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APOBEC3G Restricts HIV-1 to a Greater Extent than APOBEC3F and
APOBEC3DE in Human Primary CD4™ T Cells and Macrophages
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APOBECS3 proteins inhibit HIV-1 replication in experimental systems and induce hypermutation in infected patients; however,
the relative contributions of several APOBECS3 proteins to restriction of HIV-1 replication in the absence of the viral Vif protein
in human primary CD4* T cells and macrophages are unknown. We observed significant inhibition of HIV-1Avif produced in
293T cells in the presence of APOBEC3DE (A3DE), APOBEC3F (A3F), APOBEC3G (A3G), and APOBEC3H haplotype II (A3H
HaplI) but not APOBEC3B (A3B), APOBEC3C (A3C), or APOBEC3H haplotype I (A3H Hapl). Our previous studies showed that
Vif amino acids Y*’RHHY** are important for inducing proteasomal degradation of A3G, whereas amino acids '*“DRMR" are
important for degradation of A3F and A3DE. Here, we introduced substitution mutations of **’YRHHY** and "*“DRMR"” in repli-
cation-competent HIV-1 to generate vif mutants NL4-3 YRHHY > A5 and NL4-3 DRMR > A4 to compare the antiviral activity of

A3G to the combined antiviral activity of A3F and A3DE in activated CD4* T cells and macrophages. During the first 15 days
(round 1), in which multiple cycles of viral replication occurred, both the NL4-3 YRHHY > A5 and NL4-3 DRMR > A4 mutants
replicated in activated CD4™" T cells and macrophages, and only the NL4-3 YRHHY > A5 mutant showed a 2- to 4-day delay in
replication compared to the wild type. During the subsequent 27 days (round 2) of cultures initiated with peak virus obtained
from round 1, the NL4-3 YRHHY > A5 mutant exhibited a longer, 8- to 10-day delay and the NL4-3 DRMR > A4 mutant exhibited
a 2- to 6-day delay in replication compared to the wild type. The NL4-3 YRHHY > A5 and NL4-3 DRMR > A4 mutant proviruses
displayed G-to-A hypermutations primarily in GG and GA dinucleotides as expected of A3G- and A3F- or A3DE-mediated
deamination, respectively. We conclude that A3G exerts a greater restriction effect on HIV-1 than A3F and A3DE.

he APOBECS3 family of proteins are cytidine deaminases and

form an intracellular host defense mechanism that protects
the cell from viral infections, including that with human immu-
nodeficiency virus type I (HIV-1) (1-5). APOBEC3B (A3B),
APOBEC3C (A3C), APOBEC3DE (A3DE), APOBEC3F (A3F),
APOBEC3G (A3G), and some APOBEC3H haplotypes have been
reported to inhibit HIV-1 in the absence of the accessory protein
viral infectivity factor (Vif) (1-4, 6-14). The antiviral activities of
A3B (9, 15), A3C (6), and A3DE (8, 16) have been reported in a
limited number of studies and in some cases have been controver-
sial (16-20); overall, A3G and A3F have been consistently re-
ported to have strong antiviral activity in transient-transfection
assays by numerous investigators and are thought to be the pri-
mary restriction factors that inhibit HIV-1 replication (21, 22).

APOBEC3H haplotype I (A3H Hapl), the major haplotype in
Caucasians, has low steady-state protein expression levels due to
instability and consequently does not exhibit significant antiviral
activity (7, 10, 13, 23). However, A3H HaplI, which is more prev-
alent in people of African descent, expresses a stable protein and
has been reported to exhibit antiviral activity (24). Endogenous
A3H HaplI along with A3DE may play a role in inhibiting HIV-1
during in vitro infection of A3F-null CEM2n cells (25), which
suggests a potential role for these proteins in inhibiting HIV-
1AVif in primary cells; however, the ability of HIV-1 Vif to over-
come the inhibitory effects of A3H Hapll appears to be subtype
and even isolate dependent (26). For example, LAI Vif can par-
tially rescue HIV-1Avif infectivity in the presence of A3H
HaplII, but NL4-3 Vif cannot (10, 26-28).

During reverse transcription, A3G and A3F induce cytidine
deamination of minus-strand DNA, which generates G-to-A hy-
permutation in the plus-strand DNA and inactivates the viral ge-
nome (1, 5, 29-32). HIV-1 expresses a 23-kDa viral infectivity
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factor (Vif), which counteracts the antiviral activity of A3DE, A3F,
A3G, and A3H Hapll by forming a Vif-E3 ubiquitin ligase-
Cullin5/ElonginBC complex and targeting the degradation of the
A3 factors (3, 12, 33-35). In the absence of Vif, A3G, A3F, A3DE,
and A3H Hapll are packaged into newly formed virus particles,
resulting in hypermutation of the proviral genome (8, 10-12, 34,
36, 37); A3G and A3F have also been shown to inhibit DNA syn-
thesis, integration, and proviral DNA formation (38—41). Distinct
regions of Vif are important for binding to A3G and A3F/A3DE.
The **YRHHY** region in Vif is important for binding to A3G,
while the “DRMR'” region in Vif is important for binding to A3F
and A3DE (42-46). A “°YRHHY** substitution mutant of Vif fails
to block A3G activity but retains the ability to block A3F activity in
a single-cycle assay; similarly, a "*DRMR'” substitution mutant of
Vif fails to block A3F activity but not A3G activity in a single-cycle
assay (44). The DRMR mutant of Vif also fails to degrade A3DE in
transient-transfection assays (46).

CD4™ T cells and macrophages are the primary target cells for
productive HIV-1 infection (47, 48). Vif is essential for HIV-1
replication in these cells (49-52). Different expression levels of
A3G and A3F in monocytes and CD4" T cells might result in
different levels of HIV-1 restriction in these cells (53, 54). A3G
mRNA is 3- to 10-fold more abundant in primary cells than A3F
mRNA, suggesting that A3G protein levels and antiviral activity
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may be higher in these cells (53, 54). Alpha interferon (IFN-a)
increases the mRNA expression levels of A3G, A3F, A3DE, and
A3H, suggesting a greater potential for inhibition of virus replica-
tion in primary cells after IFN-a treatment in the absence of Vif-
induced degradation (53-56).

Despite all of these studies, the relative contributions of differ-
ent A3 proteins to HIV-1 restriction in primary activated CD4™ T
cells and macrophages are unknown. This was emphasized by re-
cent studies which concluded that A3F has minimal or no antiviral
activity in primary cells or when expressed at levels similar to those
present in primary cells (57, 58). The extent to which an A3 pro-
tein exerts restriction of HIV-1 depends on its level of expression,
efficiency of virion incorporation, nucleic acid affinity, cytidine
deaminase activity, and perhaps other factors. To date, it has not
been possible to compare the steady-state levels of A3 proteins,
since they are detected using different antibodies. While steady-
state levels of A3 mRNAs have been determined, it is not known
whether the mRNA levels correlate with the protein levels. Al-
though it has been reported that increases in A3G and A3F mRNA
levels are associated with increases in protein levels (54), it is not
clear if increases in mRNA levels for the other A3 family members
also correlate with increased protein levels. Finally, the intrinsic
antiviral activities of the proteins in transient-transfection assays
may not reflect their activities in primary cells, since the activities
may be modulated by covalent modifications such as phosphory-
lation.

Here, we compared the antiviral activities of A3G and A3F/
A3DE in CEM cells, activated primary CD4 " T cells, and macro-
phages by using vif mutants of replication-competent HIV-1
which do not rescue infection in the presence of A3G (NL4-3
YRHHY>A5) or A3F and A3DE (NL4-3 DRMR>A4) and com-
pared the replication capacities and APOBEC3-induced hyper-
mutation of these mutants over several weeks during which mul-
tiple cycles of viral replication occurred.

Over a 2-week period in which multiple cycles of viral replica-
tion occurred (round 1), only the A3G degradation-deficient mu-
tant, NL4-3 YRHHY>A5, showed a delay in replication kinetics
compared to wild-type NL4-3 (NL4-3 WT) in CEM cells, CD4* T
cells and macrophages. Over a subsequent 27-day period in cul-
tures initiated with viruses from the first 2-week period (round 2),
both mutants exhibited a delay in replication kinetics compared to
NL4-3 WT. As expected, the dinucleotide context in which G-
to-A hypermutation occurred in the NL4-3 YRHHY>A5 and
NL4-3 DRMR>A4 proviruses was consistent with cytidine
deamination by A3G and A3F or A3DE, respectively. These results
indicate that A3G exerts a stronger restriction of HIV-1 replica-
tion in CEM cells, primary CD4 " T cells, and macrophages than
the combined antiviral activity of A3F and A3DE.

MATERIALS AND METHODS

Cell culture and plasmids. 293T and HeLa-derived HIV-1 reporter
TZM-bl cell lines (59, 60) were cultured in Dulbecco’s modified Eagle’s
medium supplemented with 10% fetal calf serum (FCS), penicillin (50
units/ml), and streptomycin (50 pg/ml). CEM cells were maintained in
RPMI 1640 medium with 10% FCS and the antibiotics penicillin (50
units/ml) and streptomycin (50 pg/ml). Peripheral blood mononuclear
cells (PBMCs) were isolated from healthy donors using Ficoll-Hypaque
(Sigma). CD4™ T cells were harvested from human donor peripheral
blood cells using a CD4™" positive isolation kit (Dynal, Invitrogen) ac-
cording to the manufacturer’s instructions. For cell activation, CDh4™ T
cells were treated with 5 pg/ml phytohemagglutinin (PHA) and 200 U/ml

January 2013 Volume 87 Number 1

A3G, A3F, and A3DE Antiviral Activity in Primary Cells

interleukin-2 (IL-2) for 3 days. Activated cells were maintained in RPMI
1640 medium containing only IL-2. The purity and the stimulation effi-
ciency of the cells were analyzed by fluorescence-activated cell sorter
(FACS) analysis staining for CD4-allophycocyanin (APC) (ranging from
81.2% to 97%) and the activation marker CD25 (~90%), respectively.
Macrophages were generated from CD14" monocytes obtained from
healthy donors by culturing with granulocyte-macrophage colony-stim-
ulating factor and 5% human serum. Nonattached cells were removed
after 6 days. The replication analysis was performed with CD4™ T cells and
macrophages from three different donors as described in Results. For
CD4™" T cells, the cells were infected 3 days after stimulation and the
medium was changed every second day.

HIV-1 mutants YRHHY>A5 and DRMR>A4 were previously de-
scribed (44). For generation of the replication-competent NL4-3
YRHHY>A5 mutant, amino acids 40 to 44 encoded by the vif gene were
replaced with five alanines (61). Amino acids 14 to 17 encoded by the vif
gene were replaced with AKTK to generate the replication-competent
NL4-3 DRMR>A4 mutant. The first 19 amino acids of Vif overlap the
C-terminal end of integrase, and replacement of DRMR residues with
AKTK resulted in an R284S substitution in the integrase protein, which
did not cause a replication kinetic defect during preliminary experiments
in CEM-SS or CEM cells (data not shown). To generate mutant viruses
containing the envelope of the R5-tropic AD8 virus, NL4-3 YRHHY>A5
and NL4-3 DRMR>A4 were digested with EcoRI and Agel and cloned
into the EcoRI- and Agel-digested plasmid pNL4-3 (AD8) (62), resulting
in a plasmid containing the NL4-3 backbone and an AD8 envelope. The
structures of the resulting plasmids were confirmed by restriction enzyme
mapping and DNA sequencing.

PFLAG-A3G was generated by modification of pcDNA-APO3G
(kindly provided by Klaus Strebel, NIAID, National Institutes of Health)
(44). pFLAG-A3F was constructed by modification of pcDNA3.1-
APOBEC3F (1, 44). pFLAG-A3C and pFLAG-A3DE (46) were con-
structed using pcDNA3.1-APOBEC3C-V5-6XHis and pcDNA3.1-
APOBEC3DE-V5-6 X His, respectively, which were obtained through the
NIH AIDS Research and Reference Reagent Program, Division of AIDS,
NIAID, NIH, from B. Matija Peterlin and Yong-Hui Zheng (5, 8).
pApobec3B-HA was also obtained through the NIH AIDS Research and
Reference Reagent Program, Division of AIDS, NIAID, NIH, from Bryan
R. Cullen (9). The A3H HapI ¢cDNA in pINCY (Open Biosystems) was
PCR amplified and cloned to generate FLAG-A3H Hapl, a plasmid that
expresses A3SH Hapl with an N-terminal FLAG epitope. FLAG-A3H
Hapll was generated by introducing substitutions G105R, K121D, and
E178D into FLAG-A3H Hapl by site-directed mutagenesis with the
QuikChange II site-directed mutagenesis kit (Stratagene).

Virus production and infection. For virus production, 293T cells
were transfected in 100-mm-diameter dishes by the modified CaCl,-
phosphate method (63) or the polyethylenimine method (64) with mod-
ifications as previously described (65). Viruses were harvested at 48 h after
transfection, filtered through a 0.45-pm filter (Millipore), and stored at
—80°C. To determine the amount of virus released from transfected 293 T
cells, the p24 capsid (CA) content in harvested supernatants was analyzed
using a p24 CA enzyme-linked immunosorbent assay (ELISA) kit (Per-
kin-Elmer or XpressBio). TZM-bl cells (4 X 10°) were infected using
culture supernatants containing 5 ng of p24 CA protein in a 96-well plate
for 3 h. Luciferase activities were measured after 24 h using a luciferase kit
(Perkin-Elmer) and LUMIstar Galaxy luminometer.

Virus replication analysis. CEM cells (1 X 10°) and CD4 ™ T cells (1 X
107) were placed in 75-cm flasks, and monocytes (4 X 10° cells) were
differentiated into macrophages in 12-well plates; these cells were infected
with NL4-3 viruses containing 10 ng p24 CA. For infection of macro-
phages, viruses expressing the AD8 envelope were used. Virus superna-
tants were harvested every 2 days and analyzed for p24 CA content. For
round 2 infections, viruses from the peak time points from round 1 infec-
tions (100 ng of p24 CA) were used to infect fresh CEM cells, CD4 ™ T cells,
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and macrophages. The CD4" T cells and macrophages from the same
donors were used for both round 1 and round 2 infections.

DNA extraction and sequence analysis. DNA from 1 X 10° infected
cells was extracted with a DNA isolation kit (DNeasy blood and tissue kit;
Qiagen) according to the manufacturer’s instructions. Extracted DNA
was used to amplify a region containing the vif gene using forward primer
VifF (5'CAGGGAGATTCTAAAAG3’) and reverse primer VifR (5'GGA
TAAACAGCAGTTGTTGC3') and cloned into a pGEM vector (Pro-
mega). Cloned PCR products were analyzed by sequencing using the
primer NL4-3-seq-4921F (5" GAGATCCAGTTTGGAAAGGAC3'), span-
ning a 730-bp region containing vif and a portion of the vpr gene, as
previously described (61).

Western blot analysis of A3G and A3F expression in T cell lines and
primary cells. Western blotting was performed to detect endogenous
A3Gand A3Fin CD4™ T cells, CEM cells, and macrophages. CD4™" T cells
were resuspended in lysis buffer (50 mM Tris-HCI [pH 7.4] with 150 mM
NaCl, 1 mM EDTA, 1% Triton X-100, and protease inhibitor cocktail
[Roche]) 3 days after activation with PHA and IL-2. Macrophages were
differentiated with granulocyte-macrophage colony-stimulating factor
and human serum for 6 days before they were harvested. Anti-A3G Apo-
C17 antibody (1:5,000 dilution) and rabbit anti-human A3F (C-18; 1:500
dilution) (AIDS Research and Reference Reagent Program, Division of
AIDS, NIAID, NIH) (anti-ApoC17 from Klaus Strebel and anti-human
APOBEC3F from Michael Malim) were used to detect endogenous A3G
and A3F, respectively, in T cell lines and primary human cells.

RESULTS

Sensitivity of NL4-3 WT, NL4-3 YRHHY>A5, and NL4-3
DRMR> A4 to restriction by human A3 proteins in transient-
transfection assays. Previously, we reported that the Vif protein
in which alanine amino acid substitutions were introduced in the
*YRHHY* and "*“DRMR'” regions lost their activity against A3G
and A3F, respectively, in single-cycle assays (44, 61) and that the
DRMR>4A mutant lost its ability to degrade A3DE (46). To com-
pare the relative contributions of A3 proteins to inhibition of
HIV-1 replication, we generated replication-competent NL4-3
YRHHY>AS5 and NL4-3 DRMR>A4 mutants and analyzed their
replication kinetics in primary CD4" T cells and macrophages,
which are the natural target cells for HIV-1 infection.

First, to determine which A3 proteins can inhibit wild-type or
mutant NL4-3 viruses, we analyzed the ability of several A3 pro-
teins to inhibit NL4-3 WT and vif mutants pNL4-3 YRHHY>AS,
pNL4-3 DRMR>A4, or NL4-3Avifin a transient-transfection as-
say (Fig. 1). The A3 protein expression plasmids and the wild-type
or mutant HIV-1 expression plasmids were cotransfected into
293T cells, and viruses were harvested at 48 h posttransfection.
Equal amounts of viruses, as determined by their p24 CA content,
were then used to infect TZM-bl indicator cells; subsequently,
luciferase activity was measured at 24 h postinfection. In the ab-
sence of any A3 proteins, the wild-type and vif mutants of HIV-1
produced similar amounts of luciferase in the TZM-bl cells, indi-
cating that none of the mutations in NL4-3 vifhad an effect on the
viral infectivity. The infectivity of NL4-3 WT in the presence of all
of the A3 proteins except A3H HaplI was not significantly differ-
ent from its infectivity in the absence of A3 proteins. A3B, A3C,
and A3H Hapl did not reduce the infectivity of the NL4-3
YRHHY>A5, NL4-3 DRMR>A4, or NL4-3Avif viruses com-
pared to the NL4-3 WT. A3DE and A3F significantly reduced the
infectivity of the NL4-3 DRMR>A4 and HIV-Avif viruses but not
the infectivity of the NL4-3 YRHHY>AS5 virus. A3G reduced the
infectivity of the NL4-3 YRHHY>AS5 and NL4-3Avif viruses but
not the infectivity of the NL4-3 DRMR>A4 virus. A3H Hapll
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FIG 1 Single-cycle assays to determine sensitivities of NL4-3 mutants to A3
proteins. Plasmids encoding NL4-3 WT, NL4-3 YRHHY>AS5, NL4-3
DRMR>A4, or NL4-3 Avif were transfected into 293T cells in the presence of
the A3 expression plasmids. The ratio of NL4-3 to A3 plasmid DNAs was either
3:1 (A) or 12:1 (B). After 48 h, culture supernatants were harvested, the
amounts of p24 CA in the supernatants were determined, and viruses contain-
ing equivalent amounts of p24 CA were used to infect TZM-bl indicator cells.
Infectivity was determined by measuring the luciferase activity produced in the
infected cells at 48 h postinfection. Infectivity of NL4-3 WT in the absence of
any A3 protein (no APOBEC3) was set to 100%. The average from three to five
independent experiments is shown. Error bars represent the standard error of
the mean. Asterisks indicate statistically significant decreases in infectivity
compared to the NL4-3 WT/no APOBEC3 control (P < 0.02 by Student’s ¢
test).

significantly reduced the infectivity of the NL4-3Avif virus to
<10% of that of NL4-3 WT in the absence of any A3 proteins
(P << 0.02). Interestingly, there was no significant difference be-
tween NL4-3 WT and any of the NL4-3 vif mutants produced in
the presence of A3H Hapll, which agrees with previous studies
indicating that the NL4-3 Vif does not significantly rescue viral
infectivity in the presence of A3H HaplI (66, 67). These results
indicate that the infectivity of the mutant virus NL4-3
YRHHY>A5 was impaired in the presence of A3G and A3H
HaplII but not other A3 proteins; in contrast, infectivity of the
NL4-3 DRMR>A4 mutant virus was diminished in the presence
of A3F, A3DE, and A3H HapllI but not A3G or other A3 proteins
(Fig. 1). The infectivity of NL4-3Avif viruses, as assessed by lucif-
erase production in TZM-bl cells, was almost completely abro-
gated in the presence of A3G, A3F, or A3H HaplI and was reduced
to about 34% in the presence of A3DE compared to that of NL4-3
WT. The lack of inhibition of all virus types produced in the pres-
ence of A3B, A3C, and A3H Hapl suggests that endogenous forms
of these A3 proteins are unlikely to contribute to differences in
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NL4-3 replication, regardless of which Vif variant is used. Like-
wise, A3H HaplI inhibits all NL4-3 virus variants independent of
Vif, indicating that it is not a major contributor to replication
differences between the NL4-3 YRHHY>A5, and NIL4-3
DRMR> A4 variants.

Replication of NL4-3 YRHHY > A5 and NL4-3 DRMR > A4 vif
mutants is delayed in CD4™ T cells and macrophages. To analyze
the antiviral activities of A3 proteins in primary CD4™ T cells, we
first analyzed activated primary CD4 " T cells, monocyte-derived
macrophages, and T cell lines by Western blotting. Primary CD4 ™"
T cells were stimulated with PHA and IL-2 for 3 days, whereas
macrophages were differentiated for 6 days before cell lysates were
prepared. The results showed that CEM, H9, and CD4* T cells
and macrophages expressed detectable amounts of A3G and A3F,
whereas little or no A3G and A3F could be detected in CEM-SS
cells (Fig. 2A).

Multiple rounds of HIV-1 replication were examined as out-
lined in Fig. 2B. Macrophages, CD4™ T cells, and CEM cells were
infected with culture supernatants containing 10 ng of p24 CA,
and supernatants were harvested from the infected cells every 2
days beginning on day 3 (round 1). Replication of the viruses was
monitored for 15 days and was quantified as the amount of p24
CA released in the supernatant for each time point. Viruses from
the peak time points were then normalized for p24 CA amounts
and used to infect fresh CEM cells, CD4™ T cells, and macro-
phages (round 2), and culture supernatants were harvested from
the infected cells every 2 days. The results of these studies may be
dependent on the individual donor genotype and the state of cell
activation. To minimize the effects of donor variation, we per-
formed independent experiments with cells obtained from two or
three different donors.

In round 1 (Fig. 2C to E, left panels), which includes multiple
rounds of virus replication, HIV-1 WT virus peaked at day 7 in
CEM cells and at day 9 in CD4 ™" T cells and macrophages, whereas
replication of the NL4-3 YRHHY>A5 mutant displayed a 2- to
4-day delay in all cell types tested; the delays were 4 days for CEM
cellsand CD4™ T cells and 2 days for macrophages. These delays in
replication kinetics were consistent in independent experiments;
the average delay for the NL4-3 YRHHY>A5 mutant in CEM cells
was 4 days (4 days each for two experiments), the average delay in
CD4™" T cells was 3 days (2, 4, and 4 days for three experiments),
and the average delay in macrophages was 3 days (2, 2, and 4 days
for three experiments). In contrast, the NL4-3 DRMR>A4 mu-
tant did not display any delay in viral growth compared to wild-
type virus in CEM cells, CD4 ™" T cells, and macrophages, indicat-
ing that there is little to no antiviral activity by A3 proteins other
than A3G, causing no significant impact on viral replication. If
these cells had low antiviral activity from NL4-3 DRMR>A4-non-
susceptible A3 family members (A3F and A3DE), the NL4-3
DRMR>A4 mutant might exhibit delayed growth kinetics after
prolonged culturing and additional cycles of viral replication. To
test this hypothesis, peak viruses from the round 1 infection were
normalized for p24 CA content, and fresh CEM cells, CD4" T
cells, or macrophages were infected with equal amounts of virus
(round 2); subsequently, culture supernatants were harvested
from the infected cells every 2 days for 27 days, during which many
additional cycles of viral replication occurred (Fig. 2C to E, right
panels). In the round 2 infections, WT virus peaked at day 9 in
CEM cells, day 7 in CD4™" T cells, and day 9 in macrophages. The
delay for the NL4-3 YRHHY>A5 mutant was greater in the round
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2 infections than that for NL4-3 WT (8-day delay for CEM cells,
10-day delay for CD4* T cells, and 8-day delay for macrophages).
The average delay for NL4-3 YRHHY>A5 was 8 days in CEM cells
(8 days each in two experiments), 10 days in CD4 ™" T cells (10 days
each in two experiments), and 9 days in macrophages (10 and 8
days in two experiments). In the round 2 infections, the NL4-3
DRMR>A4 mutant also displayed a 2- to 6-day delay compared
to NL4-3 WT virus, which was consistent in all cell types tested;
the average delay in two independent experiments was 4 days for
CEM cells (6 and 2 days), 5 days for CD4™ T cells (4 and 6 days),
and 5 days for macrophages (4 and 6 days) compared to NL4-3
WT virus, confirming the presence of low A3F and/or A3DE an-
tiviral activity in these cells. Taken together, these results showed
that the restriction capacity of A3G is greater than the combined
antiviral activity of A3F and A3DE.

The infectivities of the viruses taken from round 1 peak time
points in CEM cells, CD4™" T cells, and macrophages were deter-
mined by first quantifying the p24 CA amounts in the virus stocks.
Equal amounts of p24 CA were then used to infect TZM-bl cells.
Infectivity of the NL4-3 YRHHY>AS5 virus was reduced to ~10 to
25% of that of the NL4-3 control in CEM, CD4" T cells, and
macrophages (Fig. 3A, B, and C). Interestingly, even though no
significant delay in replication was observed for the NL4-3 A4
mutant in round 1, the infectivity of virus was reduced to ~50 to
80% of that of the NL4-3 WT control in CEM, CD4™ T cells, or
macrophages. This observation suggested that A3F and/or A3DE
antiviral activity did have an impact on the infectivity of the NL4-3
DRMR>A4 mutant in round 1. However, this reduction in infec-
tivity was less than 2-fold and was not sufficient to produce a
noticeable delay in replication kinetics in round 1. As expected,
the NL4-3 YRHHY>A5 mutant virus from the peak time point
exhibited a significant reduction in infectivity (4- to 10-fold), in-
dicating that the antiviral activity of A3G had a substantial impact
on viral infectivity, which resulted in a replication delay.

vifmutant proviral DNA in infected CEM cells, CD4™ T cells,
and macrophages exhibits G-to-A hypermutation. To determine
whether inhibition of HIV-1 replication in primary CD4™ T cells
and macrophages was associated with G-to-A hypermutation, we
isolated DNA from cells infected with NL4-3 WT, NL4-3
YRHHY>AS5, and NL4-3 DRMR>A4 from round 1 CEM cells
and CD4" T cells and round 2 CEM cells, CD4" T cells, and
macrophages. We then PCR amplified a portion of the viral ge-
nome and sequenced a 730-bp region containing the whole vif
region and a portion of vpr and analyzed the sequences for evi-
dence of G-to-A hypermutation as previously described (61). The
hypermutation index (HI) was calculated as previously described
(68) by subtracting the A-to-G mutations from the G-to-A muta-
tions and dividing by the sequence length.

As summarized in Table 1, in round 1 infection, which in-
cluded multiple rounds of viral replication in 15 days, the NL4-3
YRHHY>A5 mutant displayed a high HI (1.07 in CEM cells and
13.85in CD4™ T cells) compared to that of NL4-3 WT (—0.2 in
CEM cells and —0.7 in CD4" T cells). The NL4-3 DRMR>A4
mutant also displayed an increased HI (0.27 in CEM cells and 1.51
in CD4" T cells) compared to that of NL4-3 WT. Similarly, in
round 2, the NL4-3 YRHHY>A5 and NL4-3 DRMR>A4 mutants
displayed significant increases in HI, while NL4-3 WT displayed
no significant increase (Fig. 4A and Table 1). The very low HI for
NL4-3 WT produced during multiple rounds of CEM or CD4™" T
cell infection indicates that no A3 proteins that can overcome
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FIG 2 Replication of NL4-3 WT, NL4-3 YRHHY>A5, NL4-3 DRMR>A4, and NL4-3Avif in CEM T cells, primary CD4" T cells, and macrophages. (A)
Expression of A3G and A3F in CEM, CEM-SS, H9, and CD4™" T cells and macrophages. Endogenous A3G and A3F were detected by using the anti-A3G Apo-C17
antibody and the anti-A3F C18 antibody, respectively. (B) Protocol for evaluation of viral replication. (C to E) Replication of NL4-3 WT, NL4-3 YRHHY>AS5,
NL4-3 DRMR>A4, and NL4-3Avif mutants in CEM cells (C), CD4™ T cells (D), and macrophages (E). Cells were infected with 10 ng of p24 CA-normalized
viruses, supernatants were harvested every 2 days, and the p24 CA amounts were determined by ELISA. Multiple cycles of viral replication occurred over a 15-day
period during round 1. The viruses from round 1 (left panels) peak time point samples were then p24 CA normalized and used to infected fresh cells (right panels)
for round 2 infections, during which multiple cycles of viral replication occurred over an additional 27-day period. Two or three independent experiments were
performed to determine the average delay in replication kinetics; results from one representative experiment are shown.
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FIG 3 Relative infectivities of NL4-3 WT, NL4-3 YRHHY>AS5, and NL4-3
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phages (C). The infectivities of the peak viruses from round 1 were normalized
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After 72 h, the infectivity, as determined by the luciferase activity, was mea-
sured. The average from 3 independent experiments is shown. Error bars rep-
resent the standard error of the mean. Statistical significance was determined
by Student’s ¢ test (P < 0.0005).

NL4-3 Vif to induce significant hypermutation are present. Our
single-cycle infectivity experiments (Fig. 1) indicate that only A3H
Hap II significantly inhibits replication of NL4-3 WT and there-
fore could potentially induce hypermutation. Interestingly,
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CEM2n cells were recently reported to be homozygous for A3H
HaplI (25), suggesting that our CEM cells may express this A3
protein. The absence of hypermutation in NL4-3 WT indicates
that the A3H HaplI levels present in CEM cells are not sufficient to
induce significant hypermutation, which is essential for A3H Hap
II to inhibit HIV-1 (10). Furthermore, the low HI for NL4-3 WT
in CD4™ T cells and macrophages indicates that no A3 proteins
are present at sufficient levels to overcome NL4-3 WT Vif to in-
duce cytidine deamination and hypermutation.

The HIs for NL4-3 YRHHY>A5 and NL4-3 DRMR>A4 ap-
parently increased in CEM cells, and decreased in CD4™ T cells,
when comparing round 1 to round 2 HIs. It is not clear whether
these differences are biologically significant; we and others have
noted that individual hypermutated proviral sequences can ex-
hibit very large differences in the number of G-to-A changes,
which can contribute to large differences in the HI. For example, 2
of the 9 NL4-3 YRHHY>AS5 proviruses obtained from round 1
infections contained 53 of the 98 G-to-A substitutions, which
greatly increased the HI for round 1 (data not shown). Finally, no
hypermutation was observed in CEM-SS cells infected with either
the NL4-3 YRHHY>A5 or the NL4-3 DRMR>A4 mutant virus
(data not shown).

In the NL4-3 YRHHY>A5 proviruses, a high percentage of the
G-to-A mutations occurred in the GG dinucleotide context (Table
1). Inround 2, the percentages of G-to-A mutations that occurred
in the GG dinucleotide context were 82% for CEM cells (Fig. 4B;
Table 1), 93% for the CD4™ T cells (Fig. 4C; Table 1), and 79% for
macrophages (Fig. 4D; Table 1). In contrast, in the NL4-3
DRMR>AA4 proviruses (round 2) (Table 1), the majorities of the
G-to-A mutations that occurred in the GA dinucleotides context
were 71% in CEM cells (Fig. 4B; Table 1), 67% in CD4™" T cells
(Fig. 4C; Table 1), and 47% in macrophages (Fig. 4D; Table 1).
These results are consistent with A3G-mediated hypermutation of
the NL4-3 YRHHY>A5 proviruses and A3F- and/or A3DE-me-
diated hypermutation of the NL4-3 DRMR>A4 proviruses.

It should be noted that in CD4™ T cells, 8/28 sequences for
NL4-3 DRMR>A4 and 6/42 sequences for NL4-3 YRHHY>A5
mutants had no G-to-A hypermutation or other mutations. Very
similar results were obtained for macrophages; 8/35 sequences for
NL4-3 YRHHY>AS5 and 7/17 sequences for NL4-3 DRMR>A4
displayed no mutations. The absence of hypermutation in some
clones suggests that some viruses can escape from A3G, A3F, or
A3DE activity, allowing replication of these mutant viruses. How-
ever, most clones that exhibit hypermutation are expected to have
defects in expression of Vif and other viral proteins, which would
resultin a delay in virus growth in CD4™" T cells and macrophages.
Overall, these results show the presence of A3G antiviral activity
and, to alesser extent, A3F and/or A3DE antiviral activity in CD4*
T cells and macrophages.

DISCUSSION

Among the human A3 proteins, A3B, A3C, A3DE, A3F, A3G, and
A3H HaplI have been shown to inhibit HIV-1 infectivity in single-
cycle assays orin T cell lines (1-11, 13, 14, 32). However, it has not
been established whether, and the extent to which, these A3 pro-
teins restrict HIV-1 replication in its natural target cells of infec-
tion, specifically, activated CD4™ T cells and macrophages. Com-
paring the antiviral activities of A3 proteins in primary cells is
challenging, since protein expression levels cannot be directly
compared because of the use of different antibodies which bind
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TABLE 1. Hypermutation index and dinucleotide context of G-to-A mutations

Dinucleotide context of G-to-A

No. of: mutations (%°)
Nucleotides  A-to-G G-to-A Hypermutation index
Round  Cells NL4-3 virus (sequences)® mutations mutations (%) X 1,000 GG GA GC GT
14 CEM WT 6,570 (9) 2 1 —0.2 0(0) 1(100) 0(0) 0(0)
YRHHY>A5 6,570 (9) 3 10 1.07 10 (100) 0 (0) 0(0) 0(0)
DRMR>A4 7,300 (10) 3 5 0.27 3 (60) 2(40)  0(0)  0(0)
CD4" T WT 7,300 (10) 6 1 —0.7 1 (100) 0(0) 0(0) 0(0)
YRHHY>A5 6,570 (9) 7 98 13.85 77 (79) 21 (21) 0(0) 0(0)
DRMR>A4 7,300 (10) 6 17 1.51 2(12) 11(65) 3(18) 1(6)
2¢ CEM WT 19,710 27) 2 0 —0.1 0(0) 0(0) 000) 0(0)
YRHHY>A5 10,950 (15) 13 73 5.4 60(82) 8(11) 3(4) 1(1)
DRMR>A4 22,630 (31) 15 38 1.0 7 (18) 27(71) 1(3) 3(8)
CD4' T WT 27,740 (38) 9 3 —0.2 1(33) 133 1(33) 0(0)
YRHHY>A5 30,660 (42) 25 146 3.9 135(93)  20(7)  0(0) 0(0)
DRMR>A4 20,440 (28) 10 27 0.83 7 (26) 18(67) 2(4) 1(4)
Monocyte-derived ~ WT 17,520 (24) 3 5 0.114 1(20) 2 (40) 2(40) 0(0)
macrophages
YRHHY>A5 25550 (35) 22 136 4.46 107 (79)  22(16) 5(4)  2(1)
DRMR>A4 12410 (17) 7 17 0.8 6 (35) 8(47)  0(0) 2(12)

@ Total number of nucleotides sequenced from the total number of cloned PCR products sequenced.

b Calculated as (G-to-A mutations) — (A-to-G mutations)/sequence length (bp) (68).
¢ Percentage of mutated G nucleotides.

9 Round 1, replication period of 15 days.

¢ Round 2, replication period of 27 days.

with unknown affinities to different epitopes. A comparison of the
mRNA levels of various A3 proteins in primary cells is informa-
tive, and it has been reported that human PBMCs express high
levels of A3C and A3G but lower levels of A3F and A3DE (53, 54).
However, it should be noted that the mRNA levels may not reflect
the steady-state protein expression levels; furthermore, the anti-
viral activity of each A3 protein, which is a combination of its
efficiency of virion incorporation, cytidine deaminase activity,
and deaminase-independent antiviral activity, cannot be pre-
dicted on the basis of its expression levels. Therefore, we used
NL4-3 vif mutants which specifically do not bind to A3G (NL4-3
YRHHY>A5) or A3F and A3DE (NL4-3 DRMR>A4) as tools to
analyze the relative antiviral activities of these A3 proteins in pri-
mary HIV-1 target cells. In addition, our use of NL4-3 minimizes
A3H as a contributing factor to observable differences between Vif
mutants in our assays, as there are no distinct effects of A3H on
infectivity with WT or Vif-deficient NL4-3 viruses. Thus, our re-
sults distinguish the effects on HIV replication of A3G and the
combined antiviral activity of A3F and A3DE; these three A3 pro-
teins are common in all human populations.

In round 1 infections, the NL4-3 YRHHY>A5 mutant exhib-
ited a delay in replication kinetics, while the NL4-3 DRMR>A4
mutant replicated with the same kinetics as NL4-3 WT. These
observations indicated that A3G restricted HIV-1 replication dur-
ing a 2-week period in which multiple cycle of viral replication
occurred, while the combined antiviral activity of A3F and A3DE
did not have a measurable effect on viral replication kinetics dur-
ing the same 2-week period. Despite the absence of any effect on
replication kinetics, the virus produced at the peak time points of
infection with NL4-3 DRMR>A4 mutants exhibited reduced in-
fectivity in a single-cycle assay to about 50 to 80% of that of NL4-3
WT. Round 2 infections that were initiated with virus obtained
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from the peak time points did exhibit a delay in replication kinet-
ics for both mutants, indicating that the combined A3F and A3DE
antiviral activity had a cumulative effect that resulted in a delay in
replication kinetics over a prolonged period. Since the NL4-3
YRHHY>A5 mutant exhibited a much greater delay in kinetics,
we conclude that the antiviral activity of A3G is greater than the
combined antiviral activity of A3F and A3DE.

Our studies clearly show that the cumulative antiviral activity
of A3F and A3DE results in a delay in replication kinetics over a
prolonged period of time, and they provide new insights into the
relative contributions of A3G, A3F, and A3DE in the natural target
cells of HIV-1 infection. Although our results agree with the re-
ports of Mulder et al. (58) and Miyagi et al. (57), our conclusions
differ because we analyzed viral replication over a much longer
period of time than in these studies, leading us to clearly observe
the combined antiviral activity of A3F and A3DE.

Our findings are consistent with the report from Mulder et al.
(58) indicating that single-amino-acid substitution mutants of Vif
that are defective in inducing degradation of A3F exhibit no delay
in replication kinetics in primary PBMCs compared to the WT
during a 2-week period (equivalent to round 1 in these studies).
Our results also agree with the findings of Miyagi et al. (57), who
observed that when A3F was expressed in HeLa cells at a level
similar to that in H9 cells, no significant antiviral activity could be
detected in a single round of replication. In contrast, our studies
were performed with primary CD4 ™ T cells and macrophages over
a prolonged period of time and more closely reflect natural HIV-1
infection. Furthermore, our studies clearly show that the cumula-
tive antiviral activity of A3F and A3DE results in a delay in repli-
cation kinetics over a prolonged period of time.

Recent papers that quantitatively analyzed mRNA expression
levels in several tissues have reported that A3G expression in lym-
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phoid tissues is higher than A3F and A3DE expression (53, 54). In
addition, Mulder et al. reported that protein expression levels in
PBMC:s for different donors suggest higher levels of A3G than of
A3F expression and that there is also variation in A3G and A3F
expression in different donors (58). The apparently higher A3G
protein expression compared to A3F expression might be respon-
sible for its apparently stronger antiviral activity in CD4™ T cells
and macrophages, but the use of different antibodies precludes
accurate quantification of protein expression. Furthermore, a
comparison of the intrinsic antiviral activities of A3G and A3F
tagged with the FLAG epitope and expressed at the same level
suggested that A3G has a stronger antiviral activity than A3F (40).
In addition, a lower antiviral effect of A3F has also been suggested
in several publications (1, 45, 69). Thus, a combination of higher
levels of expression as well as stronger intrinsic antiviral activity
might be responsible for the greater restriction of HIV-1 in pri-
mary cells by A3G than by A3F and A3DE.

Our results showed that the NL4-3 YRHHY>A5 mutant pro-
viruses displayed more G-to-A hypermutation than NL4-3
DRMR>A4 mutant proviruses, suggesting that A3G has a stron-
ger cytidine deaminase activity than the combined activity of A3F
and A3DE. While more G-to-A hypermutation in a GG dinucle-
otide context has been observed in a humanized mouse model
(70), the dinucleotide context in which hypermutation occurs in
HIV-1-infected human patients is controversial (68). While Kijak
et al. (68) observed more hypermutations in a GG dinucleotide
context, there are reports observing more hypermutations in a GA
dinucleotide context (71, 72). Hypermutation in both GG and GA
dinucleotide contexts in patients indicates that multiple A3 pro-
teins contribute to HIV-1 restriction; however, the levels of hyper-
mutation do not directly correlate with antiviral activity, since
A3G induced more G-to-A hypermutations than A3F in a tran-
sient-transfection assay when comparable levels of inhibition
were attained (40).

These studies do not directly address the extent to which A3B,
A3C, A3H Hapl, and A3H Hapll restrict HIV-1 replication in
primary CD4™ T cells and macrophages. However, the results of
single-cycle assays in these studies as well as others imply that A3B,
A3C, and A3H Hapl possess little or no intrinsic antiviral activity
against HIV-1. We observed statistically significant inhibition of
all NL4-3 virus variants produced in the presence of A3H-HapIIin
single-cycle assays, which is in agreement with recent studies (10,
26). A3H Hapll is more prevalent in African populations than in
Caucasians, but it remains possible that it is expressed in the pri-
mary cells obtained from human donors used in these studies
(24). Importantly for these studies, the sensitivity of the NL4-3
YRHHY>A5 and NL4-3 DRMR>A4 mutants to A3H HaplII was
not different from that of NL4-3 WT or NL4-3Avif in single-cycle
assays, and there was no significant hypermutation of NL4-3 WT
in any of the cell types we tested. Therefore, even if A3H HaplI was
expressed in our human donor cells, it was unlikely to be ex-
pressed at levels that were sufficient to contribute to the delay in
replication kinetics observed for these vif mutants.

A few publications have reported the antiviral activity of A3DE
in a single-cycle experimental system and in T cell lines (8, 16), but
no reports of activity in human primary cells have been published
so far. Overall, our results suggest that A3G antiviral activity is
much greater than the combined antiviral activity of A3F and
A3DE, and they provide an experimental approach to deciphering
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the relative contributions of different A3 proteins to the restric-
tion of HIV-1 in human primary target cells of infection.
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