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Retrovirus tropism can be restricted by cellular factors such as Fvl, Refl, and Lv1 that inhibit infection by
targeting the incoming viral capsid. Here, we show that rodent cells exhibit differential sensitivity to infection
by vesicular stomatitis virus G-pseudotyped lentiviruses and that differences between human immunodefi-
ciency virus type 1 and simian immunodeficiency virus (SIVmac) infectivity are sometimes, but not always,
governed by determinants in capsid-p2. In at least one case, resistance to SIVmac infection could be eliminated
by saturation of target cells with noninfectious SIVmac particles. However, cross-saturation experiments and
analysis of FvI-null cells engineered to express natural or artificial Fvl proteins revealed that lentivirus
restriction in mouse cells is independent of Fvl. Overall, these findings indicate that novel restriction factors
in rodents can modulate sensitivity to specific primate lentiviruses.

Human immunodeficiency virus type 1 (HIV-1) exhibits a
highly restricted host cell tropism and is only capable of effi-
cient replication in primary or immortalized human T cells and
macrophages. The discovery of human gene products that are
expressed in these cells and are essential for virus replication
has raised the possibility that nonhuman organisms, particu-
larly rodents, might be engineered to express these molecules,
thereby rendering them able to support a productive HIV-1
replication cycle (8, 20, 26). There are several, apparently
recessive, blocks to HIV-1 replication in rodent cells, some of
which can be overcome by expression of human versions of the
HIV-1 receptors (CD4 and CXCR4 or CCRS) and the essen-
tial Tat cofactor, cyclin T1 (4, 5, 14, 26, 37). If rodent cells are
engineered to express these molecules, then the early steps of
the HIV-1 life cycle proceed with reasonable efficiency (4, 14,
21, 26). Additional and as-yet-poorly characterized blocks in
late steps of the virus life cycle ultimately lead to a profound
defect (10°- to 10*-fold) in the yield of infectious virions per
infected cell (4, 26). Importantly, these late-stage defects can
be rescued by fusing HIV-1-infected rodent cells to uninfected
human cells (4, 25), suggesting that they are the consequence
of a lack of necessary factors rather than the presence of
dominant inhibitors of late HIV-1 replication steps in rodents.

Retroviral tropism is also influenced by the presence of
dominant inhibitory activities. One such activity is exhibited by
the product of a murine gene, Fv1, which can confer substan-
tial resistance to infection by murine leukemia virus (MLV)
(15, 24, 28, 30). Fvl1 acts by targeting the capsid of the incoming
virus and prevents the establishment of an integrated provirus
(11, 19, 23, 32). FvlI itself encodes a protein that exhibits
approximately 60% homology to the Gag proteins encoded by
the HERV-L and MERV-L family of endogenous retroviruses
(3), and two major allelic variants of Fv/ are present in labo-
ratory mice (FvI™ and FvI®) that confer resistance to B-tropic
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(B-MLV) and N-tropic (N-MLV) MLV strains, respectively
(15, 22, 30).

The determinants of N- versus B-tropism have been mapped
to a single amino acid residue within the MLV capsid (CA)
protein (23). Fvl-mediated restriction of MLV infection can be
overcome at high multiplicities of infection, and infection of
restricting cells can give rise to multihit titration curves, imply-
ing that infection by one virus particle is facilitated by the
presence of others (1, 7, 10, 13, 31, 34). This inhibition of
restriction is highly specific in that unrestricted viral particles
do not inhibit restriction, presumably because Fvl does not
recognize and therefore cannot be saturated by unrestricted
capsids.

Recently, it has become clear that “Fv1-like” inhibitors of
retroviral infection are prevalent among mammals. Indeed,
human cells exhibit substantial and specific resistance to infec-
tion by N-MLV (35). Precisely the same amino acid that gov-
erns N- versus B-tropism in mice also controls MLV tropism
for human cells (35). Because of this and the fact that precisely
the same saturation phenomenon that was described in the
context of murine Fvl-mediated restriction is also observed in
human cells (36), it is probable that humans also express an
inhibitor, termed Refl, that exhibits restriction specificity sim-
ilar to that of Fv1°.

Nonhuman primate cells are resistant to infection by HIV-1,
and studies of viral DNA formation and those involving
pseudotyped viruses indicate that the block is at an early
postentry step (17, 18, 33). In fact, blocks to lentivirus infection
in primate cells exhibit several of the same characteristics that
are evident in the context of Fvl- and Refl-mediated restric-
tion of MLV (2, 9, 27). Thus, nonhuman primate cells are
assumed to express an inhibitor, termed Lv1, which inhibits
infection by lentiviruses.

Recent evidence suggests that Refl in humans and Lvl in
African green monkeys possess remarkable properties in that
they restrict infection by divergent retroviruses whose capsids
posses little sequence homology, yet discriminate between the
almost-identical capsids encoded by N-MLYV and B-MLV (16).
This conclusion is based on “cross-saturation” experiments in
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which target cells are treated with virus-like particles (VLPs)
derived from a restricted lentivirus prior to challenge with
N-MLV. In human and African green monkey cells, treatment
with restricted lentivirus VLPs is able to completely restore
susceptibility to N-MLV infection that is ordinarily inhibited
by 50- to 1,000-fold.

Susceptibility of NIH 3T3 cells to primate lentiviruses. The
notion that restriction factors in humans (Refl) and African
green monkeys (Lvl) are able to restrict very divergent retro-
viruses (16) prompted us to ask the question of whether the
murine FvI gene product is able to recognize and restrict
primate lentiviruses. Previously, we and others have shown that
there is no strong postentry restriction to HIV-1 infection of
murine NIH 3T3 cells, which are Fv1" (4, 14, 26). To extend
these observations, we tested the properties of a series of
vesicular stomatitis virus G (VSV-G)-pseudotyped lentivirus-
green fluorescent protein (GFP) reporter viruses in NIH 3T3
cells. These were based on the genomes of HIV-1, HIV-2, and
the simian immunodeficiency viruses SIVmac, SIVagmTan,
and SIVagmSab, which were rendered envelope defective and
in which the nef gene was replaced with a cDNA encoding GFP
(details of the construction are available on request). Virus
stocks, generated in 293T cells as previously described (9, 16),
were first titrated on human TE671 cells to normalize infec-
tivity. Infections were carried out using serially diluted virus
stock in the presence of 5 pg of Polybrene/ml, and infected
cells were enumerated by fluorescence-activated cell sorter
analysis of GFP expression 48 h later, as previously described
(9, 106).

As can be seen in Fig. 1, each of these viruses gave linear
titration curves on this human cell line that were virtually
superimposable. Because primate lentivirus Tat proteins do
not function efficiently in rodent cells, we titrated each of the
reporter viruses on a previously described NIH 3T3-derived
cell line that was engineered to express a murine cyclin T1
protein in which a single amino acid residue is altered to confer
Tat responsiveness (NIH 3T3/CycT) (4). As is shown in Fig. 1A
and B, HIV-1, HIV-2, SIVagmTan, and SIVagmSab were only
slightly less infectious on NIH 3T3/CycT cells than on TE671
cells (about 2.5- to 5-fold). This difference in susceptibility
between the two cell lines was quite consistent, irrespective of
which of these viruses was used, and was within the range of
variation in sensitivity to VSV-G-pseudotyped primate lentivi-
ruses that we have observed among human cell lines. Thus, it
was not considered significant.

In contrast, NIH 3T3/CycT cells appeared highly resistant to
infection by the SIVmac reporter virus. In this case, SIVmac
was about 100-fold less infectious on NIH 3T3/CycT cells than
on TE671 cells (Fig. 1C). Moreover, at high levels of SIVmac
inoculum, the titration curve exhibited nonlinearity, a charac-
teristic that is frequently observed as a restriction factor be-
comes saturated with increasing incoming virus dose. There-
fore, we undertook a series of experiments designed to
determine whether NIH 3T3 cells express a saturable capsid
targeting an inhibitor of SIVmac infection and whether this
inhibitor is Fvl.

CA-p2 is an important lentivirus tropism determinant in
NIH 3T3 cells. We and others have previously demonstrated
that replacement of the CA-p2 domain of SIVmac with that of
HIV-1 results in a virus construct, SIV(HIV CA-p2), which
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FIG. 1. Comparison of primate lentivirus infectivity in TE671 and
NIH 3T3 cells. Human TE671 cells and mouse NIH 3T3 cells were
inoculated with equivalent doses of the indicated VSV-G pseudotyped
GFP reporter viruses. The dose of each virus used was normalized to
give equivalent titers in infectious units (i.u.) in human TE671 cells,
which do not restrict any of the primate lentiviruses used here. The
results presented are representative of several experiments done using
independently prepared virus stocks.

behaves largely, in terms of restriction in primate cells, like
HIV-1 rather than SIVmac (9, 12, 16, 29). Therefore, to de-
termine whether the reduced susceptibility of NIH 3T3/CycT
cells to SIVmac compared to that with HIV-1 was governed by
determinants within the viral CA-p2 domain, we challenged
them with the SIV(HIV CA-p2) reporter virus. As can be seen
in Fig. 1C, SIV(HIV CA-p2) was about 20-fold more infectious
than SIVmac on NIH 3T3/CycT target cells. Although the
transfer of the HIV-1 CA-p2 domain to SIV conferred in-
creased infectivity in NIH 3T3 cells, it did not completely
restore the HIV-1 phenotype. SIV(HIV CA-p2) remained
slightly less infectious than HIV-1 on NIH 3T3 cells, and the
titration curve was not perfectly linear. At present, the reasons
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for this are unclear. Nonetheless, this result clearly demon-
strates that the origin of the CA-p2 domain in Gag is an
important determinant of primate lentivirus tropism for NIH
3T3 cells.

Capsid-dependent and -independent lentivirus tropism de-
terminants in rodents. NIH 3T3 cells carry the N-allele of Fv1,
which could potentially be responsible for capsid-dependent
resistance to SIVmac infection. If Fv1 is indeed responsible for
restriction of SIVmac infection in NIH 3T3 cells, then no
SIVmac restriction should be evident in rodent cell lines that
are FvI-null. Therefore, we next examined a panel of rodent
cell lines from mouse, rat, and hamster to determine whether
the specific, CA-p2-dependent resistance to SIVmac infection
could be observed in the absence of an Fv! allele. To obviate
the requirement for cyclin T1 expression in the target cells, we
used a vector system in which the GFP reporter gene is driven
by a cytomegalovirus promoter encoded within a packageable
vector genome and in which HIV-1, SIVmac, or SIV(HIV
CA-p2) Gag-Pol proteins are expressed in frans. Otherwise,
infections were carried out as for the full-length reporter vi-
ruses, except that infected cells were treated with 6 mM so-
dium butyrate for the 24 h preceding fluorescence-activated
cell sorter analysis to boost the level of the GFP signal. As is
shown in Fig. 2, we confirmed that, like Fv-1-null Mus dunni
cells (MDTF) and in contrast to NIH 3T3 or TE671 cells,
Chinese hamster ovary (CHO), White Reston rat (Rat-2), and
Fisher rat (XC) cell lines did not exhibit any specific resistance
to N-MLV or B-MLV. We then challenged them with HIV-1,
SIVmac, or SIV(HIV CA-p2) vector stocks that were normal-
ized for infectious titer on human TE671 cells. Neither MDTF
nor CHO cells exhibited any noticeable difference in sensitivity
to HIV-1, SIVmac, or SIV(HIV CA-p2) vectors (Fig. 2A and
B). In contrast, both the Rat-2 and XC cell lines were less
susceptible to HIV-1 than to SIVmac (Fig. 2C and D). The
magnitude of the relative resistance to HIV-1 was quite small
(approximately three- to fivefold) but was observed in multiple
repetitions of this experiment and when using independently
prepared virus stocks. Interestingly, this differential suscepti-
bility to HIV-1 versus SIVmac was not governed by capsid,
since the SIV(HIV CA-p2) virus exhibited an infectivity on rat
cells that was nearly identical to that of SIVmac (Fig. 2C and
D). Overall, however, none of the Fv/-null rodent cell lines
displayed the strong, CA-p2-dependent resistance to SIVmac
infection that was evident in FvI™" NIH 3T3 cells.

Mouse cell lines exhibit variable relative susceptibility to
HIV-1 and SIVmac vectors. We next tested additional FvI-
positive mouse cell lines for sensitivity to the HIV-1, SIVmac,
and SIV(HIV CA-p2) vectors. These cells were of either fibro-
blast or T-cell origin and were originally derived from several
laboratory mouse strains. As is shown in Fig. 3, a variety of
phenotypes in terms of susceptibility to HIV-1 SIVmac, and
SIV(HIV CA-p2) infection were observed. LmTK- cells (from
C3H/An mice) are FvI™™ and, like NIH 3T3 cells, are about
30-fold less susceptible to B-MLV than to N-MLV (Fig. 3A).
However, in marked contrast to NIH 3T3 cells, LmTK- cells
were less sensitive to HIV-1 than to SIVmac. In fact, the
phenotype exhibited by LmTK- cells was somewhat similar to
that exhibited by the rat cells (Fig. 2C and D), although the
difference in titer between SIVmac and HIV-1 in LmTK- cells
was larger (approximately 10- to 20-fold) (Fig. 3A). These cells
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FIG. 2. HIV-1, SIVmac, and SIV(HIV CA-p2) infectivity in Fv/-null
rodent cells. Rodent cell lines MDTF (M. dunni) (A), CHO (B), Rat-2
(White-Weston rat) (C), and XC (Fischer rat) (D) were inoculated with
increasing amounts of N-MLV, B-MLV, HIV-1, SIVmac, or chimeric
SIV(HIV CA-p2) GFP vector stocks as indicated. The doses of N-MLV
and B-MLYV vectors are given as the titer (infectious units [i.u.]) of each
virus measured on MDTF cells. The dose of HIV-1, SIVmac, and
SIV(HIV CA-p2) vectors are given as the titer (i.u.) of each virus mea-
sured on TE671 cells. The results presented were obtained using single
HIV-1, SIVmac, and SIV(HIV CA-p2) stocks but are representative of
several experiments done using independently prepared stocks.

also shared the property with rat cells of specific resistance to
HIV-1 infection that was not determined by the viral capsid,
since SIV(HIV CA-p2) had the same relative infectivity as
SIVmac and not that of HIV-1.
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FIG. 3. Resistance of Fvl-positive murine cells to lentivirus infec-
tion. Mouse cell lines LmTK- (A), BW5147 (B), and EL-4 (C) were
inoculated with increasing amounts of N-MLV, B-MLV, HIV-1, SIV-
mac, or chimeric SIV(HIV CA-p2) GFP vector stocks as indicated.
The dose of N-MLV and B-MLYV vectors are given as the titer (infec-
tious units [i.u.]) of each virus measured on MDTF cells. The doses of
HIV-1, SIVmac, and SIV(HIV CA-p2) vectors are given as the titer
(infectious units [i.u.]) of each virus measured on TE671 cells. The
results presented were obtained using single HIV-1, SIVmac, and
SIV(HIV CA-p2) stocks but are representative of several experiments
done using independently prepared stocks.

We also tested the susceptibility of two T-cell lines, EL-4
(from CS7BL/6N mice) and BW5147 (from AKR/J mice), to
HIV-1 and SIVmac vectors. Although EL-4 cells are FvI™®,
only a modest difference in susceptibility to N-MLV versus
B-MLV was observed, suggesting that Fvl is either poorly
expressed or is not able to restrict MLV infection in this cell
line (Fig. 3B). EL-4 cells were, however, quite strongly resis-
tant to infection by both HIV-1 and SIVmac. A modestly
reduced susceptibility to HIV-1 compared to SITVmac was ob-
served (approximately threefold) but, as was the case in the
LmTK- and rat cell lines, this difference was not determined by
the viral capsid, since SIVmac and SIV(HIV CA-p2) had
nearly identical titers on this cell line. BW5147 cells, which are
FvI™™, were approximately 10-fold less susceptible to B-MLV
than to N-MLV at a low virus dose (Fig. 3C). In contrast to
EL-4 cells, however, this T-cell line was quite sensitive to both
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FIG. 4. Resistance of NIH 3T3 cells to SIVmac is saturable by
SIVmac but not B-MLV particles. (A) Inhibition of SIVmac-GFP
restriction in NIH 3T3 cells by SIVmac VLPs. NIH 3T3 cells were
inoculated with a fixed and equivalent dose (as measured on MDTF
cells) of N-MLV, B-MLV, or SIVmac GFP reporter viruses, in the
presence of increasing amounts of SIVmac VLPs. The VLP dose is
given in nanograms of reverse transcriptase per well. (B) B-MLV
particles cannot inhibit restriction to SIVmac infection in NIH 3T3
cells. NIH 3T3 cells were inoculated with a fixed and equivalent dose
(as measured on FvI-null MDTF cells) of B-MLV or SIVmac GFP
reporter viruses, in the presence of increasing amounts of N-neo or
B-neo virus particles. The inhibiting (neo) virus dose is given as the
titer (in infectious units [i.u.]) as measured on MDTF cells.

HIV-1 and SIVmac infection. SIVmac was about threefold less
infectious in BW5147 cells than was HIV-1, and this difference
was primarily attributable to capsid, since SIV(HIV CA-p2)
exhibited similar infectivity to HIV-1 (Fig. 3C). Overall, the
rodent cell lines tested exhibited distinct relative susceptibili-
ties to HIV-1 and SIVmac that were sometimes but not always
determined by the origin of the viral capsid and did not cor-
relate well with the presence or function of any particular FvI
allele.

NIH 3T3 cells express a saturable inhibitor of SIVmac in-
fection. Because NIH 3T3 cells exhibited the strongest specific
resistance to a primate lentivirus (SIVmac) that was apparently
governed by determinants within the CA-p2 Gag domain, we
tested whether resistance was due to the presence of a satura-
ble inhibitor and whether this inhibitor was Fv1 that is func-
tionally expressed therein. As is shown in Fig. 4A, treatment of
NIH 3T3 cells with increasing doses of SIVmac VLPs in-
creased infection by a fixed inoculum of SIV GFP by up to
ninefold. However, the same treatment did not affect infection
by either unrestricted N-MLV or Fv1"-restricted B-MLV. In a
reciprocal experiment, shown in Fig. 4B, saturation of NIH
3T3 cells with restricted B-MLV-Neo, but not unrestricted
N-MLV-Neo, vector particles increased susceptibility to a re-
stricted GFP-expressing B-MLV vector by >50-fold. In con-
trast, the same manipulations had only marginal effects on
SIVmac infection. Thus, in NIH 3T3 cells, under conditions
where Fv1" is apparently saturated by incoming B-MLV par-
ticles, SIVmac remains restricted. Morecover, when sufficient
SIVmac particles are incoming to saturate whatever is respon-
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sible for SIVmac restriction in NIH 3T3 cells, Fv1"-mediated
restriction of B-MLYV infection remains effective.

Fvl does not confer resistance to HIV-1 or SIVmac infec-
tion. The above data suggested that the capsid-dependent,
saturable restriction of SIVmac infection that was observed in
NIH 3T3 cells was mediated by a factor or factors other than
Fvl. To unequivocally determine whether Fvl was capable of
conferring resistance to SIVmac or HIV-1 infection, we engi-
neered FvI-null cells to stably express Fvl® or Fvl®. MDTF
cells were transduced with LNCX-derived retroviral vectors
expressing Fv1™ or Fv1®, and the G418-resistant populations
were used as a pool. We also expressed an artificial chimeric
form of Fv1, termed Fv1°", that possesses expanded specificity
(6). This Fvl protein confers resistance to both N-tropic and
B-tropic MLV as well as NB-tropic MLV that is not ordinarily
restricted by either parental FvI allele. As expected, MDTF/
FvI™ cells exhibited specific, approximately 50-fold resistance
to B-MLV, while MDTF/FvI® cells exhibited the same degree
of specific resistance to N-MLV (Fig. 5SA and B). As was
previously reported, MDTF cells expressing Fv1°™™ were resis-
tant to both B-MLV and N-MLV (Fig. 5C) (6). In contrast,
MDTF cells expressing either the natural or artificial Fvl vari-
ants did not exhibit any specific resistance to either HIV-1,
SIVmac, or SIV(HIV CA-p2) and were at least as susceptible
to infection by these viruses, as were control MDTF cells
carrying a vector lacking FvI (Fig. 5 and data not shown).
Thus, none of the FvI alleles tested could block infection by
these primate lentiviruses.

Conclusions and implications. The apparently broad speci-
ficity of retroviral restriction factors in cells of human (Refl)
and African green monkey (Lvl) origin, both of which are
superficially Fv1®-like in that they restrict infection by N-MLV
but not B-MLV (16, 35), suggested that perhaps Fvl itself
might be able to restrict infection by lentiviruses. This proved
not to be the case. In general, however, we observed several
unexpected phenotypes in terms of relative susceptibility to
HIV-1 and SIVmac vectors among rodent cell lines. In some
cell lines, we found no evidence for specific resistance to either
virus. In others, variable (3- to 20-fold) relative resistance to
HIV-1 compared to SIVmac was observed. In this case, the
differential susceptibility to the two viruses was not due to
determinants in the capsid. In addition, we found that two
mouse cell lines exhibited specific resistance to SIVmac.
Therein, the viral determinants of the phenotype resided pre-
dominantly within the CA-p2 domain, since SIV(HIV CA-p2)
behaved more like HIV-1 and not like SIVmac. In BW5147
cells, the phenotype was subtle, but in NIH 3T3 cells the origin
of CA-p2 had dramatic effects in infectivity. In addition to
these specific effects on either HIV-1 or SIVmac infectivity,
one cell line, EL-4, appeared to have a superimposed defect in
terms of sensitivity to both HIV-1 and SIVmac infection. How-
ever, this cell line was quite efficiently infected by a B-MLV
vector.

We have not determined precisely the step at which infec-
tion is attenuated in rodent cells. However, all of the viruses
and vectors were pseudotyped with VSV-G, effectively pre-
cluding entry restriction as a factor. Moreover, with the excep-
tion of the data shown in Fig. 1, all of the findings described
herein were obtained using vector genomes in which the GFP
reporter gene was driven by a cytomegalovirus promoter. The
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FIG. 5. Restriction of lentiviruses in murine cells is not mediated
by Fvl. FvI-null MDTF cells were engineered to stably express differ-
ent alleles of FvI, FvI® (A), FvI® (B), and a chimeric FvI®™ that
restricts both N- and B-MLV (C). Target cells were inoculated with
increasing amounts of N-MLV, B-MLV, HIV-1, SIVmac, or chimeric
SIV(HIV CA-p2) GFP vector stocks as indicated. The virus dose of
N-MLYV and B-MLYV is given as the titer (in infectious units [i.u.]) of
each virus measured on MDTF cells. The dose of HIV-1, SIVmac, and
SIV(HIV CA-p2) is given as the titer (i.u.) of each virus as measured
on TE671 cells.

vectors each gave robust GFP expression in all the cells tested,
particularly after sodium butyrate treatment. Thus, the virus-
specific restrictions occur at some point between virus entry
and gene expression.

These findings should be an important consideration in the
development of rodent models of lentivirus infection. Thus far,
two reports have been published describing the construction of
transgenic rodents that are engineered to be susceptible to
HIV-1 infection (8, 20). In both cases, susceptibility to infec-
tion of transgenic cells in vitro was documented, but in neither
case was robust, persistent infection established. There are
several obstacles to the development of such rodent models,
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and postentry, preintegration restriction is likely to also be an
additional important factor in selecting a mouse (or other
rodent) strain for the introduction of human genes that are
required to support HIV-1 replication.

The fact that cell lines exhibit differences in their relative
susceptibilities to HIV-1 versus SIVmac strongly suggests that
important and specific host-virus interactions occur during the
postentry, preintegration phase of the lentivirus life cycle in
rodent cells. Moreover, these findings further suggest that host
gene products involved in these interactions may be polymor-
phic among laboratory mouse strains. At present, it is unclear
whether some of the phenotypes documented herein reflect
the action of facilitators or inhibitors of infection. However, in
at least one case, namely SIVmac infection of NIH 3T3 cells,
resistance appears to be due predominantly to the presence of
a saturable, capsid-targeting inhibitor of infection. Assuming
that these findings can be demonstrated to be consequent to
the mouse strain and not to differential expression of genes in
immortalized versus primary mouse cells, the application of
genetic studies in mice could be a useful means by which host
factors that control susceptibility to lentivirus infection might
be identified.
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