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Abstract

Pathogenic retroviruses have driven the evolution of several dominant-acting
mechanisms able to block infection and protect the host. These are exemplified
by the mouse gene Fvi, which encodes a Gag-like protein able to protect
against murine leukemia virus (MLV) infection. The block is saturable, occurs
after reverse transcription and is directed against the viral capsid gene. Several
other mammalian species are also able to block MLV infection with the same
capsid specificity. A human gene with this activity has been named Ref1.
Recently, primates have been shown to restrict a variety of retroviruses only
very distantly related to MLVs through a gene named Lv1. Restricted viruses
include MLV as well as lentiviruses such as human immunodeficiency viruses 1
and 2, simian immunodeficiency virus and equine infectious anemia virus. In
each case the block to one retrovirus can be saturated by co-infection with a
second restricted virus. The possible mechanisms of action, and evolutionary
consequences of restriction, are reviewed.
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immunodeficiency virus type 1 (HIV-1). The HIV-1
Vif protein counteracts the inhibitory activity of
CEM153. Another is Fv4, a proviral env gene that
protects against murine leukemia virus infection
by binding and blocking the ecotropic receptor4.
This review concerns saturable post-entry blocks
mediated by cellular factors called restriction factors.

Fv1: Restriction of murine
leukemia virus in mice

The first retroviral restriction factor (Fv1) was
described as a factor encoded by a mouse gene
responsible for the resistance of inbred strains of
mice to leukemia caused by murine leukemia
viruses (MLV)5. The two original alleles of Fv1
enabled the division of MLVs into groups de-
pending on their tropism for two inbred strains of
mice, NIH and Balb/c6. N-tropic viruses are able
to cause leukemia in NIH mice, but not in Balb/c
mice. B-tropic MLVs are those with the opposite
phenotype, causing leukemia in Balb/c mice, but
not NIH mice. Thus, Fv1-N restricts MLV-B and
Fv1-B restricts MLV-N. The critical difference be-
tween N- and B-tropic viruses was shown to be
at position 110 in the capsid gene, with an
arginine specifying N tropism and a glutamate B
tropism?. Notably, a change from N to B causes
a charge change from positive to negative. Fv1
is co-dominant in that heterozygous cells from a
NIH x Balb/c cross are able to restrict both N-
and B-tropic MLV8, and mixed virus containing
both N and B Gag proteins is restricted by either
Fv1-N or Fv1-B proteins?.

The most well-known and widely used MLV is
Moloney MLV10. Moloney MLV is able to replicate
well in both N and B cells, and causes leukemia
readily in both N and B mouse strains, without any
apparent sensitivity to Fv1. This virus is termed
NB-tropic. Moloney MLV was extensively pas-
saged through inbred mice and cell lines before
infectious molecular clones were isolated0.11,
Whether Moloney-like NB-tropic strains are com-
monly found in the wild is unclear; most MLV
strains are sensitive to one or the other of the Fv1
alleles and it is possible that Moloney MLV may be
a lab-adapted variant. The changes from N or B
that make a virus NB-tropic remain undefined.
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relationship is due to the restriction factor being
saturated and partially inactivated at high virus
doses, allowing proportionally more cells to be
infected at high dose than at low dose. For Fv1,
multiple-hit kinetics are seen at high doses, and at
low doses the slope shifts to one-hit, producing a
characteristic bend in the titration curve. The pres-
ence of both one- and two-hit regions in the curve
may explain why Fv1 restriction has been described
to result in both single- and two-hit kinetics in
different studies?e.

The fact that restriction is saturable is also
demonstrated in abrogation experiments. In this
case, pre-exposing cells to a high dose of restricted
viral particles saturates restriction, and a second
dose of sensitive virus is not blocked!7-19. In other
words, pre-exposure of target cells to restricted
virions allows a second infection to proceed unre-
stricted. It is explained by the first dose entering
the cells and saturating the available restriction
factor, allowing virus in the second infection to
proceed unimpeded. Abrogation is also seen if
the two viruses are added at the same time.
Abrogation is not observed with pre-exposure of
cells to unrestricted virus, indicating that unre-
stricted virus cannot saturate the restriction factor,
probably because it cannot bind to it.

When viral DNA synthesis is compared after
Fvi-restricted versus unrestricted infection, the
levels of linear viral DNA are similar20.21, However
the formation of circular viral DNA, thought to be
indicative of viral nuclear entry, is blocked in
restricted infection. Taken together, these data are
interpreted as showing that Fv1 acts after reverse
transcription, but before nuclear entry. However,
the fact that a polymerase minus mutant can
titrate out a restriction factor in an abrogation
experiment suggests that the interaction with the
restriction factor can take place without DNA syn-
thesis22. This is further discussed below. Certainly
DNA synthesis is not required for interaction with
Fv1. Virus can be restricted whether it enters cells
via amphotropic envelope, ecotropic envelope or
by the vesicular stomatitis envelope protein VSV-
(G2324, which are thought to utilize different routes
of entry.

The Fv1 gene was cloned in 1996 and found to
exhibit sequence similarity to a gag gene, related
to endogenous retroviral elements (ERV-L) in mice
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between incoming capsid and Fv1 would be con-
sistent with a capsid determinant and saturable
restriction, but such an interaction has not been
demonstrated despite considerable efforts using
the yeast two-hybrid and biochemical techniques.
It is possible that a third cellular protein is re-
quired for the interaction.

The identification of the Fv1 gene allowed the
development of an assay for restriction based on
overexpression of Fv1 in permissive cells??. Fv1 is
expressed together with a fluorescent protein,
such as yellow fluorescent protein (YFP), and then
cells are challenged with virus expressing a dis-
tinguishable marker, such as green fluorescent
protein (GFP). After 48 h, expression of both pro-
teins is measured simultaneously by two-color
fluorescent activated cell sorting (FACS). This al-
lows us to test whether cells expressing Fv1, the
yellow cells, are protected from infection, i.e. from
becoming green.

Overexpression of Fv1-B in Fvi-negative mink
cells causes restriction of N-tropic virus as expect-
ed, but also weak restriction of B- and NB-tropic
virus. This result suggests a broader inhibitory
potential for Fv1-B than previously thought. Over-
expression of Fv1 in cells naturally expressing Fv1
also produced interesting results. Overexpression
of the endogenous protein (i.e. Fv1-N in NIH3T3
cells) did not increase the magnitude of restriction
to MLV-B, suggesting that, despite very low en-
dogenous levels of expression, Fv1 is not limiting.
This result might suggest the existence of a limiting
cellular factor. Overexpression of a different pro-
tein (e.g. Fv1-B in NIH3T3 cells) caused the re-
striction phenotype to switch to that of the overex-
pressed allele; NIH3T3 cells expressing high
levels of Fv1-B are now no longer able to restrict
MLV-B, but restrict MLV-N by about two logs. This
is unlikely to indicate a competition between the
Fv1 proteins for virus binding, as abrogation as-
says described above show that MLV-B cannot
saturate, or compete for, Fv1-B. This result may

be explained by the fact that overexpression of
Fv1 produces insoluble aggregates. In this case,
the aggregates might include most of the endog-
enous Fv1 because it is expressed in much lower
amounts. The unincluded endogenous Fv1 would
not be sufficient for function; but the unincluded
exogenous Fv1 would be sufficient for activity. The
Fv1 in the aggregates would be unavailable for
restriction and so the cells become permissive for
MLV-B. This result might also suggest a cofactor,
as the overexpressed Fv1 could compete for co-
factor rendering the endogenous Fv1 inactive.

The two-color restriction assay has also allowed
a detailed mutational analysis of Fv128. The N- and
B-alleles differ at three points, with two amino acid
substitutions and a variant C-terminus2s. Analysis
of chimeric Fv1 molecules demonstrated that the
determinants of Fv1 specificity are complex. Possibly
the most interesting result showed that Fv1-B with
an Fv1-N C-terminus, the so called BBN mutant, is
able to strongly restrict MLVs -N, -B and -NB. An
Fv1 protein consisting of two functional domains is
also suggested by the mutational analysis. A bet-
ter understanding of the mutant Fv1 activities may
await the solving of the Fv1 structure.

Ref1: Restriction of MLV
in mammals

Southern-blot analysis has demonstrated that
DNA from non-murine mammalian species, in-
cluding humans, do not contain sequences
closely related to Fv125 (GJT unpublished data).
The ability of the pan-tropic VSV-G envelope to
efficiently pseudotype MLV allowed the function-
al investigation of restriction in a range of mam-
malian cell lines23. Remarkably, a number of cell
lines restricted N-tropic virus in a saturable man-
ner, suggesting the presence of a second mam-
malian restriction factor, named Ref1 in humans.

Table 1. Characteristics of resistance to retroviruses in various mammals
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Saturable restriction to N-tropic MLV has been
described in cells from humans, hamsters, pigs,
cows, bats and African green monkeys (AGM).
The block to infection in humans and AGMs is
before reverse transcription and, as such, the
levels of viral DNA synthesis are very low after
restricted infection. As for Fv1, the determinant
for Ref1 restriction of MLV is at amino acid 110
in capsid with an arginine causing restriction
and a glutamate allowing infection23. It appears
that these species express a factor which is
similar to Fv1 in its specificity, but slightly differ-
ent in its timing. Although fundamental mecha-
nistic differences have been suggested based
on the timing, the block before DNA synthesis
may simply indicate a more efficient activity
rather than a specifically earlier interaction. This
study also showed that viral particles containing
both N- and B-Gags (i.e. restricted and unre-
stricted Gags) were themselves restricted, even
if only a small amount of restricted Gag was
present23. This implied that restriction of MLV-N
in human cells was likely due to a dominant
acting factor.

There is an alternative explanation for an in-
ability of N-tropic viruses to infect cells if the N-
tropic capsids are unable to interact with neces-
sary cellular factors in the restricting cell lines.
This might be a consequence of the overall
capsid charge -N-tropic capsid contains positive-
ly-charged arginine as oppose to the negatively-
charged glutamate in B-tropic capsid. To distin-
guish between the lack of an activity and the
presence of a restriction factor, abrogation exper-
iments were performed?. It was shown that expo-
sure of human cells to a high dose of N-tropic
virus could abrogate restriction to a second dose
of N-tropic virus. This ability to saturate restriction
is good evidence for the presence of a dominant
factor, Ref1, and for the notion that human cells
have all the necessary factors for N- and B-tropic
virus infection, but that Ref1 restricts N-tropic
infection. Saturation of restriction by abrogation
also converts the kinetics of infection from two-hit,
indicative of restriction, to one-hit, indicative of
permissive infection,

Recently it has been shown that a retrovirus
from horses, equine infectious anemia virus
(EIAV), is also restricted in human cells, extend-
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Lv1: Restriction of lentiviruses
in primates

Chimpanzees infected with SIVcpz are the likely
original source of HIV-1, and sooty mangabeys
infected with SIVsm are the likely source of HIV-23132,
Despite the primate origins of HIV-1 and -2, it has
long been known that several primate species are
unable to support the replication of HIV-1. Cell
lines and peripheral blood lymphocytes (PBL)
derived from rhesus macaque are unable to sup-
port HIV-1 infection, but are very permissive for
SIVmac. This is not due to receptor differences
between monkeys and humans, because an SIV
bearing the HIV-1 envelope, a so-called SHIV, is
highly infectious for macaque PBL33. The block to
HIV-1 in monkey cells is dependent on the HIV-1
gag-pol gene34. Recently, experimental techniques
such as those used to investigate Fv1 and Ref1
restriction have been used to investigate the dom-
inant factors able to block infection by lentiviruses.
Using VSV-G pseudotypes circumvented prob-
lems of lentiviral receptor expression, as the VSV-
G envelope from vesicular stomatitis virus uses a
receptor widely expressed on mammalian cells,
allowing a very broad host range. Studies of cells
from a series of mammals, including a broad
range of primates, identified a number of species
non-permissive for VSV-G pseudotyped lentivirus
infection35.36, Examples of species non-permissive
for HIV-1 are owl monkey, rhesus macaque, Afri-
can green monkey and rabbit. Several groups
investigated whether this was due to dominant or
recessive factors. Pre-exposure of cells to high
doses of HIV-1 increased the titer of a second
HIV-1 dose by as much as fifty times in owl
monkey cells, twenty times in rhesus macaque
cells and ten times in cells from AGMs37-3. Re-
cently it has been shown that AGM cells are also
able to restrict HIV-2 and the divergent lentivirus
EIAV30. Furthermore, cells from squirrel monkey
were able to block SIVmac, but not HIV-1, in a
similarly saturable manner38. Together, these data
strongly suggested the existence of a restriction
factor able to block a broad range of retrovirus
infection in primates. This factor was named Lv138.

Cells from rabbits have been shown as being
particularly resistant to HIV-1, but permissive to
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Further evidence for the existence of a domi-
nant factor Lv1l was provided by cell-fusion ex-
periments, where the ability of permissive vs
non-permissive cell-cell fusions to restrict HIV-1
infection was testeds8. The products of fusing
permissive 293T cells and restrictive OMK cells
were shown to block HIV-1 infection to the same
degree as unfused OMK cells. These experi-
ments were also performed in AGM cells, and
provided further strong evidence for the pres-
ence of a dominant factor able to block infection
of HIV-1 in monkeys32. Abrogation experiments
were used to show that both a polymerase minus
HIV-1 and a virus containing an inactive reverse
transcriptase were able to abrogate restriction37.38,
These data demonstrate that neither reverse tran-
scription nor any of the polymerase gene prod-
ucts are required for the virus to bind and satu-
rate intracellular Lv1. A protease-minus virus,
however, was unable to abrogate restriction, sug-
gesting that Gag cleavage and maturation is
required for restriction factor binding38. This
would predict that cells expressing the Gag pre-
cursor, i.e. infected cells, would still restrict infec-
tion. This is true at least for MLV infected mouse
cells, which remain able to restrict even after
infection with restricted virus40. The determinant
for restriction of HIV-1 was further mapped to the
retroviral capsid-p2 domain, using an SlVmac in
which the capsid gene had been swapped with
the capsid from HIV-1. This virus contained all
SIVmac sequence except for the capsid-p2 domain,
which was from HIV-1. This SHIV behaved like
HIV-1 rather than SIVmac, and was restricted in
cells from owl monkey and rhesus macaques841.
Furthermore, this virus was able to saturate restric-
tion to wild-type HIV-1 in an abrogation experi-
ment in simian cells30.

Restriction of multiple divergent
retroviruses by a common factor

The ability of cells from African green monkeys
to restrict both gamma retroviruses, MLV-N and
lentiviruses HIV-1, HIV-2, SIVmac and EIAV, al-
lowed the investigation of whether a common
factor in AGM cells (first seen as Refi1-like factor
restricting MLV23)
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MLV-N is much less efficient at saturating re-
striction to lentivirus, HIV-1, -2 or SIVmac. The
reason for this is unclear, but may be related to
the different behavior of capsid proteins from
lentivirus and gamma retroviruses after viral entry.
MLV has been shown to retain the capsid protein
in the pre-integration complex, whereas HIV-1
sheds capsid early after viral entry4243, This differ-
ence may be expected to affect the ability of the
capsid protein to saturate the restriction factor.
Similar experiments were performed in human
cells, in which Ref1 is able to restrict MLV-N as
well as the equine lentivirus EIAV30, MLV-N is able
to effectively saturate restriction to EIAV, and EIAV
is able to efficiently saturate restriction to MLV-N.
Therefore, in this case (in human cells) cross
abrogation works well with MLV-N as both a re-
stricted virus and a saturating virus. Collectively
these data suggest that in each species tested there
is a common mechanism capable of recognizing
and restricting divergent retroviruses, and that this
mechanism utilizes a common restriction factor or
possibly cofactor. It is intriguing that there are
several examples of cells in which very closely
related retroviruses are differentially restricted (e.g.
MLV-N and -B in mouse cells), and of cells in
which very divergent retroviruses appear to be
restricted by a common factor (e.g. MLV-N and
EIAV in human or AGM cells). We imagine that this
is due to significant similarities in three-dimen-
sional conformation of capsid structures, despite
unrelated primary nucleotide sequences. Certainly
there are common features apparent in the solved
capsid structures of Human T-cell lymphotropic
virus (HTLV), HIV-1 and EIAV44,

The mechanism of restriction:
some clues

Despite the fact that restriction was first demon-
strated over 30 years agos, and Fv1 was cloned
seven years ago®, we know very little about the
mechanism of restriction. There are a number of
significant clues, perhaps the most obvious being
that Fv1 is almost an entire gag gene and that the
Gag protein specifically capsid, is the target for
restriction in all saturable blocks so far de-
model for restriction
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Another clue involves the major homology re-
gion (MHR) and Fv1 intracellular localization. All
retroviral Gag proteins, including Fv1 but exclud-
ing spumavirus Gags, contain a short conserved
sequence near the middle of the capsid, known
as the major homology region26. This sequence is
required for infectivity47.48 and is also required for
Fv1 function28. The exact role of the MHR remains
unclear. Many viral MHR mutants form apparently-
normal particles, but the mutant viruses are un-
able to initiate reverse transcription upon entry49.
Fv1-MHR mutants do not form aggregates when
expressed in mammalian cells?4. It seems possi-
ble that the MHR is required for some fundamen-
tal aspect of Fv1 multimerisation, and that the
inability of Fv1-MHR mutants to restrict is related
to this property. A recent paper has shown that
wild-type Fv1, but not inactive mutant Fv1, is
localized to the trans golgi network (TGN)24. The
TGN receives cargo from the endocytic pathway
as part of the route taken by some internalized
receptors on their way back to the plasma mem-
brane. It seems possible that the interaction be-
tween the restriction factor and the virus takes
place as the virus is taken through the TGN after
receptor interaction, and that an ability of Fv1 to
multimerise with itself (and its target) is required
for its activity.

Advances in fluorescent microscopy have en-
abled the investigation of the early part of the
HIV-1 life cycle in real-time in live cells®. This
methodology has provided some evidence for the
involvement of the microtubule network for HIV-1
intracellular trafficking. Furthermore, examination
of capsid shedding indicates that HIV-1 might
associate with microtubules before loss of the
capsid structures0. This observation raises the pos-
sibility that restriction might work by interfering
with virus-microtubule interactions. If HIV-1 utilizes
microtubules, we might expect other unrelated
retroviruses to do so in a similar way, suggesting
a common step that could be targeted by a single
restriction factor. In this regard, it may be noted
that the timing and extent of loss of CA from the
PIC may differ among retroviruses. Thus, while
HIV-1 CA may be lost relatively early after infec-
tion, MLV CA may be lost only later. These bio-
chemical observations are consistent with the
apparent differences in the timing of the blocks
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restriction in primate cells, indicating a specificity
for Ref1, or for a human target. The mechanism
of this effect is unclear, but a study of this phe-
nomenon and a search for the cellular target of
the arsenic effect is likely to give valuable clues to
the mechanism of restriction and perhaps the
identity of Ref1.

In summary, little is certain regarding the mech-
anism of restriction. The cloning of further restric-
tion-factor genes may provide more clues. It will be
important to discover whether the Refl and Lv1
gene products are also Gag-related molecules.

Evolutionary significance
of restriction

Cells from a number of mammalian species
appear to express retrovirus-restricting activities,
with broad and unique specificities52337-39, These
data, together with the vast evolutionary distances
among the species concerned, suggest that the
occurrence of retrovirus-restriction factors in mam-
mals is a widespread and probably ancient phe-
nomenon. It seems likely that pathogenic retrovi-
rus epidemics are responsible for the maintenance
of these activities, but the identities of the retrovi-
ruses responsible for providing these selection
pressures are unclear. MLV infection of mice is
common, and it is likely that leukemogenic MLV
infection has provided selection pressure for the
acquisition of Fv1 from endogenous retroviral se-
quence. Wild mice are generally not able to re-
strict MLVs with specificity similar to either of the
inbred NIH or BALB mice®2. They do, however,
generally have Fv1 open reading frames that ap-
pear to have been selected during murine evolu-
tions3, It is possible that their Fv1 genes have
been selected for restriction of MLV more relevant
to the local viruses providing selection pressure.

Human cells express a factor, Ref1, which
restricts both N-MLV and an unrelated lentivirus,
EIAV2330, Only a relatively limited sample of pri-
mate lentiviruses have been examined for restric-
tion in human cells, so it is possible that Ref1 has
limited the transmission of these and other retro-
viruses to humans. There are probably many
influences in addition to restriction factors that
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SIV infection is widespread in African primates
with about 50% of adult AGMs being infecteds7.5e.
The fact that geographically separated AGM sub-
species harbor distinct phylogenetic subgroups of
SIVagm suggests that African primates and SIVs
have coevolved for a considerable period of
time59-63. Consistent with this, the major corecep-
tor gene for SIVagm, CCR5, contains an unex-
pectedly high frequency of non-synonymous nu-
cleotide polymorphisms. These polymorphisms are
an important determinant for SIVagm infection,
indicating that SIVs have selected for change in
the AGM genomes4. It is perhaps not surprising,
therefore, that AGMs have evolved a factor such
as Lv1 able to protect them from infection.

Significant differences in the resistant pheno-
type conferred by Lv1 are apparent among close-
ly related AGMs30, and this likely reflects subtle
differences in selection pressures applied. Lentivi-
ruses seem to have imposed selective pressure
that has driven the evolution of factors such as
Lvi and CCR5 that can affect virus replication or
transmission. It is intriguing that SIV infections do
not appear to be pathogenic in their natural hosts,
including SIVagm in AGMs, SIVcpz in chimpan-
zees and SlVsm in sooty mangabeys316566, This
mutual tolerance between virus and host is pre-
sumably due to a long co-evolution. Perhaps sur-
prisingly, recent data has suggested that asymp-
tomatic infection in monkeys is more dependent
on tolerance of viral protein expression than re-
duction of systemic viral replication through the
immune system. High virus loads appear to be
tolerated long term in naturally SIV infected AGMs
or sooty mangabeys without causing diseaset6.67,
However, it is possible that significantly lower
virus loads in the lymph nodes of infected AGMs
may indicate the existence of mechanisms to
limit viral replication at the local level rather than
the systemic6, and these may operate more
efficiently in disease resistant species. Clearly it
is important to better understand how such ad-
aptations occur.

Future directions

The identification of further restriction factor
genes, such as those encoding Ref1 or Lv1, is

infection in Rat cells at a late step of viral gene
expressionses. This strategy utilizes cDNA libraries
cloned into a retroviral vector. The vector is used
to deliver a library from a restricting cell line to a
non-restricting cell line. A toxic restricted virus is
then used to kill the bulk of the virus-sensitive
cells that do not express the restriction factor,
leaving a virus-resistant population. Single cell
clones are then isolated, some of which should
express the restriction factor. Candidate genes
can be rescued by PCR and tested for their ability
to restrict?7.

Yeast two-hybrid approaches have been tried
to clone restriction factors, but recent data has
suggested that this type of technique may not be
appropriate in this instance. Firstly, Fv1 has not
been shown to interact directly with either full-
length Gag or capsid in a two-hybrid assay
despite significant efforts. Panels of unrestricting
cells containing single human chromosomes9.70
have been screened unsuccessfully in an effort
to identify the Ref1-positive human chromosome.
The reasons for this failure are unclear, but may
be due to aberrant expression of human genes in
a foreign host. Radiation hybrids?* may be more
successful if a panel containing a useful combi-
nation of restricted/unrestricted hybrids can be
identified.

It will be important to further define the deter-
minant for lentiviral restriction. Alignments of gag
sequences from MLV and lentiviruses suggest
that the MLV determinant CA110 lies close to the
cyclophilin binding site of HIV-1 Gag72. It will be
interesting to investigate the influence of cyclo-
philin binding on HIV-1 restriction. If the determi-
nant for restriction can be defined, it may be
possible to make an HIV-1 able to replicate in
macaques. This would significantly improve
macaque models for testing HIV-1 vaccines that
currently use fusions between HIV and SIV
(SHIVs). Most SHIVs only contain HIV-1 envelope
sequence, the rest coming from SIV. The fact that
epitopes in Gag are important for immune es-
cape of vaccinated macaques make this SHIV
model less than ideal?s.

Retroviruses can cause fatal disease upon
transmission to a new species, as is the case
with HIV-1and HIV-2 in humans and SIVsmin
macaquess!32, Better understanding of the mech-
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