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Primate lentivirus Vif proteins function by suppressing the antiviral activity of the cell-encoded apolipopro-
tein B mRNA-editing enzyme-catalytic polypeptide-like (APOBEC) proteins APOBEC3G and APOBEC3F. It
has been hypothesized that species-specific susceptibilities of APOBEC proteins to Vif proteins may help
govern the transmission of primate lentiviruses to new host species. Consistent with this view and with previous
results, we report that the Vif proteins of several diverse simian immunodeficiency viruses (SIVs) that are not
known to infect humans are not effective inhibitors of human APOBEC3G or APOBEC3F when assessed in
transient-transfection experiments. Unexpectedly, this lack of SIV Vif function did not prevent the replication
of two vif-deficient SIVs (SIVtan and SIVmnd1; isolated from tantalus monkeys and mandrills, respectively) in
a human T-cell line, HUT78, that expresses both APOBEC 3G and APOBEC3F, a finding which demonstrates
that some SIVs are partially resistant to the antiretroviral effects of these enzymes irrespective of Vif function.
Additional virus replication studies also revealed that the Vif protein of SIVtan is, in fact, active in human T
cells, as it substantially enhanced the replication of its cognate virus and human immunodeficiency virus type
1. In sum, we now consider it improbable that species-specific restrictions to SIV Vif function can explain the
lack of human infection with certain SIVs. Instead, our data reveal that the species-specific modulation of Vif
function is more complex than previously envisioned and that additional (as-yet-unidentified) viral or host

factors may be involved in regulating this dynamic interaction between host and pathogen.

The establishment of human immunodeficiency virus type 1
(HIV-1) and HIV-2 infections in humans is the consequence of
multiple cross-species (zoonotic) transmissions of simian im-
munodeficiency viruses (SIVs) from chimpanzees (SIVcpz)
and sooty mangabeys (SIVsmm) (15). Interestingly, however,
the majority of SIVs now known to infect over 30 different
primate species in sub-Saharan Africa have no known human
counterparts. Physical barriers, such as a lack of geographic
coincidence of the host species with humans or a lack of ex-
posure to infectious SIV, could account for the apparent ab-
sence of additional SIV transmissions to humans. Alterna-
tively, it is possible that species-specific molecular restrictions
to virus replication may also prevent replication of these SIVs
in human cells.

The regulatory gene vif is well conserved among lentiviruses,
with only equine infectious anemia virus not appearing to carry
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it. Vif has long been recognized as being essential for HIV-1
replication, most notably in cultures of primary blood mono-
nuclear cells and in a limited number of immortalized T-cell
lines (collectively known as nonpermissive because of their
ability to restrict the growth of vif-deficient [Avif] viruses) (9,
10, 24, 33, 35, 36, 41, 43). In recent years, the human
APOBEC3G gene (hA3G, formerly known as CEMI5) has
been pinpointed as being responsible for the nonpermissive
phenotype (33). hA3G is a member of the apolipoprotein B
mRNA-editing enzyme-catalytic polypeptide-like (APOBEC)
family of cytidine deaminases (19) and is incorporated into
HIV-1 particles (16, 26, 33), allowing it to catalyze the deami-
nation of deoxycytidine to deoxyuridine in (mostly) nascent
minus-strand reverse transcript DNA during the early stages of
viral infection (16, 20, 26, 46, 48). This process results in the
hypermutation of viral sequences as well as in the premature
degradation of viral cDNA (26, 36), effects which together
account for the profound loss of infectivity seen for Avif vi-
ruses. The Vif protein protects HIV-1 from hA3G-mediated
inhibition by recruiting an E3-ubiquitin ligase to hA3G (47),
thereby leading to its polyubiquitination, proteasomal degra-
dation, and exclusion from assembling virus particles (7, 23, 29,
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30, 34, 40, 47). Thus, the cellular enzyme hA3G confers innate
resistance to HIV-1 infection but is counteracted by the viral
Vif protein.

Recent studies have extended not only the spectrum of hu-
man APOBEC proteins that can inhibit retroviral infection but
also the range of retroviruses that are susceptible to APOBEC
action. Thus, hAAPOBEC3B (hA3B) and hAPOBEC3F (hA3F)
also inhibit HIV-1 and HIV-2 infection (5, 22, 44, 49), and
murine leukemia virus, equine infectious anemia virus, SI'Vtan,
and an SIV isolated from experimentally infected rhesus ma-
caques (SIVmac) are susceptible to hA3G (16, 26, 28). Inter-
estingly, however, the suppression of hA3G by Vif has been
described as being constrained in a species-specific manner,
leading to the view that this interaction may be a predictor of
the cross-species transmission potential of primate lentiviruses
(37). For instance, it has been shown that SIVtan Vif does not
inhibit the anti-HIV or -SIV effects of hA3G in single-cycle
infection assays (6, 23, 27, 28, 32). Replacement of the aspartic
acid residue at position 128 of hA3G with the lysine residue
that naturally occurs at this position in the A3G proteins of
various African green monkey species (a grouping that in-
cludes tantalus, vervet, grivet, and green monkeys) confers
susceptibility to SIVtan Vif, suggesting that this region of A3G
may be contacted by Vif directly (6, 27, 32). Accordingly, it has
been proposed that the resistance of hA3G to SIV Vif could
have played a key role in preventing the transmission of SIV
strains such as SIVtan or SIVver (isolated from vervet mon-
keys) to humans.

Analysis of HIV and SIV Vif function in transfected H9 cells.
To probe further the potential role of SIV Vif as a determinant
of SIV cross-species transmission, we first surveyed a broad
array of HIV and SIV Vif proteins for their abilities to regulate
HIV-1 infectivity in human T cells. Specifically, we subcloned as-
sorted vif alleles representing six phylogenetic lineages of pri-
mate immunodeficiency viruses between the Xbal and BamHI
sites of the previously described vector pgVif:T7/HIV-1,,5
(24,8, 12, 13,17, 18, 21, 37). The lineages that were represent-
ed were HIV-1/SIVcpz, HIV-2/SIVmac/SIVsmm, SIVrem (rem,
red-capped mangabeys), SIVsyk/SIVdeb (syk, Sykes’ monkeys;
deb, DeBrazza’s monkeys), SIVtan/SIVsab (sab, green mon-
keys), and SIVmnd1/SIVlho/SIVsun (lho, L’Hoest’s monkeys;
sun, sun-tailed monkeys). The resulting vectors expressed
T7 epitope-tagged versions of the various Vif proteins in a
Rev-dependent manner. We then used a previously described
complementation assay whereby H9 T cells were cotransfected
by electroporation with a vif-deficient HIV-1 provirus (HIV-1/
Avif) and either the control vector pgAVif or one of the Vif
expression vectors (36, 37). Virus particles were harvested ~24
h later, normalized according to p24““¢ antigen levels, and
used in single-cycle challenges of C8166-CCRS5/HIV-CAT in-
dicator cells (Fig. 1A). Since HO cells express hA3G and hA3F,
and therefore closely mimic primary human T cells in terms of
their APOBEC protein expression profile (5, 44), HIV-1/Avif
particles that were produced in the absence of any Vif protein
had negligible infectivity compared to that of the positive con-
trol sample, Vif-IIIB (set at 100%).

All Vif proteins that were tested from any single lineage
displayed a remarkably consistent phenotype (Fig. 1A). Spe-
cifically, all HIV-1/SIVcpz and HIV-2/SIVmac/SIVsmm Vif
proteins were >50% active relative to HIV-1;,5 Vif, all
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FIG. 1. trans complementation of vif-deficient HIV-1 by HIV and
SIV Vif proteins in H9 cells. (A) Virus infectivity. Ten million H9 cells
were electroporated with 4 g of pIIIB/Avif and 10 pg of pgAVif or a
single pgVif:T7 vector. At ~24 h, culture supernatants were clarified at
500 X g for 5 min, filtered, and stored. Viruses were normalized ac-
cording to p249?¢ concentration, and levels of infectivity were deter-
mined using C8166-CCRS/HIV-CAT cells. Values taken from three
experiments are presented as percentages of infectivity relative to that
of virus produced in the presence of HIV-1,5 Vif, and error bars show
standard deviations. Similar results were also obtained using HUT78
cells (data not shown). CAT, chloramphenicol acetyltransferase.
(B) Protein expression. Whole-cell lysates of 293T cells cotransfected
with the indicated pgVif:T7 expression vectors and pcREV (25) were
resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis,
transferred to nitrocellulose, and hybridized with a T7-specific monoclo-
nal antibody (Novagen). Bound antibody was detected using a horse-
radish peroxidase-conjugated secondary antibody, enhanced chemilu-
minescence, and autoradiography. All lanes were loaded with equal
amounts of lysate derived from the same set of transfections, and the
exposure times for all gels were equivalent. The sole exception is the
gel for SIVmnd1GB1 Vif, which is from a different experiment.

SIVrem proteins displayed 10 to 20% activity, and all remain-
ing Vif proteins from the SIV-only SIVsyk/SIVdeb, SIVtan/
SIVsab, or SIVmnd1/SIVlho/SIVsun lineages were inactive
(i.e., indistinguishable from the AVif sample). Immunoblot
analysis of transfected 293T cells suggested that the inactivity
of certain SIV Vif proteins was not due to the lack of expres-
sion (Fig. 1B) (note that Vif expression levels in the trans-
fected HO cells were too low to detect). Also, based on the fact
that similar results were obtained with analogous constructs
lacking the epitope tag (data not shown), we conclude that use
of the T7 tag was unlikely to be skewing our results. Thus, all
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FIG. 2. Inhibition of HIV-1, SIVmndl, and SIVtan infection by
expression of hA3G (A) or hA3F (B) in 293T cells. Subconfluent 293T
monolayers (35 mm in diameter) were cotransfected with 3 pg of
wild-type (wt) or Avif provirus and 0, 3, or 9 pg of pAPOBEC3G or
PAPOBEC3F; the DNA content of each transfection cocktail was in-
creased to 12 g, using a control vector. At ~24 h, culture superna-
tants were harvested and normalized by RT content, and virus infec-
tivities were determined using C8166-CCRS/HIV-CAT cells. Values
are presented as percentages of infectivity relative to that of virus
produced in the absence of hA3G or hA3F, and error bars show standard
deviations.

tested Vif proteins from SIV lineages that have been transmit-
ted to humans were functional in human cells, whereas those
derived from SIVs not known to infect humans appeared to be
inactive. The capacity of any given Vif protein to function in
this H9-based single-cycle complementation assay therefore
seemed to be a strong predictor of the parental virus’ potential
to become established in exposed human populations.

The fact that the Vif proteins of SIVrem (which itself is not
a human pathogen) displayed partial activity is also consistent
with this hypothesis, since it is now known that SIVcpz (the
immediate precursor of HIV-1) is a recombinant of ancestral
viruses infecting red-capped mangabeys and a subset of Cer-
copithecus species (greater spot-nosed, mona, and mustached
monkeys) (1). Since the vif region of SIVcpz is most likely
derived from SIVrem (P. M. Sharp, personal communication),
it would be predicted that Vif proteins derived from a shared
ancestor would also have some activity in human cells.

Regulation of HIV and SIV infection by single APOBEC genes
in transfected cells. In addition to Vif’s capacity to inhibit
APOBEUC function, the effectiveness of the APOBEC proteins
of a potential primate host in inhibiting the replication of a
nonnative challenge SIV could also represent a zoonotic risk
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factor and help predict the likelihood of successful cross-spe-
cies transmission. For instance, should APOBEC protein-me-
diated inhibition be partial, it is conceivable that suboptimal
Vif function would still be sufficient to facilitate cross-species
transmission. To begin to address this possibility, we per-
formed a series of titration experiments using hA3G or hA3F
cDNA expression vectors and full-length proviruses (Fig. 2).
The proviruses used were HIV-1 (pIIIB and pIIIB/Avif) (38),
SIVtan (pTAN and pTAN/Avif) (37, 39), and SIVmndl
(pMND and pMND/Avif). The wild-type pMND vector was
modified from pMD121 (31) by repairing the vif and vpr genes
on the basis of comparison with the pSMH103 clone of
SIVmnd1GBI1 (42) and the vif genes of SIVlho and SIVsun
(codon 12, TGA—TGG; codon 168, GGA—GGG; codon 173,
TGA—CGA). pMND/Avif contains an engineered deletion
between nucleotides 66 and 79 of vif that introduces both
nonsense and frameshift mutations.

Constant levels of each provirus were cotransfected into
293T cells with a control vector or differing doses of the
pAPOBEC3G or pAPOBEC3F expression vectors (5, 33). Vi-
rus-containing supernatants were then harvested at ~24 h,
normalized on the basis of reverse transcriptase (RT) activity,
and used in challenges of C8166-CCRS5/HIV-CAT cells as de-
scribed above. Consistent with earlier findings from the use of
similar experimental set-ups (5, 26, 28, 33), hA3G was a potent
inhibitor of all three Avifviruses (Fig. 2A). Similarly high levels
of inhibition were also seen for each wild-type SIV, whereas
HIV-1 Vif afforded efficient (but not absolute) protection. It
was noticeable, however, that SIVtan/Avif seemed to be slightly
less affected than the other two viruses by hA3G (see below).

As recently demonstrated, hA3F has an hA3G-like pheno-
type with respect to HIV-1 infection, though the suppressive
effects tend to be somewhat less dramatic (Fig. 2B) (5, 22, 44,
49). Unexpectedly, SIVtan was found to be remarkably resis-
tant to hA3F; the infectivity of the wild-type virus was unaf-
fected by any dose tested, and infection by SIVtan/Avif was, at
best, suppressed approximately twofold at the higher dose of
transfected plasmid. Taken together, these experiments sug-
gest that SIVtan is less sensitive to restriction by hA3G and
hA3F. Interestingly, the drastically different sensitivities of
SIVtan to the antiviral effects of hA3G and hA3F mirror sim-
ilar observations recently made concerning the effects of these
APOBEC proteins on infection by the distantly related gam-
maretrovirus, murine leukemia virus (5). Precisely how the
virus substrate range for any given APOBEC protein is deter-
mined remains to be defined.

Regulation of HIV and SIV replication in human T cells by
SIVtan Vif. Despite the perceived concordance between the
potential of a given SIV to infect humans and the function of
its Vif protein in transfected H9 cells (Fig. 1A), we suspected
that these matters were more complicated. First, hA3G and
more evidently hA3F are not as effective at inhibiting SIVtan
as they are at inhibiting HIV-1 (Fig. 2). Second, certain SIVs,
most notably SIVlho, SIVmnd1, and some SIVs isolated from
African green monkeys, replicate in human peripheral blood
mononuclear cells (14, 17). Based on many previous analyses
of HIV-1 replication, virus growth would be anticipated to be
dependent on Vif function, yet the Vif proteins we tested from
these SIV lineages appeared inactive in transfected H9 cells
(Fig. 1A). Accordingly, we next conducted a series of experi-
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FIG. 3. Effect of HIV and SIV Vif proteins on replication of HIV-1, SIVmndl, or SIVtan in T cells. (A to D) HUT78-CCRS or Jurkat-CCRS
cells stably transduced with HIV-1,5 vif, HIV-1,;5 Avif, or SIVtanl vif were infected with normalized wild-type (wt) or Avif virus stocks and
maintained for up to 4 weeks at 0.25 X 10° to 2 X 10° cells per ml. Virus replication was monitored by measuring supernatant levels of p2492¢
or RT. (E) Jurkat cells express hA3F. An ethidium bromide-stained agarose gel shows the products of PCRs performed using primers specific for
hA3G or hA3F (5). The templates were either cDNA generated from mRNA isolated from the indicated T cell lines (lanes 3 to 5), water as a
negative control (lane 2), or plasmids encoding hA3G or hA3F as positive controls (lane 1).

ments that employed multiple rounds of virus replication,
rather than single-cycle infectivity assays, to monitor APOBEC
protein or Vif function (Fig. 3).

In each case, the vif genes tested were either carried by the
virus under examination or were expressed in trans (i.e., stably
expressed by the cell) following standard retrovirus vector-
mediated gene transfer (33); similarly, all cells were rendered
CCRS5 positive to avoid any restrictions on virus entry (11). All
infections were initiated with cell-free viral inocula derived
from transfections of 293T cells with full-length proviruses, and
replication was then monitored over time by observing the

accumulation of p249°¢ (for HIV-1) or RT activity (for SIVs)
in culture supernatants (37).

As previously established, nonpermissive HUT78 cells (which
express both hA3F and hA3G [5]) support the growth of wild-
type HIV-1, but replication of a Avif counterpart was com-
pletely blocked (Fig. 3A) (38). Consistent with data shown in
Fig. 1A, replication of the Avif virus was rescued in frans by
HIV-1 Vif but not by the Vif protein of SIVtan. In contrast,
this block was not observed with vif-deficient derivatives of
SIVmnd1 or SIVtan, as both viruses were able to replicate to
significant extents (Fig. 3B and C). In each case, SIV replica-
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tion and, by inference, infectivity were further improved by the
presence of HIV-1 Vif, presumably through the inactivation
and degradation of hA3F and hA3G. Most importantly, and in
conflict with results from many experiments carried out using
single-cycle measurements of infectivity and viruses generated
by transient transfection (Fig. 1A and 2A) (6, 23, 27, 28, 32, 37,
45), the presence of SIVtan Vif clearly stimulated replication
of its cognate virus by ~2 orders of magnitude (Fig. 3C).
Indeed, the extent of enhancement was equivalent to that
achieved with HIV-1 Vif.

Confirming that this instance of “species-mismatched” SIV
Vif function was not a curiosity limited to this combination of
cell line and virus, we also found that SIVtan Vif enhanced the
replication of a second virus, HIV-1/Avif, in Jurkat T cells (Fig.
3D). This particular cell line is regarded as semipermissive, as
it supports attenuated growth of HIV-1/Avif (38); this is most
likely due to its expression of hA3F but not hA3G, as judged by
RT-PCR analysis of extracted mRNA (Fig. 3E, lane 4). Thus,
not only are some SIVs partially resistant to the antiviral ef-
fects of hA3F and hA3G, but SIVtan Vif can overcome the
inhibitory effects of these human proteins to a certain degree in
the context of spreading viral infections.

Conclusions. The data presented in this report reveal that
the regulation of primate lentivirus replication by the human
APOBEC proteins is more complex than was previously rec-
ognized. Specifically, we propose that the potential for cross-
species infections by these viruses cannot be assessed in cul-
tured-cell experiments using currently available methodologies
and reagents. For instance, even though extensive testing of
diverse SIV Vif proteins in transfected H9 cells suggested that
their activities correlate closely with the abilities of their cog-
nate viruses to establish infections in humans (Fig. 1), analyses
of the replicative potential of some of these same viruses in
HUTY78 and Jurkat cells yielded contradictory results (Fig. 3).
Most notably, the finding that SIVtan Vif can substantially
improve the replication of two vif-deficient viruses (Fig. 3),
HIV-1/Avif and SIVtan/Avif, demonstrates that this particular
SIV Vif protein is active (albeit at a lower level than HIV-1
Vif) against the APOBEC proteins naturally expressed in hu-
man T cells. Thus, the fact that humans do not appear to be
susceptible to infection with SIVs from African green monkeys
can no longer be explained by invoking a species-specific bar-
rier to Vif function in human cells. We do not know why
transient-transfection-based experiments fail to show the effect
of SIVtan Vif on hA3G (Fig. 1A and 2A) and show only a
marginal effect on hA3F (Fig. 2B), but this shortcoming pre-
sumably reflects the limitations of our understanding of the
regulatory interface between APOBEC proteins and HIV or
SIV Vif.

It will be of considerable interest to determine why certain
SIVs, unlike HIV-1 or HIV-2, are able to replicate in nonper-
missive T cells such as HUT78 in the absence of an active vif
gene (Fig. 3B and C). We outline a couple of potential con-
tributory factors. First, other elements carried by these SIVs
may confer a level of anti-APOBEC activity that is indepen-
dent of Vif; in other words, these viruses may be inherently
more resistant to human APOBEC proteins. Transient-trans-
fection experiments using full-length proviruses provide some
hints that this may be the case for SIVtan (Fig. 2), though more
extensive analyses will be required to demonstrate a broad
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trend. Second, coexpression of hA3G and hA3F (5, 22, 44) may
result in diminished antiviral activity relative to hA3G alone.
Indeed, these two proteins are known to heteromultimerize
(44), and recent transfection-based studies of HIV-1 infection
have shown that hA3F can interfere with hA3G function (22).
Thus, in the case of SIVtan, where the virus is quite refractory
to inhibition by hA3F (Fig. 2B), hA3F may act as a significant
dominant inhibitor of hA3G and thereby facilitate low levels of
Vif-independent replication (Fig. 3B and C).

Importantly, the noted growth of some vif-deficient SIVs
in human T cells further emphasizes the notion that the
Vif-APOBEC protein interaction is unlikely to underlie the
apparent lack of transmission of certain SIVs to humans.
SIVtan and SIVmndl1 are less sensitive to inhibition by human
APOBEC proteins, yet neither has crossed this species barrier;
had the Vif-APOBEC protein interaction been a key selective
factor, one might have predicted that diminished restriction
would have increased the likelihood of cross-species transmis-
sion. Whether the Vif-APOBEC protein interaction proves to
be the critical barrier for other potential transmissions of len-
tiviruses between species remains to be determined.

Nucleotide sequence accession numbers. The sequences of
the previously unpublished vif alleles in this study have been
submitted to GenBank under accession numbers AY336731
(SIVcepzUScl), AY336732 (SIVcepzUSc6), AY336733
(SIVremGBlcl), AY336734 (SIVremGBl1c3), AY336735
(SIVremNG411), AY336736 (SIVsmm079cl), AY336737
(SIVsmm085c1), AY336738 (SIVsmm089c2), and AY336739
(SIVdebCNESY).
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