Lo L

P

1\

o LN A D

Cytidine deamination induced HIV-1 drug resistance

Lubbertus C. F. Mulder*, Ariana Harari*, and Viviana Simon***

*Department of Medicine, Division of Infectious Diseases, and "Department of Microbiology, Mount Sinai School of Medicine, One Gustave L. Levy Place,

Box 1090, New York, NY 10029

Edited by Malcolm A. Martin, National Institutes of Health, Bethesda, MD, and approved February 15, 2008 (received for review October 25, 2007)

The HIV-1 Vif protein is essential for overcoming the antiviral
activity of DNA-editing apolipoprotein B mRNA editing enzyme,
catalytic polypeptide 3 (APOBEC3) cytidine deaminases. We show
that naturally occurring HIV-1 Vif point mutants with suboptimal
anti-APOBEC3G activity induce the appearance of proviruses with
lamivudine (3TC) drug resistance-associated mutations before any
drug exposure. These mutations, ensuing from cytidine deamina-
tion events, were detected in >40% of proviruses with partially
defective Vif mutants. Transfer of drug resistance from hypermu-
tated proviruses via recombination allowed for 3TC escape under
culture conditions prohibitive for any WT viral growth. These
results demonstrate that defective hypermutated genomes can
shape the phenotype of the circulating viral population. Partially
active Vif alleles resulting in incomplete neutralization of cytoplas-
mic APOBEC3 molecules are directly responsible for the generation
of a highly diverse, yet G-to-A biased, proviral reservoir, which
can be exploited by HIV-1 to generate viable and drug-resistant
progenies.
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Apolipoprotein B mRNA editing enzyme, catalytic polypeptide
3 (APOBEC3) cytidine deaminases restrict endogenous and
exogenous retroviruses (1-3). Four of the seven APOBEC3 mol-
ecules identified in humans (APOBEC3B, APOBEC3DE,
APOBEC3F, and APOBEC3G) inhibit HIV replication to a
varying degree (1, 4). HIV-1, by means of its Vif protein, counter-
acts the antiviral activity of APOBEC3G, APOBEC3F, and
APOBEC3DE (5-9) by promoting proteasome-dependent degra-
dation (6) and inhibiting packaging (10) in the producer cell.

The mechanisms underlying APOBEC3-mediated HIV-1 re-
striction are a combination of editing (11) and nonediting
activities (4). In the absence of a functional HIV-1 Vif, the
budding virion, incorporates different APOBEC3 family mem-
bers (e.g., APOBEC3G or APOBEC3F), which then deaminate
cytosines of the newly synthesized cDNA minus strand during
reverse transcription (RT) in the next cycle of infection (3, 12,
13). As a result, numerous guanosine (G) to adenosine (A)
changes in the plus strand of the provirus occur [also referred to
as “hypermutated” proviruses (3, 12, 13)]. In addition, APO-
BEC3 may exert antiviral activity in the target cell in an
editing-independent manner, by interfering with tRNA primer
binding (14), provirus formation, and/or viral cDNA integration
(15-17).

Protection of HI'V-1 from cytidine deamination in vivo, how-
ever, is not absolute, because full-length Vif alleles that fail to
neutralize one or several APOBEC3 enzymes have been iden-
tified (18, 19). Indeed, HIV-1 sequences carrying the genetic
footprints of past deamination have been detected in treated and
untreated chronically infected patients (20-22), vertically in-
fected infants (23), and long-term nonprogressors (18, 24)
suggesting that variations in HI'V-1 Vif’s anti-APOBECS3 activity
occur in many different clinical settings.

Here, we investigate the consequences of partially defective
Vif alleles on HIV-1 replication, sequence variability, and func-
tional diversification. We show that Vif-mediated defects in
APOBECS3 neutralization modulate HI'V-1 fitness and increase
viral diversity at endogenous levels of APOBEC3 protein ex-
pression as found in human peripheral blood mononuclear cells
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(PBMCs). Moreover, viral genomes rendered defective on the
protein level by cytidine deamination are of critical importance
for viral escape from the antiretroviral drug lamivudine (3TC).
These results indicate that HIV-1 strains encoding partially
active Vif alleles generate a highly diverse pool of viral quasi-
species which, in turn, provides the genetic reservoir necessary
for rapid viral escape from particular antiretroviral inhibitors.

Results

Description of Partially Active HIV-1 Vif Mutants. The two Vif
mutants studied are located within the putative APOBEC3
interacting regions of Vif (25). In overexpression experiments
these mutants display activity against APOBEC3F but no
(K22E) or little (E45G) activity against APOBEC3G (18). They
were initially identified in primary viral isolates (18) and queries
into the Los Alamos HIV sequence database (www.hiv.lanl.gov)
revealed that these specific mutations (K22E, E45G) have also
been detected in patients infected with subtype B, D, and AE
viruses (Fig. 1). Vif mutant (144AAA) carrying inactivating
alanine substitutions in the functional BC-box motif SLQ 144-
146 of Vif [144AAA (26)] served as a negative control in all
experiments.

Partially Defective Vif Mutants Display Reduced Fitness in PBMC
Cultures. We analyzed the fitness of viruses carrying Vif muta-
tions K22E and E45G relative to WT HIV-1 by monitoring their
replication in mitogen-activated PBMCs from three different
HIV-1 negative donors.

Fitness differences between WT and Vif-defective HIV-1
(144AAA) ranged between 37-fold (donor 1; Fig. 2) and 7-fold
(donor 3, Fig. 2). The replication characteristics of Vif mutant
E45G were comparable to WT in donor 3 but attenuated in
donors 1 and 2 (Fig. 24), whereas Vif mutant K22E resembled
negative control 144AAA in PBMCs of all three donors (Fig.
2B). Sequencing of the proviral Vif region at the end of each
infection revealed maintenance of the specific Vif mutations.

Of note, viral stocks were produced in permissive HEK 293T
cells, resulting in viruses that are fully infectious in the initial
round of PBMC infection. The low-level p24 production ob-
served in K22E and 144AAA infections likely reflects nonin-
fectious particle release from cell populations infected during
the first round of replication.

These data suggest that single-nucleotide mutations in Vif
associated with suboptimal APOBEC3G activity affect viral
fitness at endogenous APOBEC3G expression levels, with indi-
vidual host characteristics further influencing the degree of
restriction on WT and Vif mutant HIV-1.
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Fig. 1. Schematic representation of HIV-1 Vif. The identity and position of
the Vif mutations chosen for this study are depicted in the context of func-
tional domains (25, 37, 38, 40). Each Vif mutation was introduced into the
molecular clone HIV-1 NL4-3 and subsequently characterized. Number and
subtypes of patient-derived viral isolates encoding these specific Vif mutations
are listed under residue and subtypes (based on HIV Vif sequence DNA
aligment 2006 from the Los Alamos HIV database; www.hiv.lanl.gov).

HIV-1 Vif Mutants Induce High Sequence Diversity. PBMC infections
were initiated with homogeneous viral stocks differing only by
one single nucleotide in Vif and, after 2 weeks of propagation,
we determined the sequence diversity associated with each virus.
The complete dataset included 10-13 cloned pol fragments for
each virus resulting in a total of 13,750 to 16,250 nucleotides
sequenced per infection (three independent infections for each
of the viruses, total of 132 independent clones; Fig. 34).

WT viruses were found to have the lowest mutation frequency
(mean 0.083 = 0.02%; Fig. 34), whereas the Vif-defective
control 144AAA displayed 20 times more mutations (mean
1.767 = 0.60%; Fig. 34), with >90% of the mutations being
G-to-A substitutions (Fig. 3 4 and B). Vif mutants K22E and
E45G, which fail to efficiently neutralize APOBEC3G (18),
displayed high to intermediate mutation frequencies (K22E:
2.603 = 0.74%; E45G: 0.803% = 0.45) and were characterized
by a strong bias toward G-to-A mutations in an APOBEC3G-
favored nucleotide context (e.g., GG; Fig. 3B). Mutations in a
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Fig.2. Single Vif mutationsimpact on viral fitness. Replication characteristics
of WT and Vif mutant HIV-1 molecular clones in PBMCs derived from three
different healthy donors. PHA-stimulated PBMCs were infected in parallel
with each viral stock, and HIV-1 p24 production in the culture supernatants
was measured. Results from a representative complete infection experiment
are shown. WT and Vif defective HIV-1 (144AAA) are shown with closed
symbols to serve as reference for Vif mutant viruses E45G (A) and K22E (B).
WT/144AAA ratio represents the fold difference between WT and Vif-
defective 144AAA p24 values at day 4 of culture.
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GA context occurred at least five times less frequently than
mutations in GG contexts (Fig. 3B) with no differences in the
relative GG contribution among Vif mutants (% GG: K22E
86 * 3.06%; E45G 93 * 1.6%; 144AAA: 88 = 4.2%). The rate
of G-to-A mutations in GC or GT contexts was comparable to
the substitutions rates of adenosine, thymidine or cytidine.
Deamination-driven mutagenesis resulting from incomplete
APOBEC3 neutralization by Vif mutants exceeded the fre-
quency of RT-generated errors, on average, by an order of
magnitude (Fig. 34) and the mutation frequency inversely
correlated with the fitness of HIV-1 Vif mutants in PBMC (Fig.
3C). The increased genetic diversity in conjunction with atten-
uation observed with these two partially defective Vif mutants is
reminiscent of the lower plasma viremia observed in HIV-1-
infected patients harboring hypermutated proviruses (20).

HIV-1 Vif Mutants Lead to the Accumulation of 3TC-Resistant Provi-
ruses Before Drug Exposure. High-level resistance to the nucleo-
side RT inhibitor 3TC is associated with mutations M184I,
M184V, or M184T in the active site of RT (27). A third of all
clones sequenced encoded HIV-1 drug-resistance mutation
M1841 (33%, 44/132 clones; Fig. 4A4), which results from a
G-to-A substitution in an APOBEC3G-favored dinucleotide
context. On the other hand, M184V or M184T, which are caused
by A-to-G or T-to-C substitutions (27), were never observed.
Proviruses with M184I were detected in every single infection
with Vif mutants (K22E, 24/34, 70%; E45G, 5/33, 15%;
144AAA, 15/32, 47%) but were notably absent in all WT
infections (Fig. 44).

The codon composition of certain amino acids makes them
potential target sites: deamination of the third position of
tryptophan codons (TGG), for example, results in a stop codon
(TGA). Sixty-nine of all 132 (52%) clones encoded stop codons
with all but one of the 44 M184I clones also including stop
codons (mean 8; range 0—14) in the 1,250-nt-long sequenced RT
region. Fig. 4 shows that the numbers of stop codons correlated
well with the overall level of deamination.

Therefore, partially active Vif mutants generate a pool of
replication-defective proviruses that are likely to encode 3TC
resistance (Fig. 44). Because the underlying mechanism is
cytidine deamination in the target cell, the extensive accumu-
lation of resistant genomes is rapid, but independent, of drug
exposure. Lastly, our findings recapitulated very well the spec-
trum, the positions of G-to-A mutations, and the high frequency
of M184I detected in RT sequences derived from resting CD4*
T lymphocytes of highly active antiretroviral therapy (HAART)-
treated patients (21).

Genotypic and Phenotypic Characterization of Proviruses Derived
from Vif Mutant E45G Infection. We created a quasi-species rep-
resentative of viral populations generated by replication of
partially defective Vif mutants to mimic a putative skewed
proviral reservoir. For this purpose we chose Vif mutant E45G
from donor 1 PBMC infection because of its intermediate level
of attenuation (Fig. 24) and sequence diversity (Fig. 44). A
fragment spanning the C terminus of gag to the middle of vpr was
amplified and cloned in the corresponding region of WT NL4-3,
and 32 individual clones were randomly selected for further
analysis (referred to as the E45population).

Sequencing of the p6, protease, and the RT region of the 32
clones (residues 1-250) revealed that seven of these clones (7/32,
22%) [supporting information (SI) Fig. S1] were hypermutated
with four of them encoding M184I (3TC resistance; Fig. 54) in
addition to premature stop codons. The overall mutation fre-
quency (0.58) and the frequency of M1841 (4/32) pertinent to the
E45population are comparable to the data independently de-
rived from Vif mutant E45G donor 1 infection (mutation
frequency: 0.39, Fig. 34; frequency of M184I: 1/11, Fig. 4A4).

Mulder et al.
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WT 3 12 13750 0.11 5 6 13750 0.08 1 7 13750 0.06
K22E 258 27 16250 1.75 333 12 12500 3.12 391 13 13750 2.94
E45G 44 10 13750 0.39 165 11 13750 1.28 96 6 13750 0.74
144AAA 317 21 13750 2.46 158 12 13750 1.36 190 13 13750 1.48

B 100+ C 4 2
] . R“=0.94
4] k GG/GA ratio " o WwWT
5-5 ] 1 S . O K22E
-~ Pl (Y
SE | s 3 o g O E45G
E 8 s B 144AAA
<3 = "
£ S 104 " S X 2
o ° E 4 =] - = D“
o P Om Y
— 3 3 % o om o l 4
o c . (= | c | 3]
ld-.) ] R O momm g 1 kY
] < ',"D OO0 mm o \‘D
Eo ) P
= L . O m M. I.Ih. ﬁ
Z L o 3
oo
1-1g L] meo o 0.................\....
1 10 100 0 1 2 3 4
Number of G-to-A mutations . .
Replication

in GG dinucleotide context (Area under the curve, logyq)

Fig.3. Determinants of APOBEC3-driven HIV-1sequence variation. (A) The viral diversity resulting from 2 weeks of propagation of homogenous viral stocks in PBMCs
was assessed by analyzing a total of 165,000 nt (132 clones; 1,250 nt each) derived from parallel infections with WT and Vif mutant viruses. The number of G-to-A
mutations (G-to-A), the number of any other mutations (Other), the total number of sequenced nucleotides (Total), and the frequency of mutations (Freq, in percent)
are listed. (B) Comparison of G-to-A mutations in GG versus GA dinucleotide contexts in all clones derived from WT, K22E, E45G, and 144AAA. The data from the three
different PBMC donors were combined. The dotted line symbolizes a 1:1 GG-to-GA ratio. (C) Inverse correlation between frequency of mutations and viral replication
in PBMGs. Mutation rates were derived from the total numbers of mutations per nucleotides sequenced, and replication was expressed as area under the curve (AUC)
for the entire time of infection (Fig. 2). The data from the three different PBMC donors were combined but 144AAA was excluded from the nonlinear regression. R?
denotes the goodness of fit.

Interestingly, we detected two more drug resistance-associated
mutations resulting from G-to-A mutations in an APOBEC3-
favored context in the E45population: G73S in protease (clones
E45pop-1 and 17, both in combination with M1841) and D67N
in RT (clone E45pop-46) (Fig. S1). Interestingly, D67N results
from a G-to-A mutation in an APOBEC3F-favoured dinucle-
otide context, whereas G73S, like M184I, is a mutation in a
dinucleotide context preferred by APOBEC3G (Table 1).

The majority of the viral stocks produced by the selected
E45Gpop clones displayed <10% of the infectivity measured for

the WT control (28/32; Fig. 54), suggesting that mutagenesis
rendered these clones replication defective. In addition to the
seven hypermutated clones, it is reasonable to assume that the
remaining ones that appear to be WT in the genotypic analysis
are likely to encode a lethal amino acid substitution outside of
the sequenced area. Four clones produced infectious particles
(E45pop clones 2, 6, 7, and 38). These clones encoded mutation
E45G in Vif but no other changes in the 1,150-nt-long sequenced
pol region (Fig. S1).

Taken together, 15% (5/32) of the proviruses derived from Vif
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Fig.4. HIV-1Vif mutantsinduce accumulation of 3TC-resistant proviruses. Forty-three percent (29/67) of the clones derived from PBMC infections with partially
defective Vif mutants (K22E, E45G), but none of the clones derived from the Vif WT infections carry resistance-associated mutations in RT. (A) Proviruses carrying
M184M (WT RT, open symbols, n = 88) and M 184l (3TC-resistant, closed symbols, n = 44) display a range of deamination events. M184V was never detected. The
mean number of G-to-A mutations in GG/GA dinucleotide context per infection is depicted by a horizontal line. (B) Correlation between the degree of
deamination of Vif mutants (G-to-A mutations in GG/GA dinucleotide context) and stop codons in all clones (n = 73). Forty-three of these clones encoded M184l.
The data from the three different PBMC donors were combined. R2 denotes the goodness of fit.
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Fig. 5. Complementation of WT HIV-1 with Vif mutant, drug-resistant viral
population. (A) The viral quasi-species resulting from replication of partially
defective Vif mutant was emulated by generating a viral stock comprising the
combination of 32 individual HIV-1 clones derived from donor 1 PBMC infec-
tion with Vif mutant E45G. Infectivity of the individual clones was assessed by
using TZM-bl reporter cells and expressed as percent of WT virus production.
Presence of M184M (WT, empty bars) or M184I (3TC resistance, filled bars) is
indicated for each clone. (B) Virus stocks (viral quasi-species population
E45Gpop alone, WT alone, or a combination of both) were used to infect MT2
T cells. (Left) Twenty-four hours after infection, cells were put under selection
with 20 uM 3TC. (Right) The presence of replication-competent viruses under
3TC drug selection was assessed by measuring infectious virus release on
TZM-bl cells starting at day 6 after infection. Drug-resistant virus appeared in
the E45Gpop/WT infection at day 20 (virus E45esistant), @and the mutations
present in RT and Vif are listed. C) Genotypic characterization of virus
E45/esistant. The RT regions from WT NL4-3, E45Gpop clone 26, and virus
E45;esistant @are shown (nucleotides correspond to RT residues 48-267). All 10
mutations differing from NL4-3 are G-to-A mutations. Stop codons are iden-
tified by *. Results represent findings from two independent experiments. (D)
Phenotypic characterization of virus E45esistant. Viral susceptibility to the
nucleoside analogue 3TC was determined by infecting TZM-bl cells in the
presence of increasing drug concentrations. Infectivity was determined by
quantification of p-galactosidase activity. ICsg is depicted by a horizontal line.

mutant E45G PBMCs encode drug resistance-associated muta-
tions, but all of these viruses are replication-defective.

Complementation of WT HIV-1 with a Deaminated Drug-Resistant
Provirus Population. Hypermutated proviruses are regarded as an
evolutionary dead-end given the occurrence of multiple prema-
ture stop codons that cause them to become replication-
defective. Hypermutated, integrated proviruses, however, re-
main transcriptionally competent. Therefore, we tested whether
fragments of hypermutated genomes (e.g., the region comprising
the RT drug resistance M184I) could be transferred through in

5504 | www.pnas.org/cgi/doi/10.1073/pnas.0710190105

Table 1. Summary of HIV-1 drug resistance mutations that result
from APOBEC3-driven mutagenesis (GG/GA nucleotide context)

Protease RT Envelope
G16E D67N G36S/D
D30N M184l1

M36l G190S/E

M46l

G73S

The mutations in bold were detected in E45 population clones. The ana-
lyzed drug-resistance mutations are based on the 2007 update from the
International AIDS Society (41). Amino acid abbreviations used: G, glycine; E,
glutamate; D, aspartate; N, asparagine; M, methionine; |, isoleucine; S, serine.

vivo recombination to a replication-competent WT virus. In-
deed, recombination that occurs during RT by template switch-
ing of the RT enzyme between two heterogeneous RNA ge-
nomes is an important mechanism of sequence variation and
HIV-1 evolution (28-30).

Protocols for selection of drug-resistant viruses generally call
for serial passages of drug-sensitive HIV-1 in the presence of
increasing concentrations of antiretroviral drug, a procedure
that results in stepwise viral adaptation. We developed a differ-
ent experimental approach, in which infection was allowed to
proceed in the absence of 3TC for about one cycle of infection
followed by immediate propagation in high 3TC concentration
(Fig. 5B Left). The MT2 T cells were inoculated in the absence
of drugs for 24 h with viral stocks produced by transfection of
WT alone or a combination of the 32 E45G mutant clones either
with or without WT (E45pop/WT and E45Gpop alone, respec-
tively). Subsequent propagation of E45pop/WT in the presence
of 20 uM 3TC, the equivalent of 20 times the ICsg, resulted
reproducibly in the rapid appearance of infectious, drug-
resistant viruses (e.g., E45csistant at day 20 postinfection; Fig. 5B
Right), whereas WT alone always failed to replicate in the
presence of 20 uM 3TC. In one experiment, viruses derived from
E45Gpop alone showed replication in the presence of 3TC
although this event occurred ~3 weeks after the corresponding
E45Gpop/WT breakthrough.

Sequence comparison between WT NL4-3, E45,cgistant, and the
RT regions of the 32 clones comprised in E45Gpop identified a
specific clone, E45pop clone 26, as a potential resistance donor,
because a 300-nt-long region surrounding M1841 and G196R
matched the corresponding region of E45,gistant (Fig. 5C). Pheno-
typic characterization showed that virus E45,cgistant Was 1,000-fold
less susceptible to 3TC than WT (ICsyp > 1,000 uM 3TC compared
with <1 uM for NL4-3; Fig. 5D). Genotypic analysis revealed that
all clones derived from E45,cistant carried M1841 and G196R in RT
combined with WT Vif (E45E; Fig. 5B), supporting recombination
as the underlying rescue mechanism.

These results indicate that hypermutated proviruses can shape
the circulating viral quasi-species by recombination during coin-
fection/superinfection. Furthermore, our data indicate the im-
portance of a reservoir of hypermutated, replication-defective
proviruses for viral drug escape, suggesting that sporadic and
partial Vif inactivation can be beneficial for HIV-1 evolution in
certain biological environments.

Discussion

Cytoplasmic APOBECS3 cytidine deaminases act as potent mu-
tagens of retroviral genomes (1, 2, 31, 32), but these antiviral
effects are generally inactivated by HI'V-1 Vif. Because of their
failure to efficiently counteract APOBECS3, naturally occurring
APOBEC3G/3F neutralization-defective Vif proteins have the
potential to determine HIV/AIDS disease outcome by reducing
viral infectivity and increasing viral diversification.

Mulder et al.
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Most of our understanding about APOBEC3 activity and
corresponding Vif defects has been gained by using overexpres-
sion systems (18, 19, 25). In this study, we demonstrate that
HIV-1 Vif mutants with suboptimal anti-APOBEC3G activity
display reduced fitness in a multiple round replication assay with
human PBMGCs. Importantly, the attenuation of Vif mutant
K22E and E45G was observed at endogenous APOBEC3 ex-
pression levels (Fig. 2), and reduced fitness of Vif mutant viruses
correlated with increase viral sequence diversity (Fig. 34 and C).
Thus, variation in Vif activity may lead to reduced viremia, as
reported for some untreated chronically infected patients har-
boring hypermutated proviruses (20).

After only 2 weeks of propagation, the proviral reservoir
associated with Vif mutants K22E and E45G was shaped by
G-to-A substitutions at levels that were far superior to RT-
introduced errors (Fig. 34). The predominant effect of
APOBEC3G-driven rather than APOBEC3F-driven cytidine
deamination (Fig. 3B) reflects the impairment of these Vif
mutants to efficiently neutralize APOBEC3G but not
APOBEC3F (18). Individual donor-specific factors may also
play a role as suggested by the variable degree of deamination
observed in Vif mutant E45G (Fig. 44). APOBEC3G/3F ex-
pression and packaging efficiency (33) and single-nucleotide
polymorphisms in the APOBECS3 genes could contribute to such
an individual deamination threshold.

As a consequence of G-to-A substitutions, we found an abun-
dance of proviruses with the 3TC resistance-associated mutation
M184I and stop codons in all Vif mutant infections. Comparable
high numbers of M1841 RT mutants were detected in HIV-1
genomes recovered from resting CD4* cells of HAART-treated
patients (21). HIV-1 sequence diversification is thought to originate
from random errors introduced during RT and caused by either the
low fidelity of retroviral RT or recombination events (34). Using an
amended drug-resistance selection protocol, we demonstrate that
viral stocks produced by a mixture of hypermutated and WT
genomes have a clear growth advantage over pure WT HIV-1
controls when propagated in the presence of high concentrations of
3TC. As a general underlying mechanism, we propose that tran-
scriptionally active deaminated proviruses, upon coinfection/ su-
perinfection with replication-competent viruses, form heteroge-
neous genome-containing virions. In the next cycle of infection,
selected fragments of the hypermutated genomes (e.g., drug resis-
tance-containing regions) recombine with WT ones during RT.
Incomplete neutralization of host cytidine deamination in conjunc-
tion with recombination could also explain why M1841 (G-to-A
mutation in an APOBEC3G-favored dinucleotide context) as
opposed to M184V variants (a mutation introduced by RT errors)
appears first in patients failing 3TC treatment (35). A number of
drug-resistance mutations result from G-to-A mutations in an
APOBEC3-favored context (Table 1), and certain clinical settings
(e.g., advanced disease or suboptimal treatment efficacy) could
predispose emergence of these variants. Coinfection or superinfec-
tion are prerequirements for recombination, and the frequency of
coinfection has been associated with emergence of less fit, but more
pathogenic, viruses (36).

Although this study harbors the limitations of in vitro exper-
imental settings (e.g., high multiplicities of infections, produc-
tion of viruses by transfection), it highlights that partial neutral-
ization of APOBEC3G represents an important additional
mechanism for viral sequence diversification. Cytidine deami-
nation, in combination with viral recombination, allows for the
selection of replication-competent viruses with beneficial mu-
tations (as exemplified in this study by the appearance of drug
resistance). We report that hypermutated genomes affect circu-
lating virus population, which implies that HIV-1 can exploit a
restriction mechanism as a means of escape. The clinical rele-
vance of deaminated proviral reservoirs will need to be inves-
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tigated in light of these findings (e.g., avoidance of 3TC in certain
patients, HIV-1 subtypes specific pathways to drug resistance).

Several potential APOBEC3-Vif interaction motifs have re-
cently been described (37, 38). Our results support the validity
of this putative drug target but also inform about the unintended
consequences of therapies targeting this protein—protein inter-
action with less than absolute efficacy. This limitation would be
especially relevant in sanctuaries inaccessible to antiretroviral
treatments, such as the brain, that could become not only centers
for viral replication but also for recombination.

Materials and Methods

Plasmids. NL4-3 Vif mutants pCRV1-vif22E, 45G, and SLQ144AAA have been
described (18). Replication competent molecular clones encoding the above-
mentioned HIV-1 Vif mutants were generated by overlapping PCR and in-
serted into the HIV-1 NL4-3 by using standard molecular biology techniques.
The sequences of inserts from all constructs were verified by sequencing.

Culture of Cell Lines and PBMCs. HEK 293T and reporter cells TZM-bl cells were
maintained in DMEM supplemented with 10% FBS, 100 units/ml penicillin/
streptomycin, and 2 mM L-glutamine.

Human PBMCs were obtained by Ficoll density centrifugation from three
HIV-1-negative blood donors (Mount Sinai School of Medicine Blood Bank). Cells
were cyropreserved in liquid nitrogen. PBMCs were stimulated with phytohe-
magglutinin (PHA, 1 ug/ml) for 48 h and cultured in RPMI medium 1640 supple-
mented with 10% FBS, penicillin/streptomycin, 2.3 mg/ml Hepes, glutamine, and
20 units/ml IL-2.

WT and Vif Mutant Viral Stocks. HIV-1 viral stocks were obtained by transfec-
tion of HEK 293T cells using 4 ng/ml polyethylenimine (Polysciences). Two days
after transfection supernatants were collected, filtered (0.45 uM), aliquoted,
and stored at —80°C. Viral concentrations were obtained by measurement of
p24-capsid by using commercial p24 ELISA (Coulter). TCIDso values were
determined on TZM-bl reporter cells by infection of triplicate serial dilutions
of each stock.

PBMC Infections with NL4-3 Vif Mutants. A total of 0.7-1 X 10° PHA-stimulated
PBMCs were infected overnight with 20 ng of p24 equivalent of viral stocks in the
presence of 2 ug/ml polybrene. Infectious dose input per infection varied from
1,500 (WT, K22E, E45G) to 700 (144AAA), resulting in multiplicities of infection
from 0.003 to 0.007. After infection, cells were washed three times and main-
tained in complete RPMI medium 1640/ IL-2 (20 units/ml) over 15-18 days. Culture
supernatants for p24 antigen quantification were collected every 2-4 days.
Experiments were performed twice with three different HIV-1-negative donors.

Assessment of Viral Diversity. After 15 days of infection, PBMCs were collected
and DNA was extracted by a using DNeasy DNA isolation kit (Qiagen). To confirm
the presence of the single-nucleotide mutation in Vif at the end of the infection,
Vif regions were amplified by using Platinium Taq HiFi and primer Vif1S (HXB2:
residues 4923-4951, gatccactttggaaaggaccagcaaagct) and Vif2as (HXB2: resi-
dues 5737-5712, atggcttccactcctgeccaagtatc). PCR products were purified (Qia-
gen PCR purification kit) and directly sequenced. To assess the identity and
frequency of proviral mutations, a region spanning from RT to the central
polypurine tract (cPPT) in integrase was selected for amplification with primers
NL4-3-S (HXB2: residues 2928-2947, tatactrcatttaccataccc) and cPPT-AS (HXB2:
residues 4814-4833, ctactattctttcccctgca) by using PicoMax (Stratagene) fol-
lowed by cloning with a StrataClone Kit (Stratagene). We pooled two PCRs for
each cloning to limit amplification bias, especially in low replication settings (such
as Vif mutants K22E and 144AAA). The PCRs and the cloning were repeated at
least twice. Each clone from the Vif mutant infections represents a unique
sequence. Vif clones identical in sequences are only listed if they were generated
in distinct experiments. DNA sequencing reactions were performed with BigDye
Terminator v3.1 reagents and analyzed on an ABI PRISM 3730x| (Agencourt
Bioscience). The 1,250-nt-long sequences (HXB2: residues 2931-4180) were man-
ually edited and aligned by using DNASTAR and Bioedit software packages.
Analysis of genetic distances and mutation frequency was performed with PAUP
(version 4.0 beta), Bioedit, and Hypermut (original, version 2.0) programs (39).

Selection of 3TC Drug Resistance. At the completion of the infection experi-
ment (day 15; Fig. 2), total DNA was extracted with the DNeasy DNA isolation
kit (Qiagen) from donor 1's PBMCs infected with the E45G mutant (Fig. 4). A
4,250-nt-long fragment including C terminus of gag, full-length pol, vif, and
parts of vorwas amplified from the integrated provirus population and cloned
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into NL4-3 WT. Mixed viral populations were obtained by transfecting a DNA
preparation consisting of 32 individual clones with or without NL4-3 (WT/
E45Gpop and E45Gpop, respectively) into HEK 293T cells. These viral popula-
tions were used to infect the T cell line MT2, which was treated with 20 uM 3TC
24 h postinfection. Culture supernatants were collected at regular intervals,
and 3TC was replenished at least once a week.

Phenotypic resistance testing was performed by infecting TZM-bl reporter
cells, in triplicate with WT HIV-1 or virus E45;esistant in the presence of increas-
ing concentrations of 3TC (5-fold dilutions, maximum 3TC concentration 1,000
wM). B-Galactosidase activity was quantified 48 h after infection by using
chemiluminescent substrate, as described (18). RT and Vif regions of virus
E45;esistant Were sequenced and compared with corresponding regions of the
32 individual clones comprised in the viral population E45Gpopulation. Two
independent experiments were performed.
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Statistical Analysis. Prism software (version 4.0, GraphPad) was used to per-
form all statistical tests. P values are two-sided, and values <0.05 are consid-
ered to be significant.
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