
Interactions of host APOBEC3 restriction factors with HIV-1 in
vivo: implications for therapeutics*

John S. Albin and Reuben S. Harris
Department of Biochemistry, Molecular Biology & Biophysics, Institute for Molecular Virology,
Center for Genome Engineering, University of Minnesota, Minneapolis, Minnesota, USA 55455,
Phone: +1 612-624-0457; Fax: +1 612-625-2163
Reuben S. Harris: rsh@umn.edu

Abstract
Restriction factors are natural cellular proteins that defend individual cells from viral infection.
These factors include the APOBEC3 family of DNA cytidine deaminases, which restrict the
infectivity of HIV-1 by hypermutating viral cDNA and inhibiting reverse transcription and
integration. HIV-1 thwarts this restriction activity through its accessory protein virion infectivity
factor (Vif), which uses multiple mechanisms to prevent APOBEC3 proteins such as APOBEC3G
and APOBEC3F from entering viral particles. Here, we review the basic biology of the
interactions between human APOBEC3 proteins and HIV-1 Vif. We also summarize, for the first
time, current clinical data on the in vivo effects of APOBEC3 proteins and survey strategies and
progress toward developing therapeutics aimed at the APOBEC3-Vif axis.
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Introduction
The past decade has seen an explosion of knowledge on the ability of human innate
restriction factors, including the APOBEC3 family of proteins, to counteract infection by
human immunodeficiency virus type 1 (HIV-1). All seven APOBEC3 family members have
been found to have varying levels of activity against HIV-1 under different experimental
conditions (Table 1). This antiretroviral activity is due primarily to the ability of APOBEC3
proteins to deaminate viral cDNA cytidines to uridines and inhibit viral reverse transcription
and integration (Ref. 1,2).

HIV-1 averts restriction by APOBEC3 proteins through the action of its accessory protein
virion infectivity factor (Vif), which decreases the encapsidation of certain APOBEC3
proteins [Table 1; (Ref. 3)]. It is not entirely clear, however, to what extent Vif is successful
in protecting the integrity of the viral genome. Multiple lines of evidence suggest, in fact,
that the neutralization of APOBEC3 proteins by Vif is not absolute. Thus, APOBEC3
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proteins may be partially effective at restricting HIV-1 infectivity in vivo despite the
presence of Vif. Supporting this view, the effects of hypermutation on the viral genome are
readily apparent in patient viral sequences. Recent evidence additionally suggests this
mutational activity may have the further undesired effect of providing HIV-1 with a
reservoir of genetic diversity that contributes to viral immune evasion and drug resistance.

Here, we briefly review what is known about the basic biology of APOBEC3-Vif
interactions. We then summarize current clinical data on correlations between APOBEC3
function and the natural history of HIV-1 infection to ascertain what may occur when HIV-1
and APOBEC3 proteins encounter each other in vivo. Finally, we discuss strategies to
harness the restrictive capacity of APOBEC3 proteins to successfully treat HIV-1 infection.

HIV-1 Vif is a viral counterdefense against restriction by APOBEC3 proteins
HIV-1 Vif is required for growth on certain cell types and in vivo

Lentiviruses are a genus within the broader family of retroviruses. In addition to the
ubiquitous gag, pol and env genes, lentiviruses possess several accessory genes that have
integral roles in viral pathogenesis [recently reviewed by (Ref. 3,4)]. The prototypical
lentivirus, HIV-1, contains two accessory genes involved in the regulation of viral gene
expression and four additional accessory genes more directly involved in pathogenesis, one
of which is the virion infectivity factor (vif).

The vif gene is located in the center of the HIV-1 genome, overlapping the 3′ end of pol and
the 5′ end of the accessory gene vpr. Expressed from a partially spliced, Rev-dependent
subgenomic mRNA (Ref. 5,6), the protein product is 192 residues, highly basic and 23 kDa
in size (Ref. 7,8,9). Vif is required for productive infection in vivo and for infection of
primary CD4+ T cells, monocytes, and macrophages ex vivo (Ref. 10,11,12,13). This
requirement, however, is variable in some human T cell lines (Ref. 14), allowing these lines
to be grouped as “permissive” for the replication of Vif-deficient HIV-1 (e.g. CEM-SS,
SupT1) or “nonpermissive” (e.g. CEM, H9).

When produced in permissive cells, virions from Vif-deficient HIV-1 have no quantitative
or qualitative defects relative to wild-type virus except for the absence of the Vif protein
itself. (Ref. 11,14). When produced in nonpermissive cells, however, Vif-deficient HIV-1
virions rarely complete reverse transcription (Ref. 15,16,17,18).

Given the above, two scenarios were considered likely to explain the phenotype of Vif-
deficient viruses on nonpermissive cells. 1) Permissive cells contain an endogenous factor
that complements the function lacking in a Vif-deficient virus. 2) Nonpermissive cells
contain a Vif-suppressible factor with antiviral restriction activity. To determine which
hypothesis was correct, two groups tested the infectivity of virions produced from
heterokaryons formed by the fusion of permissive and nonpermissive cells (Ref. 19,20).
Under these conditions, the production of infectious virions would support the former
hypothesis, while the production of noninfectious virions would support the latter. In fact,
such heterokaryons formed from the fusion of permissive and nonpermissive cells produce
virions with diminished infectivity, indicating that nonpermissive cells contain a Vif-
sensitive dominant restriction factor.

APOBEC3G is a Vif-sensitive restrictor of HIV-1 infectivity with DNA cytidine deaminase
activity

To identify the cellular factor suggested by cell fusion experiments, one group sought to
isolate genes uniquely expressed in a nonpermissive cell line called CEM (Ref. 21). These
authors used a technique called suppression subtractive hybridization, which simultaneously
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suppresses the recovery of transcripts common to CEM and its permissive derivative CEM-
SS and enriches the recovery of transcripts that are more abundant in CEM. Among many
sequences, a cDNA encoding APOBEC3G (A3G) was isolated, and engineering naturally
permissive CEM-SS cells to express A3G rendered these cells nonpermissive for the
replication of Vif-deficient but not wild-type virus. A3G therefore accounts for the
nonpermissive phenotype of CEM, although a number of studies since then suggest that
other APOBEC3 proteins may also contribute to the nonpermissive phenotype (Table 1). Of
particular note, passage of Vif-deficient HIV-1 on permissive T cells stably expressing A3G
yields viral variants that grow efficiently in the presence of A3G but not in CEM cells (Ref.
22), implying that other factors beyond A3G are also capable of restricting HIV-1.

At approximately the same time, two other groups independently identified A3G, not for its
antiviral activity, but rather for its enzymatic activity, which provided a crucial clue about
the mechanism by which A3G might restrict HIV-1. One identified A3G as part of a family
of polynucleotide cytidine deaminases related to the mRNA editing enzyme APOBEC11,
which edits the apolipoprotein B mRNA (Ref. 23). The other hypothesized, based on
homology between APOBEC1 and the DNA mutator activation-induced deaminase (AID),
which is involved in antibody diversification, that APOBEC1 and its homologs can act on
DNA substrates. Indeed, APOBEC1, A3G, A3C and AID were all shown to mutate DNA
(Ref. 24,25).

HIV-1 restriction by A3G is mediated by deamination of viral cDNA cytidine during reverse
transcription

Soon after the serendipitous convergence of data showing A3G’s capacity to restrict HIV-1
and deaminate DNA cytidines, several groups showed that the major basis for retroviral
restriction is the deamination of minus-strand viral cDNA during reverse transcription (Ref.
26,27,28). The proviral DNA of a Vif-deficient virus grown in the presence of A3G
becomes heavily mutated with characteristic genomic plus-strand G-to-A transitions. This
strand-bias is only explained by deamination of the minus-strand reverse transcript, which
after deamination from C-to-U templates A rather than G on the viral plus-strand [Fig. 1
(Ref. 26,27,28,29)]. Furthermore, some catalytically defective A3G mutants are unable to as
effectively reproduce the nonpermissive phenotype, which represents important additional
evidence for the dependence of restriction on deaminase activity (Ref. 27,28,30,31,32,33).

Although hypermutation is clearly a crucial part of the retrovirus restriction mechanism,
evidence also exists that the catalytic activity of A3G may not wholly explain its ability to
restrict HIV-1 (Ref. 31,34,35,36,37,38,39,40,41,42). These studies suggest deaminase-
independent effects on various specific steps in reverse transcription or integration (Fig. 1),
although at least one report finds some of these same effects to be dependent on catalytic
activity (Ref. 43). Although a substantial quantity of evidence suggests deaminase-
independent restriction by A3G, the sheer diversity of the steps at which A3G is proposed to
exert its deaminase-independent effects makes it highly improbable that all of these
phenomena are physiologic. In fact, several groups have suggested that the deaminase-
independent effects of A3G may represent overexpression artifacts, as stable expression of
physiologic levels of catalytically inactive A3G has little if any effect on HIV-1 (Ref.
30,32,44). Thus, it appears that deaminase activity is largely required for the inhibitory
activity of A3G under physiologic conditions. Whether this will also be the case for other
APOBEC3 proteins, which may have more pronounced deaminase-independent effects (Ref.
31), remains to be seen. Moreover, it is important to note that deaminase-independent

1The acronym APOBEC derives from APOBEC1 and stands for “apolipoprotein B mRNA editing, catalytic polypeptide”. Human
APOBEC3 proteins are designated “apolipoprotein B mRNA editing, catalytic polypeptide-like 3” followed by the letter, A-H,
identifying the specific protein.
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mechanisms may be more central to the restriction of many other retroelements including
hepatitis B virus and LINE-1 [(Ref. 45,46,47,48) and reviewed recently by (Ref. 49,50)].

It was proposed early on that the effect of A3G-mediated deamination may be to shunt
mutated viral cDNA into a base excision repair pathway that would ultimately result in the
degradation of the viral genome (Ref. 26,51). Under this model, a uracil DNA glycosylase
such as UNG2 would recognize and excise cDNA uracils, leaving an abasic site at which an
endonuclease such as APE1 would cleave the cDNA backbone. While one report supports
such a scenario (Ref. 52), different data sets focusing on uracil DNA glycosylase functions
imply either reparative (Ref. 53,54,55) or degradative (Ref. 56) effects on the viral genome.
Alternatively, uracil DNA glycosylase activity may simply be irrelevant to the viral lifecycle
(Ref. 33,57). Further work will be required to elucidate the potential mechanisms by which
viral cDNA is processed following APOBEC3-mediated deamination.

HIV-1 Vif preserves viral infectivity by preventing A3G encapsidation
Many mechanisms are plausible to explain how HIV-1 Vif counteracts the restrictive
capacity of A3G. Most authors agree that this occurs by inhibiting A3G packaging, although
the details of the mechanism(s) by which this inhibition occurs is debatable. At least part of
the mechanism by which Vif overcomes restriction by A3G involves the Vif-mediated
degradation of A3G through a proteasome-dependent pathway (Ref. 58,59,60,61,62,63).
Specifically, Vif binds both to A3G and to an E3 ubiquitin ligase complex consisting of
Cullin5, Rbx2 and Elongins B and C. By bringing A3G into proximity with the ubiquitin
ligase complex, Vif facilitates the ubiquitination and eventual degradation of A3G through
the proteasome [Fig. 1; (Ref. 62,64,65)].

Evidence also exists suggesting that Vif can directly inhibit A3G encapsidation (Ref.
60,66,67). Such a mechanism need not require degradation as an end point. Other reports
indicate a Vif-dependent reduction in A3G expression (Ref. 61,66), and it is also possible
that Vif may function by directly inhibiting the catalytic activity of A3G [Fig. 1; (Ref. 68)].

The mechanisms proposed above are not necessarily mutually exclusive. While details may
differ, an overarching message is readily apparent in the current Vif literature: preventing
the encapsidation of A3G is crucial for the ability of Vif to preserve the infectivity of HIV-1.
In fact, reducing the encapsidation of A3G by simply increasing particle production to titrate
out the restriction factor is at least one mechanism by which HIV-1 can resist restriction in
the absence of Vif function (Ref. 22).

Evidence for APOBEC3 function in vivo and clinical implications
Multiple APOBEC3 family proteins have activity against HIV-1

While discussion to this point has focused on a basic description of the interactions between
Vif and A3G, there are, in fact, six additional proteins in the APOBEC3 family –
APOBEC3A (A3A), APOBEC3B (A3B), APOBEC3C (A3C), APOBEC3DE (A3DE),
APOBEC3F (A3F) and APOBEC3H (A3H) (Ref. 2,23,69,70) – all of which have been
implicated in the mutation and restriction of HIV-1 under certain conditions. A summary of
references with data concerning the restriction activity and Vif sensitivity of each
APOBEC3 protein is provided in Table 1; current in-depth reviews of the differential
properties of these APOBEC3 proteins may be found elsewhere [e.g. (Ref. 1,71)].

While the results apparent in Table 1 do reflect a lack of consensus on the ability of certain
APOBEC3 proteins to function against HIV-1, there are areas of agreement. Most notably, it
is well-accepted that A3F and, more prominently, A3G have strong activity against HIV-1.
Moreover, there is a second tier consisting of A3B and A3DE where antiviral activity is
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generally reproducible in overexpression single-cycle infectivity assays but may not be
apparent in a more physiologic spreading infection system. Further study of these proteins,
particularly in spreading infections, will be required to definitively determine their ability to
act as dominant restriction factors. It is generally accepted, however, that A3G, A3F, A3DE
and perhaps A3H (see below) are Vif-sensitive, while A3B is not, which implies that these
Vif-sensitive factors are likely the most relevant for the restriction of HIV-1 in vivo. That
said, the fact that A3B expression increases significantly in lymphoid tissue from acutely
infected patients along with A3F and A3G (Ref. 72) may also suggest a role for this Vif-
insensitive protein.

A3H represents a special case since only one known allele appears to be stable in human
cells, and stability is required for its ability to effectively restrict HIV-1 (Ref. 73,74,75). It is
also presently unclear to what extent this APOBEC3 protein is Vif-sensitive (Table 1),
although the fact that some have found it sensitive to Vif suggests that it may be important
for the restriction of HIV-1. Perhaps even more muddled is the case of A3C. A3C may be
sensitive to Vif, but its restriction activity against HIV-1 is relatively weak, arguing against
a role for this APOBEC3 protein in vivo. It should be noted, however, that A3C is quite
active against simian immunodeficiency virus (Ref. 76). While some case can thus be made
for the ability of six of seven human APOBEC3 proteins to dominantly restrict HIV-1, there
is little data to support such a role for A3A, as the references showing the strongest effects
require the fusion of A3A to a helper protein that shuttles it into the viral core (See
discussion below).

Beyond restriction and Vif sensitivity phenotypes, we now wish to emphasize one key
characteristic that helps to distinguish among APOBEC3 proteins – the sequence context in
which they typically mutate DNA cytidines to uridines (Table 1). A3G preferentially
mutates cytidine residues that are preceded by another cytidine, with an even stronger
preference for the context 5′-CCCA-3′ in minus-strand viral cDNA, where the underlined
deoxycytidine is the nucleotide preferentially targeted (Ref. 26,27,28,77). In plus-strand
reverse transcribed cDNA, this manifests as 5′-TGGG-3′ →5′-TAGG-3′ mutations, or 5′-
GG-3′ → 5′-AG-3′ in the less stringent dinucleotide context. Other APOBEC3 proteins,
however, generally display a preference for the mutation of cytidines preceded by another
deoxyribonucleotide, most often thymidine [e.g. (Ref. 78,79,80,81). This results in 5′-TC-3′
to 5′-TU-3′ transitions, which manifest on plus-strand viral cDNA as 5′-GA-3′ → 5′-AA-3′.

The identification of these different sequence contexts is important for assessing which
APOBEC3 proteins act on a given viral substrate in a context where multiple APOBEC3
proteins are expressed such as in vivo. Furthermore, assessing these contexts helps one to
appreciate how hypermutation can be detrimental to a virus. Aside from deleterious amino
acid or other mutations that may occur in unique sequence contexts, any UGG codon
encoding tryptophan is susceptible to the creation of a UAG or perhaps even a UAA stop,
particularly in the presence of A3G. Similarly, the AUG start codon may place the wobble
base in an APOBEC3-susceptible hotspot depending on the identity of the next base in the
sequence, thus making the ablation of initiating methionines another distinct possibility.
Extensive mutation may also disrupt HIV-1 genomic RNA secondary structures, which are
important for the regulation of HIV-1 gene expression (Ref. 82).

APOBEC3 proteins mutate the HIV-1 genome
Even prior to the discovery of APOBEC3 proteins, the tendency for HIV-1 to acquire G-to-
A mutations was evident (Ref. 83,84,85). This phenomenon was, in fact, analogous to the
original observation of hypermutation in spleen necrosis virus (Ref. 86). These early reports
generally noted a preferential sequence context for hypermutation of 5′-GA-3′ and, to a
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lesser extent, 5′-GG-3′, suggesting that, given what is now known, multiple APOBEC3
proteins account for these early descriptions of hypermutation (Ref. 79).

While more recent studies at times note stronger preferences for one context or another
under a given condition (Ref. 87,88,89), a theme uniting recent literature on the in vivo
hypermutation of HIV-1 is that it frequently occurs in both dinucleotide contexts. One study
indicates, for example, that hypermutated sequences separate roughly into thirds – sequences
with hypermutation predominantly in a 5′-GA-3′ context, sequences with hypermutation
predominantly in a 5′-GG-3′ context and sequences with hypermutation occurring in roughly
equal proportions in each context (Ref. 90). Another reports the occurrence of 5′-GG-3′
context mutations in approximately 95% of hypermutated sequences versus the occurrence
of 5′-GA-3′ context mutations in approximately 60% of hypermutated sequences (Ref. 91).
Furthermore, mutations in both contexts frequently occur in the same cloned sequence. For
example, 5′-GG-3′ hypermutations occur within 95% of predominantly 5′-GA-3′ context
clones (Ref. 91), while another data set shows a very slight preference for hypermutation in
a 5′-GA-3′ context with a strong 5′-GG-3′ component (Ref. 92).

It is reasonable to conclude, therefore, that multiple APOBEC3 proteins are active in vivo
and that at least one of these is A3G with its strong 5′-GG-3′ context preference. The
identities of the APOBEC3 proteins responsible for the reported 5′-GA-3′ hypermutations,
however, remain unknown. While A3F is certainly a likely candidate based on its
expression, Vif sensitivity and restriction profiles (see below; Table 1), it is entirely possible
that other APOBEC3 proteins account for at least a portion of this hypermutation. A more
careful elucidation of the expression and restriction capacities of APOBEC3 proteins in vivo
as well as the interactions of these proteins with HIV-1 in vitro will be required to define the
true nature of the in vivo APOBEC3 repertoire, which may itself vary from person to person
[e.g. (Ref. 93)].

Regardless of which APOBEC3 proteins are actively hypermutating HIV-1, it is clear that
their overall effect is significant. Estimates of the frequency of hypermutated sequences in
vivo range from approximately 7–20% with wide variation in the proportions seen in any
one individual (Ref. 87,88,89,90,91). In fact, these figures almost certainly underestimate
the total proportion of proviral sequences mutated by APOBEC3 proteins. Since a sequence
must typically reach a given threshold of G-to-A mutations to be defined as “hypermutated”,
methods of quantifying hypermutants fail to account for sequences that have been mutated
by APOBEC3 proteins at a lower level. Furthermore, extremely hypermutated sequences
may fail to replicate and amplify by PCR while still potentially contributing to the overall
mutational load of a viral population through recombination (Ref. 94). As briefly discussed
above, the deamination of cDNA cytidines may also create a substrate for the downstream
degradation of the viral genome, which would further diminish the apparent proportion of
viral genomes affected by APOBEC3 proteins.

APOBEC3 proteins may contribute to viral adaptation
Several authors have previously discussed the theoretical possibility that drug resistance
mutations could be attributable to APOBEC3-mediated hypermutation, citing the frequent
occurrence of drug resistance mutations in sequence contexts consistent with the action of
APOBEC3 proteins (Ref. 95,96,97). Combined with the common occurrence of
hypermutation in vivo, it would seem that a role for APOBEC3 proteins in aiding the
evolution of HIV-1 drug resistance is likely. Nevertheless, the actual data in the literature on
this topic are still limited. For example, one study demonstrates that, in the presence of a Vif
allele defective for the neutralization of A3G, HIV-1 can readily acquire a particular drug
resistance mutation by recombination with a lethally hypermutated genome residing in the
same cell (Ref. 94). Computer modeling to assess the likelihood of drug resistance mutation
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acquisition from A3G action further suggests that HIV-1 does acquire drug resistance
mutations from A3G activity at a low rate (Ref. 98). Also of interest, a recent paper on
HIV-1 sequence evolution proposes that APOBEC3 proteins may be involved in the
acquisition of immune escape mutations early in HIV-1 infection (Ref. 99).

While the consensus of the data to date is that APOBEC3 proteins are likely to contribute to
HIV-1 evolution, many questions remain unanswered. For example, how often does this
actually occur in vivo, and what is the relative contribution of APOBEC3 proteins versus
other sources of mutation such as reverse transcriptase? Which APOBEC3 proteins are
primarily responsible? To what extent does selective pressure contribute to the amplification
of mutations caused by APOBEC3 proteins? Much work remains to be done in determining
the impact of APOBEC3 proteins on the adaptability of HIV-1. The field would particularly
benefit from studies that expand beyond A3G to consider the APOBEC3 proteins likely to
cause 5′-GA-3′ context mutations.

Correlation of hypermutation levels, APOBEC3 expression and clinical indicators
While hypermutation clearly occurs in vivo, the data concerning its correlation with clinical
parameters of infection are less clear; a summary of pertinent research on this topic is
provided in Table 2. For example, one study shows a significant correlation between
hypermutation in both 5′-GA-3′ and 5′-GG-3′ contexts and reduced viral load (Ref. 88),
consistent with the higher levels of hypermutation found in another group of patients with
low viral loads (Ref. 100). Strikingly, the authors of the first study conclude that the drop in
viral load attributable to hypermutation is notably greater than that attributable to other
known protective alleles such as CCR5Δ32. Corroborating this effect, 17 Kenyan women
with significant hypermutation levels have a statistically significant increase in CD4+ cell
counts (Ref. 90). When the total adenosine content of patient proviruses is taken as a
surrogate of hypermutation, a positive correlation is found between adenosine content and
CD4+ cell counts throughout this entire cohort of 240 Kenyan women.

In contrast, hypermutation does not significantly correlate with viral load in a cohort of
Senegalese female sex workers, although the levels of hypermutation do generally correlate
with A3G mRNA expression (Ref. 92). Additional evidence suggesting no correlation
between hypermutation and improved clinical status has been found by comparing patients
on highly active antiretroviral therapy (HAART) with elite suppressors, patients who
maintain high CD4+ cell counts and undetectable viral loads (Ref. 91). In contrast with the
Senegalese cohort, however, no correlation between A3G expression and the fraction of
hypermutated sequences existed in these groups. A third cohort consisting of 28 Kenyan
women also shows no correlation between hypermutation and viral load or CD4+ cell counts
(Ref. 89).

Others more directly assess the impact of specific APOBEC3 proteins by correlating their
mRNA expression levels with clinical indicators; results of these studies are summarized in
Table 2. Using this approach, strong negative correlations are found between A3G mRNA
levels and viremia, concordant with positive correlations between A3G mRNA levels and
CD4+ cell counts (Ref. 100,101), although one study does not reproduce these associations
(Ref. 102). Nevertheless, other data indicate that patients with a low viral set point have
significantly higher levels of A3G mRNA both pre- and post-infection than patients with a
high viral set point; analysis for A3F yields the same correlation with post-infection A3F
mRNA levels but not pre-infection mRNA levels (Ref. 103). Furthermore, the peripheral
blood mononuclear cells of HIV-exposed seronegative patients show higher A3G expression
and decreased susceptibility to ex vivo infection (Ref. 104), and HIV-exposed seronegative
individuals have higher A3G expression levels than healthy controls (Ref. 100).
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Thus, the preponderance of evidence indicates a correlation between higher A3G expression
and improved clinical status. This correlation may be less apparent or even absent, however,
when hypermutation is taken as a surrogate for APOBEC3 action. Failing to find a
correlation when substituting hypermutation for APOBEC3 function may not be that
surprising, though, given that reducing the probability of successful reverse transcription and
integration appears to be an important part of the mechanism by which APOBEC3 proteins
restrict HIV-1. Interpretations of data correlating hypermutation with clinical indicators are
somewhat confounded because it is not clear what has occurred when no correlation is
found. If APOBEC3 proteins are highly effective, the viral genome may simply not persist
long enough to integrate. Furthermore, it is possible that some APOBEC3 repertoires and/or
individual APOBEC3 alleles may be protective, leading some patients to be selectively
excluded from studies due to a lack of apparent HIV-1 infection. Regardless, the positive
data in these studies, particularly those focusing on APOBEC3 expression, do indicate
promise for therapies aimed at the APOBEC3-Vif axis. The field would benefit from further
research correlating clinical indicators with both hypermutation and the expression of more
APOBEC3 family members in larger patient cohorts. Individuals known to be relatively
resistant to HIV-1 should also be closely examined for APOBEC3 sequence and copy
number variations.

APOBEC3 polymorphisms may be important for restriction activity against HIV-1
Relatively little is known about the functional relevance of human APOBEC3
polymorphisms, but several attempts have been made to correlate clinical status with
APOBEC3 variations, as summarized in Table 2. One survey of the A3G alleles in a French
cohort divided into rapid and slow progressors reports 29 polymorphisms, two of which
affect the amino acid sequence, but none of these correlates with the rate at which these
groups progress to disease (Ref. 105). Others find that the H186R allele identified in this
cohort does, however, correlate with CD4+ cell depletion and rapid progression to AIDS-
defining conditions in African-American patients (Ref. 106), although there is no apparent
association with risk of transmission. Another allelic variant, C40693T in intron 4 of A3G,
is associated with an increased risk of infection in a cohort of Caucasian patients (Ref. 107).

While these associations are suggestive, their functional basis is far from clear. For example,
there is no apparent difference between the wild-type and H186R alleles of A3G in an in
vitro single-cycle infectivity assay (Ref. 105), and no experimental data are available for the
C40693T variant. As the authors of the latter study rightly point out, however, the close
association of A3G with other APOBEC3 proteins on chromosome 22 raises the distinct
possibility that a given association may actually reflect linkage with an undetected variation
elsewhere in the locus rather than a direct effect of the identified polymorphism (Ref. 107).

In the case of A3H, activity against HIV-1 is strongly influenced by polymorphisms. Four
major haplotypes of human A3H exist, but only one of these appears to be expressed stably
and able to inhibit HIV-1 (Ref. 73,74,75). This active variant, A3H haplotype II, is present
in roughly 50% of individuals of African descent, 10–18% of individuals of European
descent and 3–4% of individuals of Asian descent (Ref. 73). Another common APOBEC3
polymorphism is an A3B deletion, which occurs in approximately 20% of the world’s
population (Ref. 93). In contrast with A3H Haplotype II, however, deletion of A3B is
relatively rare in African and European populations but common in East Asian (36.9%),
Amerindian (57.7%) and Oceanic (92.9%) populations.

Whether these or other unidentified allelic variants are of significance for susceptibility to
HIV-1 infection or disease progression is unknown, although at least one recent report has
found a statistically significant increased risk of HIV-1 infection and progression in
individuals with homozygous A3B deletions (Ref. 108). It is important to point out,
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however, that most APOBEC3 proteins have evolved under positive selection, implying that
the challenges posed by ancient and presumably divergent pathogens have resulted in the
rapid evolution of these restriction factors (Ref. 109,110). While this selective pressure may
not have been applied by HIV-1 given its relatively recent arrival in the human population,
selection for APOBEC3 proteins better able to restrict other pathogens may have
inadvertently selected cross-reactivity for the restriction of HIV-1. Thus, it is reasonable to
predict that, despite the relative dearth of data presently available, variation at the genetic
level will account for some effect on HIV-1 in vivo. Furthermore, it is possible that ongoing
selection by the HIV-1 epidemic itself may result in the expansion of protective APOBEC3
alleles not yet identified.

Studies of APOBEC3 effects in specific primary cell types
CD4+ T cells are the primary reservoir of HIV-1 infection in vivo, but relatively little is
known about the APOBEC3 repertoire found in these cells. One report suggests that A3G
forms the basis of a largely uncharacterized, deaminase-independent target cell restriction of
incoming HIV-1 virions in resting CD4+ T cells (Ref. 111), an effect enhanced by treatment
with interferon α, which upregulates A3G expression (Ref. 112). The reproducibility of this
phenomenon, however, has been questioned (Ref. 113,114). Regardless, evidence indicates
that among activated CD4+ T cells, the Th1 subset of helper T cells expresses greater levels
of A3G and A3F, which are further enhanced by the autocrine action of interferon γ (Ref.
115). Greater expression, in turn, results in greater encapsidation of APOBEC3 proteins in
HIV-1 produced from these cells and consequently lower viral infectivity than in the Th2
subset of helper T cells, even for Vif-proficient viruses. In general, most APOBEC3 family
proteins with the exception of A3A and, to a lesser extent, A3B appear to be well-expressed
in primary CD4+ T cells; among T cell subsets, however, A3G is somewhat better expressed
than A3F (Ref. 116).

Studies with primary myeloid lineage cells have also noted a prominent effect of interferon
treatment on the ability of APOBEC3 proteins to restrict HIV-1, linking higher expression
of A3G and A3A to the relative resistance of monocytes versus differentiated macrophages
to infection (Ref. 117). Another report indicates that A3G and A3F are responsible for
preventing HIV-1 from infecting immature dendritic cells, an effect which augments as
dendritic cells mature and increase their A3G expression (Ref. 118). Expression of
interferon α and, to a lesser extent, interferon γ have also been linked to increased
APOBEC3 levels and increased resistance to HIV-1 infection; this effect is so dramatic, in
fact, that the upregulation of APOBEC3 proteins may effectively overwhelm normal Vif
function and enable restriction of wild-type HIV-1 in macrophages (Ref. 117,119). Of note,
interferon α clearly upregulates all APOBEC3 proteins in macrophages and dendritic cells
with the possible exceptions of A3B and A3C, indicating that these are part of the normal
interferon response (Ref. 116). This upregulation is particularly astounding for A3A (Ref.
116,117). Given the common expression of many APOBEC3 proteins in primary cell types
and their interferon inducibility, it is tempting to speculate that the combination of different
APOBEC3 proteins may yield emergent properties not readily apparent in the majority of in
vitro studies to date, which almost exclusively focus on the effects of single APOBEC3
proteins.

Strategies for the clinical application of basic APOBEC3-Vif biology
Therapeutic strategies center on increasing the encapsidation of APOBEC3 proteins

Strategies aimed at the therapeutic use of APOBEC3 proteins to restrict HIV-1, despite their
diversity, are united by one goal: to increase the amount of APOBEC3 proteins encapsidated
in HIV-1 virions (Fig. 2). If substantial quantities of APOBEC3 proteins are packaged in a
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particular virion, even in a Vif-proficient virus (see below), the genomic RNA of that virion
is not likely to survive to become a replication-competent provirus. Moreover, while the
mutagenic capacity of APOBEC3 proteins carries with it at least some risk for contributing
to viral adaptation (Ref. 94,98), particularly when amplified, the risk associated with A3G
mutagenic activity specifically may be tolerable relative to the potential benefits of
unleashing its antiviral activity (Ref. 98). To increase the packaging of APOBEC3 proteins,
two general strategies are tenable – indirectly preventing the degradation of APOBEC3
proteins or directly enhancing the packaging of APOBEC3 proteins.

Indirectly increasing encapsidation by preventing the degradation of APOBEC3 proteins:
A pharmaceutical approach

Prevention of the degradation of APOBEC3 proteins as depicted in Fig. 2 would be most
simply accomplished by blocking the interaction of APOBEC3 proteins with Vif. To that
end, a great deal of effort has been expended attempting to elucidate the important
interacting regions on Vif and on APOBEC3 proteins [(Ref.
120,121,122,123,124,125,126,127,128,129,130,131,132,133) and others cited elsewhere].
While a thorough discussion of the many details involved in these investigations is beyond
the scope of this review, a schematic summary of important regions on Vif and on A3G with
particular attention to their putative interaction domains is provided in Fig. 3, and
biologically relevant regions of A3G are highlighted on a recently-published full-length
structural model of this restriction factor (Ref. 134) in Fig. 4.

In surveying this literature, is worthwhile to note that several discontinuous surfaces on Vif
have been implicated in the binding of specific APOBEC3 proteins (Fig. 3). This indicates
that the APOBEC3 interaction surfaces on HIV-1 Vif are structurally complex and that
three-dimensional structures of Vif bound to APOBEC3 proteins will likely be required both
to understand and to effectively target this interaction. In contrast, what is known of the Vif
interaction surfaces on APOBEC3 proteins indicates that, while such surfaces may be
distinct on different APOBEC3 proteins (Ref. 122,129), they are relatively continuous. It
may be possible, therefore, to protect APOBEC3 proteins by simply designing a molecule
that binds the host protein and shields it from interaction with Vif, a strategy that would
likely hamper the ability of HIV-1 to develop resistance to this putative therapy (Ref. 2).
Conversely, it may be possible to inhibit Vif interaction with either APOBEC3 proteins or
with the proteasomal machinery using a molecule that binds Vif itself.

Although no one has yet made public a small molecule inhibitor of the APOBEC3-Vif
interaction, a significant recent development is the identification of RN-18, a small molecule
antagonist of HIV-1 Vif (Ref. 135). Interestingly, RN-18 decreases Vif levels and thereby
increases A3G (and A3F and A3C but not A3B) levels when these two are present together.
This small molecule is also able to inhibit the growth of Vif-proficient HIV-1 in cultured
nonpermissive cells. Thus, while further research is necessary to understand the mechanism
by which this and other putative inhibitors function, RN-18 has provided proof of principle
that the APOBEC3-Vif axis can be targeted by small molecules.

Another promising development in the APOBEC3 field is the growing body of structural
information on the deaminase domain of A3G (Ref. 134,136,137,138) and related proteins
such as APOBEC2 (Ref. 139). As progress continues toward the expansion of our structural
knowledge of A3G and other APOBEC3 proteins [reviewed recently by (Ref. 140)], it may
one day be possible to visualize the APOBEC3-Vif interaction structurally and thereby
rationally design interaction inhibitors. Half of this putative interaction surface is depicted in
the A3G full-length model presented in Fig. 4. In the meantime, the field would benefit from
further genetic study of the APOBEC3-Vif interaction, both for the sake of reproducing
current results and identifying mutants that may further our mechanistic understanding of
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the APOBEC3-Vif interaction in anticipation of complementary structural data. For more
detail on such efforts, see Further reading and resources below.

Indirectly increasing packaging by preventing the degradation of APOBEC3 proteins: A
gene therapy approach

While small molecules remain undoubtedly the most technologically feasible means by
which to manipulate the APOBEC3-Vif axis, progress in the use of gene therapy approaches
for the treatment of HIV-1 [e.g. (Ref. 141,142,143)] suggests that similar methods may one
day incorporate aspects of APOBEC3-mediated restriction. While the application of
APOBEC3 biology to HIV-1 therapy in this manner must be preceded by further advances
in the safety and efficacy of both gene delivery and cell therapy, the strategies discussed in
this and the following section merit discussion if for no other reason than to note how they
reinforce the basic concepts of APOBEC3-Vif biology.

Because Vif is required for the spread of HIV-1 in nonpermissive cells and in vivo, one
obvious way to go about killing the virus would be to find an APOBEC3 protein that is not
neutralized by Vif. In fact, nature has already provided just such a variant, as a number of
studies on the ability of the Vifs carried by the lentiviruses of different species to neutralize
their cognate APOBEC3 proteins have revealed that quite small changes in APOBEC3
proteins can dramatically affect their sensitivity to Vif. Specifically, substitution of the
human A3G aspartate 128 (e.g. Fig. 4) with lysine renders A3G resistant to Vif-mediated
degradation (Ref. 67). The D128K substitution may protect A3G by preventing Vif binding
(Ref. 128,144,145,146), although this view is not universally supported (Ref. 120,147).
Whatever the mechanism, D128K is not destabilized by HIV-1 Vif, and this leads to
increased packaging of A3G and the restriction of Vif-proficient HIV-1. Despite the
resistance of A3G D128K to Vif-mediated degradation, there are no known instances of this
allele occurring naturally in humans.

An alternative method of protecting A3G from degradation that has been reported is to fuse
it to the ubiquitin-associated domain 2 (UBA2), a stabilization signal that protects proteins
from proteasomal degradation (Ref. 148). Although this fusion is only partially resistant to
Vif-mediated degradation, it does appear to have a modestly improved effect on the
restriction of wild-type HIV-1 relative to that of wild-type A3G. This study combined with
those above on A3G D128K provide proof of principle that relatively simple modifications
to APOBEC3 proteins may allow them to resist Vif-mediated degradation. As our technical
facility with therapeutic gene delivery develops, these may one day prove viable strategies
to engineer HIV-1 resistant T cells to counter infection.

Directly increasing encapsidation by increasing APOBEC3 expression: A pharmaceutical
approach

In much the same way that protecting A3G from degradation might leave enough A3G
available to encapsidate and effectively restrict HIV-1, increasing the expression of A3G
might overwhelm Vif and result in the encapsidation of nonpermissive levels of A3G as
suggested in Fig. 2. Proof of principle for this concept has been shown in macrophages,
where the induction of APOBEC3 proteins by interferon α treatment is so effective that it
greatly restricts the infectivity of Vif-proficient HIV-1 (Ref. 119), although it should be
noted that the many effects of interferon induction make it difficult to rule out effects
nonspecific to APOBEC3 action. In theory, then, methods aimed at selectively increasing
the expression of APOBEC3 proteins in the natural reservoirs of HIV-1 infection should be
able to potently inhibit viral replication, perhaps additionally allowing the broader immune
system to do a more effective job of controlling infection and supporting the suppression of
HIV-1 by current antiretroviral therapies. An important advantage of such methods is that
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they would likely be facilitated by small molecules and would work by enhancing innate
immune processes that already occur naturally. That said, it is unclear what the
consequences of increasing APOBEC3 expression in vivo may be, since there is at least a
theoretical possibility that increasing APOBEC3 levels may overwhelm cellular regulatory
mechanisms and result in hypermutation of the human genome, possibly impacting the
development of cancer [e.g. (Ref. 25,149)].

Directly increasing packaging by directly facilitating APOBEC3 access to the viral core: A
gene therapy approach

Alternatively, selectively directing APOBEC3 proteins to the HIV-1 viral core may permit
the restriction of even Vif-proficient HIV-1 (Fig. 2). Evidence from several groups shows
that fusing A3G to a fragment of Vpr sufficient for encapsidation (Ref. 150), fusing A3A to
a full-length Vpr protein (Ref. 151) or fusing A3G to the Nef7 mutant derivative of HIV-1
Nef (Ref. 152) results in enhanced APOBEC3-mediated restriction. All of these methods
lead to the incorporation of APOBEC3 proteins into the viral core via the viral peptides to
which they are fused, which themselves have natural core access. This process is
furthermore so efficient that Vif cannot overcome it.

An important lesson is also apparent in the ability of A3A to restrict under conditions in
which it is fused to a molecule that grants it core access. While this APOBEC3 protein does
not normally restrict HIV-1 or reach the viral core, forcing it past that barrier by fusion to
Vpr or A3G results in A3A-mediated restriction (Ref. 151,153). Thus, it is not sufficient for
an A3A to simply find its way into HIV-1 virions. Rather, it must be specifically targeted to
the viral core to have sufficient access to the viral genome and carry out its antiviral effects.
Whether the localization of other APOBEC3 proteins within virions is an important
determinant of their relative abilities to function remains a subject for future research.

Conclusions and outstanding research questions
Controversies aside, research to date has yielded significant insight into the mechanisms by
which A3G and HIV-1 interact in the balance between restriction and infection. Given what
is known about APOBEC3 protein expression and hypermutation profiles in vivo and in
primary ex vivo cell types, it is likely that multiple APOBEC3 proteins are active against
HIV-1 in vivo, and that these may display distinct properties. More work is required to
define the APOBEC3 proteins that impact HIV-1 in vivo and the exact mechanisms by
which this occurs.

Clinical studies may also prove useful in the continuing characterization of the APOBEC3-
Vif axis. As discussed above, incorporating the quantification of the expression levels of
more APOBEC3 proteins and correlating those to hypermutation levels while increasing
cohort sizes would improve our understanding of the in vivo functions of APOBEC3
proteins. Further characterization of APOBEC3 polymorphisms may also be significant,
since it is possible that protective APOBEC3 alleles await discovery. To this end, further
studies of the full APOBEC3 genomic locus in uninfected individuals, infected individuals
and individuals with an atypical response to HIV-1 such as long-term nonprogressors and
those uninfected but repeatedly exposed may hold a key to novel treatments aimed at the
APOBEC3-Vif axis.

Complementary studies focusing on the structures of APOBEC3 proteins and of Vif are also
likely to be of great benefit. It may be possible to identify, characterize, and ultimately
commercialize Vif inhibitors such as RN-18 in the absence of structural information.
Nevertheless, the ability to rationally design pharmaceuticals aimed at the APOBEC3-Vif
axis will be significantly facilitated by a deep understanding of the physical interactions of
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APOBEC3 proteins and Vif. Furthermore, such understanding will undoubtedly be required
to effectively design molecules that minimize the risk of selecting HIV-1 strains resistant to
this hypothetical new class of antiretroviral drugs. To that end, however, the APOBEC3
family is particularly attractive, as it comprises multiple potential endogenous inhibitors of
HIV-1 infectivity, at least two of which may be able to function in the long-term restriction
of HIV-1 (Ref. 22). With further study, the APOBEC3 proteins may one day form the basis
of the next generation of antiretroviral therapies.

Further reading and resources
Internet resources

• Los Alamos National Laboratory HIV Sequence Database: This website provides
not only an excellent collection of HIV sequence information, but also a number of
analysis tools (e.g. Hypermut, a program designed to detect and analyze
hypermutated sequences) and HIV reference materials.

○ http://www.hiv.lanl.gov/content/sequence/HIV/mainpage.html

• Stanford University Drug Resistance Database: This database is especially useful
for analyzing drug resistance mutations in patient sequences, a topic relevant to the
emerging consensus that APOBEC3 proteins affect HIV sequence evolution and
adaptation.

○ http://hivdb.stanford.edu/

• Retroviruses: This is a free, online edition of an older but highly influential
textbook on the properties of retroviruses, including HIV.

○ http://www.ncbi.nlm.nih.gov/books/bv.fcgi?rid=rv.TOC

Reviews
• This is a comprehensive review of APOBEC3 biology.

○ Chiu, Y. L. and Greene, W. C. (2008) The APOBEC3 cytidine deaminases:
an innate defensive network opposing exogenous retroviruses and endogenous
retroelements. Annu Rev Immunol 26, 317–353

• This is an excellent review of the roles of accessory proteins, including Vif, in HIV
biology. Its exploration of the common theme of accessory proteins mediating the
degradation of host proteins through the proteasomal machinery is particularly
insightful.

○ Malim, M. H. and Emerman, M. (2008) HIV-1 accessory proteins--ensuring
viral survival in a hostile environment. Cell Host Microbe 3, 388–398

• This is a review dedicated to the interaction surfaces of Vif and APOBEC3
proteins.

○ Smith, J.L., et al. (2009) Multiple ways of targeting APOBEC3-virion
infectivity factor interactions for anti-HIV-1 drug development. Trends in
Pharmacological Sciences In press

• These are several recent reviews on Vif and APOBEC3 proteins that provide more
mechanistic detail than is given here.

○ Goila-Gaur, R. and Strebel, K. (2008) HIV-1 Vif, APOBEC, and intrinsic
immunity. Retrovirology 5, 51
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○ Henriet, S., et al. (2009) Tumultuous relationship between the human
immunodeficiency virus type 1 viral infectivity factor (Vif) and the human
APOBEC3G and APOBEC3F restriction factors. Microbiol Mol Biol Rev 73,
211–232

○ Malim, M. H. (2009) APOBEC proteins and intrinsic resistance to HIV-1
infection. Philos Trans R Soc Lond B Biol Sci 364, 675–687
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Fig. 1. APOBEC3 and Vif function
Viral gene expression proceeds normally. During assembly, however, A3G present in a
nonpermissive producer cell (white circles) is encapsidated along with normal virion
components. To prevent encapsidation, Vif (yellow circle) expressed from a Vif-proficient
virus links A3G to an E3 ligase complex (gray circle), which results in the ubiquitination of
A3G and its eventual degradation in the proteasome (26S gray capped cylinder).
Alternatively, Vif may directly inhibit encapsidation, lower A3G expression and/or inhibit
A3G catalytic activity (not shown). Virions with encapsidated A3G bud from a producer cell
and enter a target cell normally. Reverse transcription, however, is blocked by the presence
of A3G, either by the direct inhibition of cDNA synthesis or the degradation of uridine-
containing cDNA. Uridine-containing cDNA templates A on the viral plus-strand, resulting
in G-to-A hypermutation. A direct A3G-mediated block to integration has also been
proposed (not shown).
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Fig. 2. Methods of enhancing APOBEC3-mediated restriction
Methods of enhancing restriction by APOBEC3 proteins are united in the common goal of
delivering more APOBEC3 proteins to the viral core. Strategies, as discussed in the main
text, include i) Indirectly increasing APOBEC3 encapsidation by protecting APOBEC3
proteins from degradation. This may occur by chemically shielding APOBEC3 proteins.
Alternatively, it may be possible to target inhibitors to a Vif surface that interacts with
APOBEC3 proteins or with cellular proteins involved Vif-mediated degradation. Finally, a
degradation-resistant variant of an APOBEC3 protein such as A3G D128K may be
employed. ii) Directly increasing the encapsidation of APOBEC3 proteins. This may occur
by increasing the expression of APOBEC3 proteins, particularly through interferon (orange
octagon) upregulation. Alternatively, fusion to a privileged molecule with core access (white
circle labeled “Help”) may shuttle APOBEC3 proteins to the viral core with great enough
efficiency to overcome Vif-mediated degradation. All methods will theoretically result in
greater APOBEC3 encapsidation (white circles) and restriction of HIV-1, even in the
presence of Vif.
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Fig. 3. Important domains in Vif and A3G
While many papers have identified residues critical to Vif function, only putative continuous
interaction domains in Vif (A) and A3G (B) are depicted here for the sake of clarity.
Exceptions are made for two important lysines in Vif, K22 and K26, as well as the C-
terminal zinc-binding domain of Vif. Vif and A3G are internally to scale, but Vif is depicted
at twice its actual size relative to A3G. HIV-1 Vif residues shown are those found in HIV
IIIB (EU541617.1). A3G corresponds to reference sequence NP_068594. Note that K26
and 23SLV25 of Vif are required for neutralization of A3G and A3F, but these residues may
not mediate direct interaction with A3F or A3G. Similarly, one group finds that while A3G
D128 is important in permitting the degradation of A3G, it does not mediate direct binding
to Vif. See main text for references and discussion.
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Fig. 4. Important domains of A3G on a full-length model structure
Important domains of A3G identified by genetic analysis are highlighted on a full-length
model structure of A3G (Ref. 134) with coloration carried out in Pymol. See main text for
references and discussion. Sidechains are shown for key regions, and the right panel
represents a rotation of 180 degrees about the y-axis. Red Spheres = Active site zinc. Green
Sidechains = 124YYFW127, multimerization/encapsidation determinant (overlaps 126–127
start of Vif binding region 126FWDPDYQ132); Red Sidechain = D128, a key residue for Vif
sensitivity; Blue Sidechains = 129PDYQ132, the remainder of the putative Vif binding site.
Yellow Sidechains = Residues H65 & E67 and H257 & E259, the HxE of the pseudocatalytic
and catalytic N- and C-terminal domains, respectively. Orange Sidechains = 96PC97 & C100

and 287PC288 & C291, the PCxxC of the active and pseudoactive N- and C-terminal domains,
respectively.
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Table 1

Restriction Activity, susceptibility to Vif and mutational context preferences of APOBEC3 proteins with
respect to HIV-1

Restriction Activity Against HIV-1a Susceptibility to Vifb Dinucleotide Preferencec

A3A Active
(Ref. 151,153,154,155) Note that two of these

references involve fusion of A3A to a helper protein
as discussed in the main text.

Vif-Sensitive
(Ref. 154,155)

GG; substantial GA (Ref. 151)

Not Active
(Ref. 46,78,80,156,157,158,159,160)

Not Vif-Sensitive
(Ref. 154)

A3B Active
(Ref. 46,76,78,155,157,160,161,162,163)

Vif-Sensitive
None

GA (Ref. 78,162)

Not Active (Ref. 22)
Haché et al. 2008 is the lone attempt to detect A3B

antiviral activity in a spreading infection system. All
references detecting activity represent single-cycle

infectivity assays.

Not Vif-Sensitive
(Ref. 76,78,155,162)

A3C Active
(Ref. 46,76,78,154,157,160,164)

Vif-Sensitive
(Ref. 122,131,132,154,164)

GA; substantial GG Nonspecific
compared to others (Ref. 76,164)

Not Active
(Ref. 80,81,155,162)

Not Vif-Sensitive
(Ref. 76,78)

A3DE Active
(Ref. 122,132,160,165,166)

Vif-Sensitive
(Ref. 122,132,165,166)

GT; substantial GA (Ref. 166)

Not Active
(Ref. 22) Haché et al. 2008 is the lone attempt to

detect A3DE antiviral activity in a spreading
infection system. All references detecting activity

represent single-cycle infectivity assays.

Not Vif-Sensitive
None

A3F Active
(Ref. 78,79,80,81) Many others. Restriction by A3F
is generally well-accepted, and A3F is often used as

a control with A3G.

Vif-Sensitive
(Ref. 78,79,80,81)

GA (Ref. 78,79,80,81)

Not Active
None, but spreading infection systems may show

variable strength of inhibition, from strong (Ref. 22)
to mixed (Ref. 167).

Not Vif-Sensitive
None, although it should be noted that

A3F may be generally less responsive to
Vif than A3G, [e.g. (Ref. 79)].

A3G Active
As indicated in main text plus countless reports

since.

Vif-Sensitive
As indicated in main text.

GG (Ref. 26,27,28,77,79)

Not Active
None

Not Vif-Sensitive
None, but see A3G D128K in the main

text.

A3H Active
(Ref. 73,74,75,165,168)

Vif-Sensitive
(Ref. 73,75) [or partially sensitive (Ref.

168)]

GA (Ref. 74)

Not Active
(Ref. 109,160,166) Multiple alleles and splice

variants exist in the human population, not all of
which are active or equally impacted by Vif, as

briefly discussed in main text.

Not Vif-Sensitive
(Ref. 74,165)

a
Single-cycle activity here is defined as the suppression of infectivity relative to negative restriction controls of at least 50%. Spreading infection

activity is defined as the substantial suppression of viral spread for the duration of the experiment shown. Some experiments involved the
modification of APOBEC3 proteins by, for example, fusion to a helper protein. Where this occurs, restriction is counted as if the protein were wild-
type.
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b
Any data concerning the Vif sensitivity of modified APOBEC3 proteins as described above is disregarded in this table.

c
References for the dinucleotide preferences of APOBEC3 mutational activity are preferentially chosen from papers with data on mutation of the

HIV-1 genome. Studies on other substrates generally agree with those listed here, but variation among papers may occur.
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Table 2

Summary of Linkage Studies between Clinical Indicators and Hypermutation, APOBEC3 Expression or
APOBEC3 Polymorphism

Study Cohort Description Relationship Reported

Association with Hypermutation

Pace et al. (Ref. 88) -136 Australians, largely male and Caucasian

-All treatment-naïve

-Reduced viremia attributable to hypermutation

Gandhi et al. (Ref.
91)

-8 elite suppressors and 9 patients on highly
active antiretroviral therapy

-Hypermutation comparable between the two groups with
the exception of one elite suppressor who had significantly
elevated hypermutation levels

Land et al. (Ref.
90)

-215 Kenyan female sex workers

-25 Kenyan women of similar socioeconomic
status who were not commercial sex workers

-All treatment-naïve

-Increased CD4+ cell counts in 17 patients with significant
hypermutation

-Positive correlation between adenosine content and CD4+
cell counts among 208 patients from whom counts were
available

Ulenga et al. (Ref.
92)

-29 Senegalese female sex workers

-All treatment-naïve

-No correlation between hypermutation and viremia

Vázquez-Pérez et
al. (Ref. 100)

-45 infected, 37 HIV-exposed seronegative
and 26 healthy control patients

-All treatment-naïve

-Increased hypermutation in patients with low viral load

Piantadosi et al.
(Ref. 89)

-28 Kenyan women

-All treatment-naïve

-No correlation between percentage of hypermutated
sequences and either viral load in chronic infection or
CD4+ cell counts approximately 6 weeks post-infection

-No difference for either indicator between patients with
and without hypermutated sequences

Association with APOBEC3 Expression

Jin et al. (Ref. 101) -6 uninfected individuals and 25 infected
individuals consisting of 8 long-term
nonprogressors and 17 progressors

-All treatment-naïve

-Inverse correlation between A3G expression and viral
load

-Positive correlation between A3G expression and CD4+
cell counts among the 25 infected individuals

-Higher A3G mRNA levels in long-term nonprogressors
and uninfected individuals relative to progressors

Cho et al. (Ref.
102)

-92 infected individuals and 19 uninfected
individuals

-Approximately 2/3 African-American, 1/3
Caucasian among infected individuals;
approximately 2/3 Caucasian among
uninfected individuals

-Infected individuals off treatment for at least
three months

-Lower A3F and A3G mRNA levels in infected versus
uninfected individuals

-No correlation between A3F or A3G mRNA levels and
viral load or CD4+ cell counts

Biasin et al. (Ref.
104)

-30 each of HIV-exposed seronegative
individuals, HIV-infected individuals and
uninfected individuals

-All infected individuals on antiretroviral
therapy

-Greater A3G protein levels in exposed seronegative
individuals compared with healthy controls or infected
individuals

-Cells from exposed seronegative individuals relatively
resistant to ex vivo infection compared to healthy controls
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Study Cohort Description Relationship Reported

Ulenga et al. (Ref.
103)

-Senegalese female sex workers, 16 with a
low viral set point and 14 with a high viral
set point

-All treatment-naïve

-Inverse correlation between A3G or A3F mRNA levels
after infection and viral set point

Vázquez-Pérez et
al. (Ref. 100)

-45 infected, 37 HIV-exposed seronegative
and 26 healthy control patients

-All treatment-naïve

-Positive correlation between A3G mRNA expression and
CD4+ cell counts in infected patients

-Negative correlation between A3G mRNA expression and
viremia

-Higher A3G mRNA expression in exposed seronegative
individuals compared with healthy controls

Association with APOBEC3 Polymorphisms

An et al. (Ref. 106) -Total 3,073 patients in six cohorts

-1,481 European-Americans and 949
African-Americans broken into groups of
seroconverters, seroprevalents and
seronegatives among patients in the United
States

-643 seroprevalent Swiss individuals

-7 polymorphisms identified in a subset of 92 African-
American and 92 European-American patients

-H186R also identified in Do et al. more common in
African- Americans and correlates with loss of CD4+ cells
and progression to AIDS in this group

Do et al. (Ref. 105) -245 HIV-infected slow progressors, 82 HIV-
infected rapid progressors and 446 healthy
subjects; all French Caucasians

-None of 29 polymorphisms identified in A3G associated
with rate of disease progression

Pace et al. (Ref. 88) -136 Australians, largely male and Caucasian

-All treatment-naïve

-22 polymorphisms identified

-No association between two closely-examined
polymorphisms and hypermutation levels

Valcke et al. (Ref.
107)

-122 Canadian Caucasian males -6 polymorphisms identified

-C40693T intronic change associated with increased risk
of infection

An et al. (Ref. 108) -4,216 infected individuals from five
longitudinal cohorts based in the United
States

-Homozygous A3B deletion associated with increased risk
of infection, faster progression to AIDS and increased viral
set point

-No association detected in hemizygous individuals
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