was expanded and sub-
jected to a third round of infection with N-MLV-blasticidin.
After blasticidin selection, 48 subclones were picked and ana-
lyzed by two-color assay. The clone with the lowest Refl ac-
tivity, clone 17H1, was selected for further study in the rest of
the experiments described in this paper. TE671 cells expressing
all three drug resistance genes but not selected for loss of Refl
exhibited restriction activity identical to the parental TE671
line (data not shown).

To determine the level of Refl activity of 17H1 cells, TE671
and 17H1 were plated at 10* cells/well in 96-well plates over-
night and then infected with MDTF-normalized VSV-G-
pseudotyped N-tropic and B-tropic MLV vectors delivering a
GFP reporter construct. Eighteen to 24 h later, the medium on
the cells was replaced and they were incubated another 2 days
before the percent GFP-positive cells in each well was deter-
mined by flow cytometric analysis, counting 5,000 cells of each
sample.

As shown in Fig. 2A, TE671 and 17H1 were equally in-
fectible with B-MLV. TE671 cells strongly restricted N-MLV,
with a maximal effect of >250-fold. 17H1 cells, however, re-
stricted N-MLYV very poorly, with a maximal effect of roughly
threefold. We therefore concluded that the 17H1 subclone of
TE671 has lost Refl activity and is permissive to N-MLV
infection.

Arsenic trioxide (As,Oj;) increases the titer of N-MLV on
TEG671 cells while having no effect on B-MLV (1). We tested
our 17H1 subclone for the effect of As,O; on N-MLYV titer
(Fig. 2B). Cells were infected as described above. Where indi-
cated, 3 wM As,O5 was present during the 18 to 24 h that cells
were exposed to MLV vectors and then it was washed out.
Treatment with As,O5 during infection increased the titer of
N-MLYV on TE671 cells by as much as 15-fold. In contrast, the
effect of As,O; on N-MLV titer in 17H1 cells was greatly
attenuated, a result consistent with the hypothesis that As,O;
counteracts Refl.

Cross-saturation experiments suggest that Refl may also
restrict infection by human immunodeficiency virus type 1
(HIV-1) under certain conditions, specifically when the inter-
action between the HIV-1 CA protein and the cellular protein
cyclophilin A (CypA) is disrupted in target cells (20). CA-
CypA binding can be disrupted either by altering the CypA
binding residues in CA (specifically, a G89V mutation in CA)
or by treatment with the CypA binding drug cyclosporine A
(CsA) (6, 10, 17, 22). Under these “CypA-free” conditions, the
titer of HIV-1 in TE671 cells is reduced by approximately
fivefold (20). Treatment of target cells with HIV-1(G89V)
VLPs, but not wild-type VLPs, increases the titer of N-MLV
vectors on TE671 cells and has no effect on B-MLV (20). In the
reverse experiment, treatment with N-MLV VLPs increases
the titer of HIV-1(G89V) vectors (20). These results have been
interpreted as demonstrating that Refl restricts both N-MLV
and CypA-free HIV-1 and that each of these viruses can sat-
urate the restriction factor, thus facilitating infection by the
other.

To test the hypothesis that Refl restricts HIV-1 in the ab-
sence of a CA-CypA interaction, the effect of CsA on HIV-1
titers in TE671 and 17H1 cells was examined. VSV-G-
pseudotyped wild-type and G89V mutant HIV-1/Env-/GFP vi-
ruses (20) were produced in 293T cells by transient transfec-
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FIG. 2. 17HI cells are deficient in Refl activity. (A) 17H1 and
TE671 cells were infected with MDTF-normalized VSV-G-
pseudotyped N- or B-MLV-GFP and then assayed 3 days later for
GFP expression by flow cytometry. (B) 17H1 and TE671 cells were
infected with VSV-G-pseudotyped N-MLV-GFP in the presence or
absence of 3 pM As,O; and assayed for GFP expression as described
for panel A. Results shown are representative of three independent
experiments.

tion with Lipofectamine 2000 and normalized for reverse
transcriptase activity. Infections and flow cytometric analysis of
TEG671 and 17H1 cells were performed as described for MLV.
Where indicated, 2.5 uM CsA was present during the 18 to
24 h that cells were exposed to virus and then it was washed

out.
As shown in Fig. 3A, wild-type HIV-1 had equivalent titers
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FIG. 3. HIV-1 infection of 17H1 cells is CypA independent.
(A) TE671 and 17H1 cells were infected with VSV-G-pseudotyped
HIV-1/Env-/GFP in the presence or absence of CsA and then assayed
3 days later for GFP expression by flow cytometry. (B) TE671 and
17H1 cells were infected with HIV-1/Env-/GFP bearing a G89V mu-
tation in CA and then assayed for GFP expression as described for
panel A. Results shown are representative of three independent ex-
periments.

on TE671 and 17H1 cells. CsA treatment reduced the titer of
HIV-1 on TE671 cells by threefold. In contrast, CsA treatment
of 17H1 cells had no effect on HIV-1 titer. We also looked at
the titer of HIV-1(G89V), which bears a CA mutation that
disrupts CypA binding. Though this mutant was less infectious
than the wild type for reasons unrelated to Refl or CypA
(compare Fig. 3A and B), the G89V virus gave a threefold-
higher titer on 17H1 than on TE671 cells (Fig. 3B). CsA had
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FIG. 4. Proposed model for Refl restriction of N-MLV and CypA-free HIV-1. (A) A single, saturable factor is capable of binding to both
N-MLV CA and, in the absence of bound CypA, HIV-1 CA, leading to restriction of infection. (B) N-MLV CA and CypA-free HIV-1 CA are
recognized by unique CA binding factors which then target the viruses for restriction through a common, saturable pathway.

no effect on the titer of this virus (data not shown). These
results support the hypotheses that, in TE671 cells, HIV-1 is
subject to restriction when the CA-CypA interaction is dis-
rupted and that the 17H1 line has lost this restriction activity.

These data are consistent with previous observations that
restriction of N-MLV and CypA-free HIV-1 in TE671 cells is
related. Two models could account for this association (Fig. 4).
In the first, N-MLV and CypA-free HIV-1 capsids are bound
by the same saturable factor, leading to restriction of each
through an unknown mechanism. In the second model, differ-
ent factors recognize the two different viral capsids. These
unique recognition factors then target the incoming capsids to
restriction through a common, saturable pathway. In both
models, the difference in the magnitude of restriction of the
two viruses (roughly 100-fold for N-MLV versus 3-fold for
HIV-1) could be explained by differing susceptibilities to the
mechanism of restriction.

Rhesus macaque cells lack Refl activity (8), but they inhibit
HIV-1 infection via the CA-specific restriction factor TRIMS«
(16). Human TRIMSa is less effective than the macaque ho-
mologue at inhibiting HIV-1 (16) but, as previously hypothe-
sized (15), it might be required for Refl activity. We used
real-time reverse transcription-PCR to determine if decreased
TRIMS5a expression explained decreased Refl activity in 17H1
cells, but we found less than a twofold difference compared
with the parental cell line (data not shown). Similarly, no
significant difference in TRIMS+y expression was detected.
Though TRIMSa may be required for Refl activity, these
results suggest that some factor other than TRIMS5a accounts
for decreased Ref1 activity in 17H1. Further study of the 17H1
line as well as other Refl-deficient lines derived from TE671
may shed light on what defect leads to the permissive pheno-
type of these cells, as well as how many different factors are
required for effective restriction.
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