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Hypermutation, the introduction of excessive G-to-A substitutions by host proteins in the APOBEC family,
can impair replication of the human immunodeficiency virus (HIV). Because hypermutation represents a
potential antiviral strategy, it is important to determine whether greater hypermutation is associated with
slower disease progression in natural infection. We examined the level of HIV-1 hypermutation among 28
antiretroviral-naive Kenyan women at two times during infection. By examining single-copy gag sequences from
proviral DNA, hypermutation was detected in 16 of 28 individuals. Among individuals with any hypermutation,
a median of 15% of gag sequences were hypermutated (range, 5 to 43%). However, there was no association
between the level of gag hypermutation and the viral load or CD4 count. Thus, we observed no overall
relationship between hypermutation and markers of disease progression among individuals with low to
moderate levels of hypermutation. In addition, one individual sustained a typical viral load despite having a
high level of hypermutation. This individual had 43% of gag sequences hypermutated and harbored a partially
defective Vif, which was found to permit hypermutation in a peripheral blood mononuclear cell culture.
Overall, our results suggest that a potential antiviral therapy based on hypermutation may need to achieve a
substantially higher level of hypermutation than is naturally seen in most individuals to impair virus repli-

cation and subsequent disease progression.

Interactions between the human immunodeficiency virus
type 1 (HIV-1) protein Vif (for viral infectivity factor) and
antiviral host factors in the APOBEC family (for apolipopro-
tein B mRNA editing enzyme, catalytic polypeptide) have re-
cently attracted interest as potential targets for antiviral ther-
apy (10, 13, 16, 26, 28, 40). One of the mechanisms by which
APOBEC3G, a cytidine deaminase, may impair HIV-1 repli-
cation is through the introduction of C-to-U lesions in the
negative-sense DNA strand during reverse transcription (RT).
This process, known as hypermutation, results in excessive
G-to-A changes in the HIV-1 coding strand, leading to prema-
ture stop codons and other potentially disruptive mutations
(24). APOBEC3G activity is typically counteracted by the
HIV-1 protein Vif, which targets it for degradation by the
proteasome (38). This prevents APOBEC from being incorpo-
rated into nascent virions and causing hypermutation. How-
ever, Vif activity in vivo is imperfect, as demonstrated by the
observation of hypermutated sequences in HIV-infected indi-
viduals (9, 17, 18, 31, 42). Because hypermutation is expected
to impair virus replication, recent efforts have focused on char-
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acterizing hypermutation in HIV-infected individuals and ex-
amining its relationship with disease progression.

The relationship between hypermutation and markers of
disease progression has been addressed in two different ways.
In three studies, markers of disease progression were com-
pared between individuals with or without hypermutation de-
tected by population sequencing (18, 31, 42). In this method,
HIV-1 DNA is amplified and sequenced in bulk, and the pre-
dominant variants (i.e., those comprising more than ~20% of
the total sequence population [12, 44]) are identified in a single
sequence chromatogram. Thus, studies using this method have
focused on individuals with high levels of hypermutation, as
illustrated by the fact that such studies have detected hyper-
mutation in just 7 to 9% of HIV-infected individuals (18, 31).
Using this approach, Pace et al. (31) found that individuals
with detectable hypermutation had ~0.7-log-lower viral loads
than individuals without detectable hypermutation. Land et al.
(18) found that individuals with detectable hypermutation had
no difference in viral load, but their CD4 counts were approx-
imately 150 to 200 cells/mm?> higher than individuals without
detectable hypermutation. In contrast to these findings,
Ulenga et al. found no association between G-to-A substitutions
and viral load (42). Although these studies all detected hyper-
mutation by population sequencing, it is important to note that
they used different methods to define which of the sequences
were hypermutated. Specifically, Pace et al. defined hypermu-
tated sequences by cluster analysis, whereas Land et al. used a
web program Hypermut 2.0 (34) and Ulenga et al. evaluated



7806 PIANTADOSI ET AL.

G-to-A changes without specifically identifying hypermutated
sequences. Thus, it is difficult to precisely compare the results
of these three studies. However, a possible explanation for the
difference in their results is that the relatively low sensitivity of
population sequencing necessitates studying a large number of
individuals. Therefore, the Ulenga et al. study, which included
29 individuals, may have been too small to detect the magni-
tude of difference observed in the other two studies, which
each included over a hundred individuals.

In contrast to examining population sequences, an alterna-
tive approach is to examine many independent sequences from
each individual. The sensitivity of this method increases as
more sequences are examined, so lower levels of hypermuta-
tion can be detected. As a result, studies that used this method
have found hypermutated sequences in 43 to 100% of HIV-
infected individuals (9, 15, 17). In addition to detecting lower
levels of hypermutation, this method also allows quantitative
assessment of the relationship between hypermutation and
disease progression. Using this approach, Gandhi et al. did not
find a greater amount of hypermutation in elite suppressors
compared to HIV-infected individuals on highly active antiret-
roviral therapy (HAART) (17), suggesting that hypermutation
does not contribute to slow disease progression in elite sup-
pressors. However, there was limited virus replication in the
individuals included in that study (elite suppressors and indi-
viduals on HAART). Thus, prior studies of hypermutation in
natural infection have focused on select populations, either
those with limited virus replication or those with high enough
levels of hypermutation to be detected by population sequenc-
ing. It is not known whether there is an association between
disease progression and HIV-1 hypermutation across the full
spectrum of hypermutation that is likely to be present in HIV-
infected individuals with ongoing virus replication.

We examined the extent of hypermutation among 28 HIV-
infected, antiretroviral-naive Kenyan women monitored longi-
tudinally from prior to infection through approximately 5 years
of infection. We characterized hypermutation by examining
multiple independent sequences, each from a separate single-
copy PCR, from two times in infection. We identified a wide
range of hypermutation within these individuals, but there
were no associations between the level of hypermutation and
markers of disease progression in this group. For a subset of
individuals, we examined the role of Vif in contributing to
hypermutation by measuring hypermutation in peripheral
blood mononuclear cells (PBMC) culture. We found that one
individual harbored a partially defective Vif but sustained a
typical viral load, suggesting that in some cases even a high
level of hypermutation does not confer a clinical benefit.

MATERIALS AND METHODS

Study population. Individuals in the present study were part of a prospective
seroincident cohort of high-risk women in Mombasa, Kenya (25). Methods for
determining the timing of HIV-1 infection and measuring plasma viral load by
the Gen-Probe HIV-1 viral load assay and CD4 count have been described
previously (19). The 28 women included in the present study had a blood sample
taken within the first year of infection, were antiretroviral naive at the time of
sample collection, and were not dually infected (32). The study was approved by
the ethical review committees of the University of Nairobi, the University of
Washington, and the Fred Hutchinson Cancer Research Center.

Single-copy sequencing and detection of hypermutation. Methods for obtain-
ing single-copy sequences from patient PBMC samples have been described (32).
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Briefly, DNA was extracted from approximately 5 million frozen PBMC by using
a QIAamp DNA blood minikit (Qiagen, Valencia, CA). The HIV-1 proviral copy
number was estimated by using quantitative PCR (1, 35), and DNA samples were
diluted to an estimated single proviral copy per PCR. A region encompassing gag
pl7-partial p24 (~700 bp) was amplified in a nested PCR using previously
published primers (32). A region encompassing envelope V1-V5 (~1.2 kb) was
also amplified using single-copy PCR and previously published primers (32).
PCR products were treated with ExoSap-IT (USB, Cleveland, OH) and se-
quenced directly using the second round PCR primers. For each sample, at least
24 independent single-copy gag and env PCRs were performed and one-third to
one-half were successful, as would be expected from an average of one copy per
reaction. Sequences were aligned by using CLUSTALX (41) and manually ed-
ited using MacClade 4.0 (23). Regions that could not be unambiguously aligned
between individuals (mainly regions of env V1/V2 and V4) were excluded from
analysis. For each individual, the most recent common ancestor(s) (MRCA) of
sequences from the early time point was reconstructed using maximum likeli-
hood in GARLI 0.95 (48).

Sequences from each individual were aligned with their MRCA and uploaded
to the Hypermut 2.0 tool on the Los Alamos National Laboratories website
(http://www.hiv.lanl.gov/content/sequence/HYPERMUT/hypermut.html) (34).
In addition, all gag sequences from individuals with subtype A viruses were
aligned with the gag subtype A consensus sequence from the Los Alamos HIV
sequence database, and this alignment was uploaded to the Hypermut 2.0 pro-
gram. Hypermutated sequences were defined as those with a Fisher exact P value
of <0.05, as calculated by Hypermut 2.0.

In addition to the Hypermut 2.0 program, hypermutation was assessed by
using a cluster analysis method similar to that introduced by Pace et al. (31), part
of which was used by Ulenga et al. (42). Sequences from each individual were
aligned with their MRCA and uploaded to the LANL Hypermut program, which
determined the number of G-to-A changes, GG-to-AG changes, and GA-to-AA
changes (Hypermut original output). For each sequence, the overall substitution
frequency was calculated as the total number of nucleotide changes compared to
the MRCA, divided by the sequence length. The G—A substitution frequency
was calculated as the number of G—A changes divided by the number of Gs in
the MRCA. Similarly, the GG—AG and GA—AA substitution frequencies were
calculated as the number of GG—AG or GA—AA changes divided by the
number of GG or GA positions in the MRCA, respectively. A general G—A
substitution score was calculated as the G—A substitution frequency divided by
the overall substitution frequency (as in reference 31). APOBEC3G- and
APOBEC3F-specific substitution scores were calculated by dividing the
GG—AG and GA—AA substitution frequencies by the overall substitution
frequency, as in reference 31). In contrast to the Pace et al. study, the scores
defined here were not log transformed because transformation may inappropri-
ately affect clustering. A k-means cluster analysis with two groups was used to
sort the sequences into two groups (hypermutated and not hypermutated) based
on both the general and APOBEC3G-specific scores.

RNA isolation and gag amplification from plasma samples. To obtain HIV-1
RNA sequences from frozen heparinized plasma samples, intact virions were first
isolated by using a microMACS VitalVirus isolation kit (Miltenyi Biotec, Ber-
gisch Gladbach, Germany). For each sample, 200 pl of plasma was thawed and
spun at 13,000 X g for 30 s to pellet debris. The supernatant was removed and
passed through the microMACS VitalVirus isolation kit according to the man-
ufacturer’s instructions. Intact virions were eluted in 140 wl of phosphate-buff-
ered saline, and viral RNA was immediately extracted by using a QIAamp viral
RNA minikit according to the manufacturer’s instructions. Viral RNA was
eluted in 60 pl of RNase-free water and stored at —20°C. The plasma viral load
as determined by Gen-Probe (7) was available for all plasma samples. The copy
number in the final sample of extracted RNA was estimated as follows, including
an assumed 80% loss during extraction, as determined by control experiments
(not shown): plasma viral load (copies/ml) - 0.2 ml - 0.2 (loss)/60 wl (final vol-
ume) = copies/ul.

Based on this calculation, RNA was diluted to an estimated 10 copies/reaction,
and RT-PCR was performed using the gag first-round primers described above
(32). A SuperScript III One-Step RT-PCR system with Platinum 7ag DNA
polymerase (Invitrogen, Carlsbad, CA) was used according to the manufacturer’s
instructions, with a 60-min RT step at 45°C, followed by 30 cycles of PCR
amplification with an annealing temperature of 55°C. A second round of PCR
amplification was performed using the described second-round primers (32), and
PCR products were sequenced directly as described.

vif amplification and cloning. To determine the predominant vif variant in
each individual in the present study, population sequencing of the full vif open
reading frame was performed using undiluted DNA from PBMC (representing
ca. 1 to 50 HIV-1 copies per sample, measured by quantitative PCR as described
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above). For some individuals with unique vif polymorphisms, the sequence was
confirmed by single-copy sequencing. Sequences containing the vif open reading
frame were amplified in a nested PCR using AmpliTaq (ABI, Foster City, CA)
according to the manufacturer’s instructions. In the first round, the outer primers
poll5 (5'-TACAGTGCAGGGGAAAGAATA-3") and vpu2 (5'-GCCACTGTC
TTCTGCTCTTT-3") were used to amplify a 1.4-kp product in 25 PCR cycles
with an annealing temperature of 60°C. In the second round, the inner primers
poldr (5'-GGAAAGGTGAAGGGGCAG-3') and vpr5r (5'-CATGAAGCCAT
GGCCTAGG-3") were used to amplify a 731-bp product in 25 PCR cycles with
an annealing temperature of 60°C. PCR products were treated with ExoSap-IT
(USB) and sequenced directly using the second-round PCR primers. After am-
plification and sequencing, the vif genes from several individuals of interest
(QA039, QA268, QB368, QC440, and QF307) were cloned into TOPO TA
vectors for further analyses.

Construction of full-length infectious clones expressing different vif se-
quences. A proviral clone defective for vif (Q23Avif) was constructed from a
full-length, CCRS5-tropic, subtype A clone, Q23-17, which was originally isolated
from a Kenyan individual early in infection (33). Q23Avif was created according
to methods described by Sakurai et al. (36). A Sall site was introduced imme-
diately 3" of the pol stop codon, resulting in a frameshift mutation in vif that
prevented vif expression. To eliminate alternate initiation codons in the pol/vif
overlapping region, four point mutations were introduced. Three of these were
synonymous in the pol reading frame, and the other resulted in a methionine-
to-valine change but did not affect viral replication (data not shown). In addition
to the Sall restriction site, an Mlul restriction site was introduced immediately 5
of the vpr initiation codon so that vif variants of interest could be inserted into
this clone (see below). All mutations were made by using a QuikChange site-
directed mutagenesis kit (Stratagene, La Jolla, CA).

To insert vif variants of interest into the Q23Avif clone, the vif open reading
frame was amplified from TOPO TA plasmids (described above). A single round
of PCR was performed by using TaqPrecisionPlus (Stratagene) according to the
manufacturer’s instructions, with an annealing temperature of 55°C. The forward
primer was 5'-GAAGGTCGACATGGAAAACAGATGGCAGG-3', and the
reverse primer was 5'- GTACACGCGTAAGCTCTTCTAACAGTTCTA-3'.
Underlined sequences in the forward and reverse primers indicate the Sall and
MIul restriction sites, respectively. PCR products representing vif variants were
digested using Sall and Mlul and cloned into Q23Avif. This resulted in the
variants Q23/QA039vif, Q23/QB368vif, Q23/QA268vif, Q23/QC440vif, and Q23/
QF307vif, which were verified by sequence analysis. To create the positive con-
trol Q23/Q23vif, the vif open reading frame was amplified from the original Q23
plasmid and reinserted into Q23Avif. Amplification and cloning were performed
as described for the other variants; however, the reverse PCR primer used to amplify
the Q23 vif was 5'-GAAGACGCGTGATCATCTAACAGCTCTAAC-3'".

Viruses expressing the vif variants of interest were generated by transfecting
293T cells with the full-length clones by using previously described transfection
methods (21). For each transfection, 2 X 10° 293T cells were plated and, 24 h
later, the cells were transfected with 6 ug of DNA and 18 ul of FuGENE 6
(Boehringer, Mannheim, Germany). Supernatants were collected 48 h after
transfection, filtered, and frozen at —80°C until use. Infectious virus titers were
obtained by using the previously described TZM-bl assay (4). Briefly, TZM-bl
indicator cells (NIH AIDS Research and Reference Reagent Program) were
infected for 48 h in the presence of 10 ug of DEAE-dextran/ml, fixed, and stained
for B-galactosidase activation, and blue foci were counted (43).

PBMC culture of viruses with vif variants. PBMC from HIV-negative donors
were isolated by the Ficoll gradient method, activated for 48 h with 10 U of
phytohemagglutinin M (Roche, Indianapolis, IN)/ml, and maintained in RPMI
1640 medium (Invitrogen) plus 10% heat-inactivated fetal calf serum, 2 mM
L-glutamine, 100 U of penicillin/ml, 100 pg of streptomycin/ml, and 10 U of
interleukin-2 (Roche)/ml. Viruses with different vif variants were each mixed
with 10 X 10° donor PBMC at a multiplicity of infection (MOI) of 0.02 or 0.1, as
indicated. After 2 to 3 h of infection, cells were washed three times in PBS and
resuspended in 3 ml of media in one well of a six-well dish. Cultures were
maintained for ~14 days, with the medium replaced every 3 to 4 days. The
amount of virus in culture supernatants was measured by using a p24 ELISA kit
(ZeptoMetrix, Buffalo, NY) every 3 to 4 days. After ~14 days of culture, DNA
was isolated from culture cells by using a Qiagen extraction method, as described
above for PBMC samples. The HIV-1 copy number was estimated by using
quantitative PCR as described above. To facilitate the examination of a larger
number of sequences from culture samples, DNA samples were diluted to an
estimated 10 copies per reaction, and gag and env amplification and sequencing
was performed as described previously (referred to as “10-copy sequencing”).
Hypermutation was defined in these 10-copy sequences by the presence of
G-to-A changes or mixed G-A peaks occurring in a GG or GA dinucleotide
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context. Mixed G-A peaks were defined as positions at which two peaks were
visible in the sequence chromatogram, and the smaller peak was substantially
larger than any “background” visible across the chromatogram. In general, the
smaller peak was greater than 20% of the peak height of the larger peak.

Statistical analyses. Associations between the percentage of hypermutated
sequences and the plasma viral load or CD4 count were determined by using the
nonparametric Spearman rank correlation test. The Mann-Whitney test was used
to compare plasma viral loads or CD4 counts between individuals with or without
hypermutation. The Wilcoxon matched-pairs signed rank test was used to com-
pare the amount of hypermutation in early versus late infection and in gag versus
env. All analyses were performed in STATA 9 (Stata, College Station, TX).

GenBank accession numbers. Sequences discussed in this study are available
via GenBank under accession numbers FJ876002 to FI876042 for gag, FI876043
to FI876047 for env, and FJ882081 to FJ882086 for vif.

RESULTS

Defining hypermutated sequences. In order to characterize
the extent of hypermutation among 28 individuals, we exam-
ined a total of 465 gag single-copy sequences encompassing a
region from the beginning of p17 through the first half of p24.
These single-copy sequences were obtained from two times in
infection: a median of 107 days postinfection (“early infec-
tion”) and a median of 5.4 years postinfection (ypi; “chronic
infection”). A median of eight gag single-copy sequences were
examined per individual per time point (range, 4 to 17).

We measured the extent of HIV-1 hypermutation within
each individual by using the LANL Hypermut 2.0 program.
The analysis was first limited to individuals infected with sub-
type A viruses (n = 23/28) in order to compare the use of the
subtype A consensus and individual MRCA as a reference
sequence. Compared to the subtype A consensus, a total of 20
of 373 single-copy sequences were identified as hypermutated.
Compared to the individual MRCA, 31 of 373 sequences were
identified as hypermutated, including the 20 that were identi-
fied as hypermutated using the subtype A consensus and an
additional 11 sequences. Because no sequences were identified
as hypermutated by comparison to only the subtype A consen-
sus, comparison to the individual MRCA allows greater sensi-
tivity in detecting hypermutated sequences. In addition, using
the MRCA also permits analysis of sequences from individuals
infected with different subtypes. The Hypermut 2.0 analysis
was repeated using the individual MRCA for all 28 individuals,
including those with subtype C and D viruses, and a total of 43
of 465 single-copy sequences were found to be hypermutated.

We also compared the Hypermut 2.0 method to a k-means
cluster analysis similar to that used by Pace et al. (31). Whereas
43 of 465 hypermutated sequences were found by Hypermut
2.0, 45 of 465 hypermutated sequences were found by cluster
analysis (Fig. 1). Of the six sequences identified as hypermu-
tated by Hypermut 2.0 but not cluster analysis, five had Hy-
permut 2.0 P values between 0.03 and 0.05, suggesting that
cluster analysis may be more conservative than the P < 0.05
cutoff we used with Hypermut 2.0. The eight sequences iden-
tified as hypermutated by cluster analysis but not Hypermut 2.0
had high GG—AG scores but relatively low G—A scores. This
is consistent with the fact that Hypermut 2.0 does not take into
account the context of G—A changes, whereas the cluster
analysis gives more weight to changes in a GG—AG context.
In general, however, there was good agreement between these
methods, with 36 of 465 sequences identified as hypermutated
by both methods and 412 of 465 sequences not identified as
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FIG. 1. Definition of hypermutation by two methods. In each plot, the APOBEC3G-specific score for each sequence is plotted against its
general G—A score (see Materials and Methods). In panel a, sequences identified as hypermutated by k-means cluster analysis are indicated as
gray squares, while those not hypermutated are black circles. In panel b, sequences identified as hypermutated by Hypermut 2.0 are indicated as

gray squares, while those not hypermutated are black circles.

hypermutated by either method. The results using the Hyper-
mut 2.0 definition of hypermutation are presented here, in
order to better compare our results to those of other recent
studies that have used this method.

Characterization of hypermutation in infected individuals.
Using Hypermut 2.0 and comparison to the individual MRCA,
a total of 9.2% of the gag single-copy sequences examined were
hypermutated (43/465). As shown in Table 1, hypermutated
sequences had a much higher G—A substitution frequency
(median = 8.4% of Gs changed to As) than nonhypermutated
sequences (median = 0.7%), although the overall substitution
frequencies in these groups were similar. Hypermutated se-
quences also had a substantially higher GG—AG substitution
frequency than nonhypermutated sequences (median = 22.5%
versus 0%, respectively). The GA—AA substitution frequency
was low in both groups, indicating that most G—A substitu-
tions occurred in the APOBEC3G-preferred context (GG)
rather than the APOBEC3F-preferred context (GA). Most of
the hypermutated sequences (35/43) had at least one nonsense
mutation within the ~600-bp gag region examined.

Overall, sixteen out of 28 individuals (57%) had at least one
hypermutated gag sequence (Table 2). Among those individu-
als with at least one hypermutated sequence, individuals had a
median of 15% hypermutated sequences in gag (range, 5 to
43%). There was a trend for more hypermutation at the
chronic infection time point than the early time point (me-

TABLE 1. Substitution frequencies in gag proviral sequences

Median frequency (%)*
Substitution

Not hypermutated Hypermutated
Overall 1.0 (0-10) 3.3 (1-6)
G—A 0.7 (0-7) 8.4 (3-9)
GG—AG 0 (0-15) 22.5 (3-50)
GA—AA 0 (0-10) 2.5 (0-10)

“ The median frequencies and ranges (indicated in parentheses) are shown for
422 sequences defined as not hypermutated by Hypermut 2.0 and 43 sequences
defined as hypermutated by Hypermut 2.0.

dian = 14 and 11.5%, respectively, of the sequences hyper-
mutated; Wilcoxon P = 0.1).

We also examined hypermutation among a total of 437 env
V1-V5 single-copy sequences sampled at the same time points.
Only five hypermutated sequences (1.1%) were detected, as
shown in Table 2. Of the 28 individuals, 3 had one hyper-
mutated env sequence, and 1 had two hypermutated env
sequences. Individuals had a significantly higher percentage
of hypermutated sequences in gag compared to eny (Wil-
coxon P = (0.0003). The low level of detection of hypermu-
tation in env is not likely to be due to the fact that highly
variable regions were excluded from our analyses; the full
V1-V5 sequences were visually inspected for a subset of se-
quences, and no additional hypermutation was detected (not
shown). Because of the small number of hypermutated env
sequences identified, further analyses are limited to gag se-
quences.

Relationships between hypermutation and markers of dis-
ease progression. We investigated whether the level of hyper-
mutation, which often leads to the production of defective
proviruses, was associated with slower disease progression in
these individuals. Plasma viral load measured at the chronic
infection time point and CD4 count measured at or within 6
months of the chronic infection time point were used as mark-
ers of disease progression. As shown in Fig. 2, there was no
relationship between the percentage of hypermutated gag sin-
gle-copy sequences and either viral load (Fig. 2a, Spearman’s
rho = 0.02, P = 0.9) or CD4 count (Fig. 2b, Spearman’s rho =
0.26, P = 0.3). We also compared these markers of disease
progression between individuals with no hypermutated se-
quences (n = 12) and those with any hypermutated sequences
(n = 16). The median viral loads in the no-hypermutation and
any-hypermutation groups were 5.1 (range, 2.6 to 6.9) and 4.9
(range, 4.3 to 6.6), respectively, and there was no significant
difference between these groups (Mann-Whitney P = 0.95).
There was also no difference in CD4 counts, which had a
median of 220 cellsymm® in the no-hypermutation group
(range, 44 to 599) and 343 cells/mm? in the any-hypermutation
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TABLE 2. Characterization of hypermutation in gag and env sequences from 28 individuals at two times during infection
No. of individuals (%) with any hypermutation Median % of sequences hypermutated (range)®
Seauence Early infection Chronic infection Total Early infection Chronic infection Total
gag 10 (35.7) 13 (46.4) 16 (57.0) 11.5 (0-25) 14 (0-54) 15 (5-43)
eny 2(7.1) 3(10.7) 4(14.3) 4.4 (0-9.1) 11.7 (0-20) 7.6 (5.6-11)

“ That is, among individuals with any sequences hypermutated.

group (range, 37 to 1,088) (Mann-Whitney P = 0.47). There-
fore, our results indicate that greater gag hypermutation is not
associated with slower disease progression among these indi-
viduals.

In order to compare our results to those of prior studies that
used population sequencing, we classified individuals in our
study as having at least 20% hypermutated sequences or less
than 20% hypermutated sequences (including those with no
hypermutation). Only 4 of the 28 individuals (14%) in the
present study had more than 20% hypermutated sequences.
There was no difference in viral load between these groups,
although there was a trend for higher CD4 count among indi-
viduals with >20% hypermutated sequences (median CD4
count = 418 versus 241, Mann-Whitney P = 0.07).

Extensive hypermutation in two individuals with unusual vif
polymorphisms. As illustrated in Fig. 2, there were two indi-
viduals with extensive hypermutation in gag (40% or more
hypermutated sequences). To determine whether hypermu-
tated sequences were present in actively replicating viruses in
these individuals, we examined gag sequences from plasma
RNA at the chronic infection time point. Using population
sequencing starting from an estimated 10 HIV-1 RNA copies
per reaction, we did not find evidence of hypermutation in any
of eight sequencing reactions (corresponding to ~80 total cop-
ies) from each individual. These results are consistent with
prior studies showing evidence of hypermutation in proviruses
but not in virions (17, 18).

We hypothesized that the extensive and persistent hypermu-
tation observed in proviruses from these two individuals,

L)
S

Spearman’s rho=0.02, p=0.9

o QA039

®
° QB368

Viral Load (log10 RNA copies/mL)
5

0 10 20 30
Percent hypermutated sequences

QAO039 and QB368, might be due in part to Vif defects. To
investigate this, vif sequences were obtained from these indi-
viduals, as well as 25 other individuals from this group, and
compared to vif sequences available in the LANL database.
Two unusual polymorphisms were present in these individuals
and are illustrated in Fig. 3. The first is a two-amino-acid (RP)
insertion after position 161 of Vif (based on HXB2), which was
observed in sequences from QA039 in both early and chronic
infection. The second is a glutamine substitution at the C-
terminal amino acid of Vif, which was found in both QA039
and QB368. These Vif variants were the only variants detected
in both PBMC and plasma samples (results not shown).

To investigate whether these polymorphisms might have
contributed to the extensive hypermutation observed in vivo,
vif variants were cloned from QA039, QB368, and three other
individuals in this group. These vif variants were inserted into
a full-length, subtype A backbone virus defective for vif,
Q23Avif, and cultured in human PBMC. Hypermutation in
culture DNA was assessed by examination of gag sequences
representing an estimated 10 copies per reaction (“10-copy
sequences”), which allowed us to examine a greater total num-
ber of sequences. Hypermutation was identified by the pres-
ence of G-A substitutions or mixed peaks containing both Gs
and As in the sequence chromatogram (as illustrated in Fig. 4).

In the first set of cultures, PBMC (from donor A) were
infected with viruses containing vif from the two individuals of
interest—Q23/QA039vif and Q23/QB368vif—and three other
individuals who did not have evidence of extensive hyper-
mutation: Q23/QA268vif, Q23/QC440vif, and Q23/QF307vif

b)
Spe'arman’s rho=0.26, p=0.3
8
o g.
E [
s BL QA039
3% °* ., * QB368,
g .
'R J
o [ ]
0 10 o 0 ©

Percent hypermutated sequences

FIG. 2. Associations between the level of gag proviral hypermutation and markers of disease progression. Each point represents one individual,
with the percentage of gag sequences that were identified as hypermutated indicated on the x axis. Plasma viral load (a) and CD4 count (b)
measured in chronic infection are indicated on the y axis. Associations were evaluated by using the Spearman rank correlation test, with results
indicated above the plots. The two individuals with extensive hypermutation (at least 40%) are labeled.



7810 PIANTADOSI ET AL.

A con MENRWQVMIVWQVDRMRIRTWNSLVKHHMYVSKKAKDWFYRHHYESRHPKV
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QA039E ...... S <P

A con VTPTKTKP--PLPSVRKLTEDRWNKPQKTRGPRGSHTMNGC *
QAO39E ....R.R.

QA039C ....R.R.
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OB368C i3 cRRusmmisias s s shaus s bsiids s bhmass s saia o*
QA268
QC440 ....RR..
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023 NR, QU L, s A TR *

FIG. 3. Alignment of Vif sequences. This alignment includes se-
quences from the two individuals with extensive hypermutation (QA039
and QB368) at both early (E) and chronic (C) infection time points, three
other randomly chosen individuals in the present study (QA268, QC340,
and QF307), and a subtype A reference strain from Kenya (Q23). All
sequences are subtype A based on phylogenetic analysis (not shown) and
are aligned against the subtype A consensus sequence (A con). Amino
acid substitutions are indicated with capital letters, and positions with a
mixture of amino acids are indicated with lowercase letters. The two
polymorphisms of interest are highlighted in gray. =, Stop codon.

(whose sequences are shown in Fig. 3). The original Q23 with
its own vif, Q23/Q23vif was included as a positive control, and
Q23Avif served as a negative control. As shown in Fig. 4a,
Q23/QA03%vif showed somewhat delayed replication relative
to the other viruses, but by day 12 of culture, this virus had
reached a peak p24 level similar to the other viruses. There was
negligible replication of Q23Avif virus, as expected given that
PBMC are nonpermissive cells (8). vif sequences were exam-
ined from extracted culture DNA, and no reversion of vif
polymorphisms was observed (data not shown).

The results of gag 10-copy sequencing from these cultures
are summarized in Table 3. At least 10 gag 10-copy sequences
were examined from each of the cultures except Q23Avif,
which did not replicate to a high enough level. The one se-
quence examined from the Q23Avif culture showed evidence
of hypermutation, with multiple mixed G-A peaks (results not
shown). As shown in Table 3, there was no evidence of hyper-
mutation in the cultures with Q23/Q23vif, Q23/QB368vif, Q23/
QC440vif, or Q23/QF307vif. There was evidence of hypermu-
tation in 2 of 11 sequencing reactions from the Q23/QA039vif
culture (Table 3). One of these sequences had mixed G-A
peaks at 8 positions (out of 125 total guanine positions), while
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the second was dramatically hypermutated, with G-to-A sub-
stitutions at 13 positions. Figure 4b shows a sequence chro-
matogram of a ~40-bp region from these two hypermutated
gag sequences, with positions containing mixed G-A peaks
(sequence 1) and G-to-A substitutions (sequence 2) indicated
in boxes. The low level of background peaks in these chro-
matograms is representative of the sequences as a whole.

In order to verify that hypermutation was occurring with the
QAO039 vif, we repeated the cultures in PBMC from two addi-
tional donors. In the second set of cultures, PBMC (from
donor B) were infected using only the variants of interest and
controls. As shown in Fig. 4c, replication of all viruses was
delayed compared to the first set of cultures, potentially reflecting
donor-to-donor variability in PBMC cultures. Once again, we did
not detect hypermutation in at least 10 gag 10-copy sequencing
reactions from Q23/Q23vif or Q23/QB368vif, whereas there
was extensive hypermutation in both of the sequencing reac-
tions from Q23Avif (Table 3). We also observed evidence of
hypermutation in 4 of 20 sequencing reactions from Q23/
QAO03%if (Table 3 and Fig. 4d). In the third set of cultures
(donor C), Q23/QA03%if replicated to an intermediate level
between Q23/Q23vif and Q23Avif (Fig. 4¢). We found hy-
permutation in 2 of 16 sequencing reactions from the Q23/
QAO039vif culture (Table 3 and Fig. 4d).

We also investigated whether there was detectable hyper-
mutation in the env V1-V5 region using the Q23/QA039vif
donor C culture sample. We examined a total of 12 10-copy
sequences and found no hypermutation in this region (not
shown). To assess whether the lack of hypermutation detected
in env was due to the specific primers used, we tested two
additional sets of env primers using the Q23/QA039vif culture
samples. We did not detect any hypermutation in a total of 11
sequencing reactions encompassing the V1-V3 region and four
sequencing reactions encompassing the open reading frame
encoding gp160 (not shown).

In summary, in all three sets of PBMC cultures, a low level
of hypermutation was consistently detected in gag sequences
from the Q23/QA039vif cultures but not from the control Q23/
Q23vif. In cultures containing other vif variants, including the
vif from the second individual with a high level of hypermuta-
tion in vivo (QB368), there was also no hypermutation de-
tected. Although hypermutation was consistently detected with
the Q23/QA039vif, it was not as extensive as with the Q23Avif
negative control, leading to our assessment of this variant as a
“partially defective Vif.”

Longitudinal analysis of hypermutation in QA039. Because
the virus from QAO039 had a partially defective vif that was
present in both early infection and chronic infection, we inves-
tigated the level of hypermutation throughout infection in this
individual. Figure 5 shows a plot of this individual’s plasma
viral load through time, with the original early and chronic
infection time points marked by asterisks. We also sampled gag
single-copy sequences from three intervening time points—4.3,
4.9, and 5.4 ypi—as well as a later time point, 6.7 ypi. We found
8 hypermutated sequences out of 58 total sequences from these
additional time points (14%), and at least one hypermutated
sequence was present at each time point. It is also evident from
this figure that QA039 had a stable and moderately high viral
load, on the order of 4 to 5 log, copies/ml of plasma, through
the almost 7 years of available follow-up. This viral load pat-
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FIG. 4. Virus replication and hypermutation in PBMC cultures of vif variants. (a) Plot of p24 pg/ml versus day of culture for each vif variant in the
first set of cultures (PBMC from donor A, infected at an MOI of 0.02). Q23Avif (red line) is the negative control; Q23/Q23vif (yellow) is the vif defective
clone with its own vif reinserted; Q23/QA039%vif (green) and Q23/QB368vif (purple) contain vif variants from individuals with extensive hypermutation;
and Q23/QA268vif, Q23/QC440vif, and Q23/QF307vif are vif variants from other individuals without extensive hypermutation. (b) Example of a gag
sequence from the Q23 culture (top) and two gag sequences from the QA039 culture (middle and bottom) for donor A. For each sequence, a region of
both the forward and reverse sequencing chromatograms is shown. The positions in which G-to-A changes or mixed G-A peaks were identified are
indicated in boxes. For QA039 hypermutated sequence 1, three positions with mixed peaks are indicated in the first two boxes. For QA039 hypermutated
sequence 2, two G-to-A substitutions are indicated in the first and third boxes. Cultures were repeated for a subset of the vif variants in PBMC from two
different donors infected at an MOI of 0.1, and plots of p24 versus day of culture are shown for donor B (c) and donor C (e). (d) Two hypermutated
sequences from the QA039 culture for donor B are shown, with mixed peaks highlighted in the box. (f) One sequence each from the Q23, QA039, and
Q23Avif cultures for donor C. The box highlights a region in which two mixed peaks were found in QA039 and three in Q23Avif.

tern is typical for individuals in this cohort (19, 20) and sug-
gests that hypermutation did not significantly impair HIV-1

replication in this individual.

Using the sequences obtained from longitudinal samples, we

evaluated whether the hypermutated sequences arose throughout
infection or represented archived viruses from early in infection.
Based on an alignment of all longitudinal sequences from QA039
(see Fig. S1 in the supplemental material), we identified several
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TABLE 3. Detection of hypermutation in PBMC cultures of
vif variants

No. of 10-copy sequencing
reactions

PBMC . . No. of G-to-A
donor vif variant . changes/sequence®
With ges/seq
Total” h - b
ypermutation
Donor A Q23 11 0 0
Q23Avif 1 1 6
QA039 11 2 8, 13
QB368 13 0 0
QA268 10 0 0
QC440 10 0 0
Donor B Q23 10 0 0
Q23Avif 2 2 13, 10
QAO039 20 4 3,6,3,3
QB368 11 0 0
Donor C Q23 9 0 0
Q23Avif 1 1 5
QA039 16 2 7,2

“ The total number of gag proviral 10-copy sequencing reactions.

’ The number of sequencing reactions with G-to-A substitutions or mixed G-A
peaks detected.

¢ The number of G-to-A substitutions or mixed G-A peaks in each hypermu-
tated sequencing reaction, with different hypermutated sequencing reactions
from each culture separated by commas.

non-G—A changes that became fixed at various times in infec-
tion. For example, changes at positions 124, 176, and 371 were not
present at 0.8 ypi but were present in most sequences after that
time point; thus, these serve as “early marker changes” for se-
quences arising after 0.8 ypi. Similarly, changes at positions 261
and 592 appeared in a few sequences at 4.9 ypi and became
predominant at 6.0 ypi; thus, these serve as “intermediate marker
changes” for sequences that arose after 4.9-6.0 ypi.

By determining whether each hypermutated sequence con-
tained these marker changes, we estimated approximately when
the hypermutated sequences in QA039 were generated. Table 4
indicates whether or not each hypermutated sequence had each
of the five marker changes. For example, sequence 0.8-g (sampled
at 0.8 ypi) does not contain any marker changes, which is consis-
tent with its early time of sampling. Sample 4.3-0 contains all
three of the early marker changes, indicating that it became hy-
permutated between 0.8 and 4.3 ypi. In contrast, sequences 4.9-m
and 4.9+ (which are identical) contain only one of the three early
marker changes and therefore are likely to represent sequences
archived from earlier in infection. Three hypermutated sequences
(6.0-n, 6.7a, and 6.7p) contain all or almost all of the marker
changes, suggesting that they arose after the intermediate marker
changes became fixed, between 4.9 and 6.0 ypi. Overall, there was
some evidence for archived hypermutated sequences. However,
some sequences continued to become hypermutated throughout
infection, suggesting that the process of hypermutation in this
individual was ongoing.

DISCUSSION

The results of this study demonstrate that HIV-1 hypermu-
tation can be detected in many antiretroviral-naive, HIV-in-
fected individuals, and the level of hypermutation in these
individuals is quite variable. Using single-copy sequencing, we
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FIG. 5. Evaluation of hypermutation throughout infection in QA039.
The plot indicates this individual’s viral load through time. Diamonds
represent follow-up visits, and those at which sequences were examined
are marked with large circles. The early infection and chronic infection
time points used in the initial screen for hypermutation are marked by
asterisks. The table below the graph shows the total number of gag pro-
viral sequences that were examined at each time point, as well as the
number of sequences that were found to be hypermutated.

found that over half of the individuals in the present study
(16/28) had detectable hypermutation in gag. This rate of de-
tection is consistent with prior studies that sequenced many
genomes (9, 15, 17) and is substantially higher than studies that
used population sequencing (18, 31), as would be expected

TABLE 4. Presence or absence of marker changes in hypermutated
gag single-copy sequences from QA039 longitudinal samples

Intermediate
Early Marker Ch:mgesb Marker Changes®
Sequence’ | A124C A176T A381T| G261A A592G

0.8-g - - - - -
4.3-0 + + + - -
4.9-j - + - - -
4.9-m - + o - -
6.0-i aF + - - -
6.0-v aF + - - -
6.0-c - - - - -
6.0-n - + + + +
6.0-z ap - - - -
6.7-a - + + + +
6.7-p <P o P <P ap

“The names of hypermutated sequences from QA039 indicate the ypi from
which the sequence was obtained, followed by a unique identifier.

b Early marker changes at positions 124, 176, and 371 became fixed after 0.8
ypi. Sequences that were sampled after this time are highlighted in gray boxes.
For each sequence, the presence or absence of a marker change is indicated by
“+” or “—”, respectively.

¢ Intermediate marker changes at positions 261 and 592 became fixed between
4.9 and 6.0 ypi. Sequences that were sampled after this time are highlighted in
dark gray boxes. For each sequence, the presence or absence of a marker change
is indicated by “+” or “—”, respectively.
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given the increased sensitivity of single-copy sequencing. We
found no association between the level of hypermutation and
either viral load or CD4 count. Thus, our results indicate that
there is no quantitative relationship between hypermutation
and markers of disease progression across the spectrum of
hypermutation that is observed in most individuals.

In comparing methods to define hypermutated sequences,
we found that using the individual MRCA, which was recon-
structed from sequences from early infection, was more sensi-
tive in detecting hypermutation than using a subtype consensus
sequence. This comparison highlights the importance of using
a common method to define hypermutation. We also com-
pared two methods that have been used to define hypermu-
tated sequences, the LANL Hypermut 2.0 program and a clus-
ter analysis similar to that used by Pace et al. (31), and found
good concordance between these methods.

It is puzzling that we found greater hypermutation in gag
compared to env, since this is inconsistent with prior studies
that have described a gradient of hypermutation increasing
from the 5’ to the 3’ end of the genome in in vitro studies (5,
46). Another study of sequences from HIV-infected individuals
found no difference between gag and env (32). The difference
that we observed is not due to the specific primers used to
amplify env, since other primers were tested with no additional
hypermutation found. It is also not likely to be due to differ-
ences in the number of potential APOBEC3G target sites in
each gene. The gag and env regions examined had a similar
number of guanine positions (135 and 140, respectively) and
GG dinucelotide sites (40 and 30, respectively).

One question that was not fully addressed by our study is
whether very high levels of hypermutation are associated with
improved clinical outcome, as has been suggested by two prior
studies (18, 32). Because individuals with such high levels of
hypermutation are rare, we did not detect many in this rela-
tively small study. Four individuals had >20% hypermutated
sequences, which roughly corresponds to what would be de-
tected by population sequencing. There was a trend for higher
CD4 count among these individuals, which is consistent with a
prior study (18). Larger studies are needed to unravel the
relationship between hypermutation and disease progression;
in particular, larger studies examining multiple sequences per
individual may help to identify a threshold level of hypermu-
tation that offers clinical benefit.

However, the results of the present study suggest that a high
level of hypermutation does not always confer a clinical ben-
efit. We identified two individuals who had quite high levels of
hypermutation (40% or more hypermutated gag sequences)
but sustained viral loads that were typical for this cohort (19,
20). Upon evaluating the potential role of Vif in contributing
to the high level of hypermutation in these individuals, we
found that a virus encoding the QA039 vif consistently gener-
ated hypermutated sequences, while a virus with the QB368vif
did not have detectable hypermutation. There is a plausible
biological explanation for this difference, in that the two-ami-
no-acid insertion found only in QA039 occurred in a domain
that is important for Vif dimerization, PPLP (45). Mutation of
this domain leads to impaired APOBEC degradation (6). In
contrast, the glutamine substitution found in both individuals
may not be functionally significant because it occurs in a region
of Vif that can be truncated, sometimes without consequences
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for virus replication (30, 39). It is likely that there is another
factor contributing to the extensive hypermutation found in
QB368, such as increased APOBEC3G level or activity. Com-
parison of these two cases highlights the large degree of com-
plexity in the potential determinants of hypermutation.

In the case of QAO039, it is intriguing that we observed
consistent hypermutation both in vivo and in vitro, but there
was no overall impairment of virus replication in either setting.
The hypermutated proviruses themselves were almost certainly
defective; they frequently contained stop codons, and they did
not appear in the pool of replicating viruses in plasma. These
observations suggest that the HIV-1 population in this individ-
ual was able to sustain a moderate amount of hypermutation
(leading to defective proviruses) without affecting the overall
level of replication of the virus population. In addition, the
persistence of the partially defective vif over 5 years of infec-
tion suggests that there was no significant selective pressure
against it. Similar to our results, a recent study demonstrated
that vif-deficient viruses, which had acquired compensatory
mutations, were able to replicate despite extensive G-to-A
changes (11).

Overall, the results of the present study indicate that a small
to moderate amount of hypermutation is common in HIV-
infected individuals and is not associated with improved mark-
ers of disease progression in untreated individuals. Our results
do not exclude the possibility that a high level of hypermuta-
tion may be associated with a clinical benefit in some individ-
uals, as has been suggested by others (18, 31); however, this
may not be true for all individuals. This is an important con-
sideration in light of proposals to use Vif/APOBEC as targets
for novel antiviral strategies (16, 26, 28, 40, 47). Although there
is also evidence for a nonenzymatic effect of APOBEC (2, 3,
22, 29), the relative contribution of nonenzymatic and enzy-
matic (hypermutation) mechanisms to HIV restriction remains
unclear, especially for APOBEC3G (3, 14, 27, 37). Our results
emphasize that a potential antiviral strategy based on hyper-
mutation may require a very high level of hypermutation to
impair virus replication.
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