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Vertebrates and retroviruses have coex-
isted for tens of millions of years as

evidenced by the fossil record provided by
endogenous retroviruses (1, 2). One might
therefore predict that a degree of coevolu-
tion would have occurred resulting in the
generation of host mechanisms for restrict-
ing virus spread as well as the appearance of
relatively apathogenic viruses. Indeed, a
number of cell-autonomous host defenses
against retroviruses have been described.
They include mutations of cellular receptors
(3) and coreceptors (4), the expression of
factors down-regulating or blocking recep-
tors (5) as well as genes interfering with
intracellular steps in viral replication (6, 7).
Analysis of these genes and their modes of
action, as well as the identification and
subsequent characterization of novel genes
with anti-retroviral activity, would be ex-
pected both to shed further light on retro-
virus replication and suggest novel targets
for therapeutic intervention. The latest
World Health Organization (WHO) pro-
jected mortality figures for the AIDS epi-
demic emphasise the need for novel insights
into HIV type 1 (HIV-1) replication and
factors controlling its pathogenicity. Two
papers in this issue of PNAS, by Cowan et al.
(8) and Besnier et al. (9), represent an
important step in this direction.

For a number of years it has been known
that different primates differ in their sus-
ceptibility to infection, with HIV-1 showing
a relatively narrow host range in vivo com-
pared with most simian immunodeficiency
viruses (SIVs). This restricted host range is
mirrored by in vitro infection studies using
peripheral blood mononuclear cells
(PBMC). Early studies showed that SIV-
mac, a strain that was isolated from infected
rhesus macaques, but that originated in
sooty mangabeys and is closely related to
HIV-2 (10), could replicate on both monkey
and human PBMC, whereas HIV-1 grew
only on human cells (11). HIV-1 replication
in monkey PBMC is blocked at an early
postentry, preintegration stage of the viral
life cycle (12). The capsid (CA)-p2 domain
of the viral Gag protein determines replica-
tion potential (13). A recent study using cells
taken from a variety of different tissues and
monkeys has confirmed and extended these
results revealing further host range patterns
(14). Some species (mainly New World
monkeys) yield cells preferentially infected

by HIV-1 compared with SIVmac, whereas
others (mainly, but not exclusively, Old
World monkeys) showed the reverse pat-
tern. In a few cells lines HIV-1 and SIVmac
grow to very low titres, implying a block
affecting both viruses. Infectivity appears to
be species- rather than tissue-specific, sug-
gesting the involvement of widely expressed,
genetically determined cellular factors in
controlling host tropism.

One unresolved issue from the earlier
studies was the nature of this block. Fail-
ure to replicate might be caused by the
presence of one or
more inhibitory fac-
tors in the infected
cells. Alternatively, it
might result from the
absence of some cel-
lular factor(s) abso-
lutely required for vi-
rus replication. The
papers by Cowan et
al. (8) and Besnier et al. (9) address this
question; both provide compelling evi-
dence in favor of one or more dominant
inhibitory factor(s) binding to incoming
virions, thereby preventing reverse tran-
scription. Both groups demonstrate that
restriction can be overcome by use of high
multiplicities of infection. Both groups
show that restriction can be overcome, or
abrogated, by preinfection with large
amounts of the restricted, but not a non-
restricted, virus. For example, if rhesus
monkey cells (restrict HIV-1 but not SIV-
mac) are pretreated with large amounts of
an HIV-1 packaged vector encoding re-
sistance to puromycin, and then infected
with an identical vector carrying a differ-
ent marker like enhanced green fluores-
cent protein (EGFP), a marked increase
in GFP positive cells will be seen com-
pared with control or SIV pretreated cells.
Interestingly, in the one monkey cell line,
CV1, which showed restriction of both
HIV-1 and SIVmac, cross-abrogation was
also observed. The abrogating particle
must be capable of extracellular virus mat-
uration associated with proteolysis of the
intact Gag precursor polyprotein, i.e.,
must carry the Gag and Pro proteins but
need not be capable of reverse transcrip-
tion, in other words, it need not carry a
functional Pol protein. Finally, Cowan et
al. (8) showed that restriction is dominant

in heterokaryons made between permis-
sive and nonpermissive cells.

Taken together, these data strongly sup-
port the notion that the genomes of a
variety of primate species encode a satu-
rable inhibitor of primate lentivirus infec-
tion that targets the CA and�or p2 com-
ponents of the incoming subviral particle.
This inhibitor closely resembles a mouse
factor called Fv1 (Friend virus suscepti-
bility 1) (15) so Cowan et al. (8) now
propose to call the new activity Lv1.
Further progress in understanding its

mode of action ap-
pears dependent
on identification
of the gene encod-
ing the activity. In
the meantime it is
perhaps instructive
to compare the
properties of Lv1
with those of Fv1

and a recently described nonmurine coun-
terpart of Fv1 called REF1 (Resistance
Factor 1) (16).

The properties of the three different re-
striction systems are summarized in Table 1.
Fv1 is a gene found only in mice (6). It has
three major restricting alleles, n, nr, and b
(17), defined by their ability to restrict dif-
ferent N- or B-tropic murine leukemia vi-
ruses (MLVs). REF1, found in a variety of
nonmurine vetebrates including humans,
restricts only N-MLV (16). Lv1 has three
distinguishable activities, against HIV-1 or
SIVmac or SIVmac and HIV-1, and it re-
mains to be seen whether they correspond to
three different alleles of one genetic locus or
represent three separable genes. Indeed, it is
possible that REF1 corresponds to an ad-
ditional allele of Lv1 (see below). It will be
interesting to see whether Lv1 acts on SIV
isolates other than SIVmac.

The primary determinant of Fv1 spec-
ificity maps to CA amino acid 110 (18),
although a number of neighboring amino
acids can affect the Fv1-CA interaction
(A. Stevens and J.P.S., unpublished data).
CA amino acid 110 also determines the
CA-REF1 interaction. Interestingly, this
amino acid would be predicted (W. Taylor
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and J.P.S., unpublished data) to lie in the
vicinity of the cyclophilin A binding site of
HIV-1 CA (19). Thus, although the Lv1
binding site on HIV-1 CA�p2 remains to
be mapped, it is tempting to speculate that
it lies near that for cyclophilin A.

The most clear-cut phenotypic difference
between Fv1 and REF1�Lv1 apparently lies
in the stage of the viral life cycle in which
they act. Fv1 appears to act somewhat later
(after reverse transcription) than REF1 (16)
and Lv1 (before reverse transcription), at a
stage in the viral life cycle where HIV-1 has
already shed CA. However, it is not incon-
ceivable that initial binding of Fv1 occurs at
the same point in viral replication as REF1�
Lv1 but that its phenotypic effect is mani-
fested later. It should be noted that Fv1
is normally expressed in tiny amounts
in cells (ref. 6, and M. Yap and J.P.S.,
unpublished data), an observation that may
have important ramifications, both mecha-
nistically and practically for the further
study of REF1 and Lv1.

Restriction by Fv1�REF1�Lv1 is satura-
ble, with abrogation occurring upon prein-
fection with restricted but not with nonre-
stricted virus. Lv1 abrogation requires Gag
cleavage, suggesting that the interacting do-
main on CA�p2 is masked on the precursor
protein, and implying that the interaction
can only occur with incoming virions but not
with virions in the process of exiting the cell.
This would provide an explanation for the
old observation that MLV producing cells
are fully Fv1 protected (20). These obser-
vations would also suggest that unprocessed
Gag cannot be used as bait for isolating
REF1�Lv1 either directly or by two hybrid
approaches. Indeed, cloned Fv1 and MLV

CA do not appear to interact in the yeast
two-hybrid system (S. Goff, personal
communication).

Recent cross-abrogation studies, using
two cell lines derived from African Green
monkeys, provide a tantalizing clue that
REF1 and Lv1 may be related (P. Bieniasz,
personal communication). These cells in-
hibit N-MLV but not B-MLV, i.e., are
REF1 positive, as well as SIVmac and
HIV-1 via Lv1. Preinfection with HIV-1
increases titres of N-MLV 100-fold without
affecting B-MLV replication. N-MLV, but
not B-MLV, shows significant (but not com-
plete) abrogation of HIV-1 restriction.
These observations suggest the same factor
is binding N-MLV as HIV-1, implying that
REF1 is an allele of Lv1. If this is true, then
Lv1 would have at least four alleles directed
against HIV-1 (most Old World monkeys),
SIVmac (New World monkeys), HIV-1,
SIVmac and N-MLV (African Green mon-
keys), and N-MLV (humans). Given the
differences in the CA protein of the differ-
ent viruses, this finding raises considerable
difficulty in explaining restriction based on
the Fv1 model in which a single amino acid
provides the basis for viral specificity.

Fv1 is approximately 60% identical at the
nucleotide level to the gag gene of the
endogenous retroviruses HERV-L and
MERV-L (6, 21). One discernible feature is
the predicted presence of a motif (Q-X3-E-
X7-R), called the Major Homology Region,
that is present in the CA protein of all
retroviruses (21). Its precise role is un-
known, but it is clearly important for virus
assembly and�or entry of newly infected
cells (22). Mutation of the conserved amino
acids in the Fv1 Major Homology Region

abolishes restriction (23), suggesting that it
is functioning in a CA-like manner. Impor-
tantly, there is virtually no sequence simi-
larity to its viral target. This result raises the
possibility that resistance to lentiviral infec-
tion might be caused by one or more mem-
bers of the virtually limitless pool of non-
lentiviral endogenous retroviruses present
in the genomes of primates (24). If this is the
case, it is likely that the different activities of
Lv1 represent independent genes rather
than representing different alleles of the
same gene.

Further progress in this area appears
dependent on the molecular identification
of REF1 and Lv1. This may not prove a
trivial undertaking, particularly if the
genes are expressed only at low levels and
their products act only on the mature
forms of CA. Fv1 was cloned only through
positional means (6). Further genetic in-
formation about REF1 and Lv1 would be
very helpful because it would help to
define the number of genes in question
and might suggest possible candidates.
Expression cloning by transduction of
cDNA libraries followed by selection of
cells that show resistance to infection, an
approach that has been used to clone a
resistance factor to MLV from rat cells
(28) seems to be the most promising ap-
proach, but carries no guarantee of suc-
cess. Provided that REF1 is expressed in
somatic cell hybrids, analysis of a suitable
radiation hybrid panel might provide a
rapid means of gene identification (25).

Over the next few years it appears likely
that naturally occurring host mechanisms
providing defense against retroviral infec-
tion will come under increasing scrutiny in
attempts to further understand host–
pathogen interactions. The recently
cloned cellular gene that inactivates
HIV-1 in the absence of the viral Vif
protein (26) will undoubtedly prove one
focus of this work as will Fv1 and its
cousins. More of these genes will likely be
found. Moreover, the dozens of interac-
tions that take place between virus and
host proteins after viral infection (27) will
also be examined in the hope of develop-
ing new approaches to treating viral
disease.
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