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Following interruption of antiretroviral therapy among individuals with acquired drug resistance, preexisting
drug-sensitive virus emerges relatively rapidly. In contrast, wild-type virus is not archived in individuals infected
with drug-resistant human immunodeficiency virus (HIV) and thus cannot emerge rapidly in the absence of
selective drug pressure. Fourteen recently HIV-infected patients with transmitted drug-resistant virus were followed
for a median of 2.1 years after the estimated date of infection (EDI) without receiving antiretroviral therapy. HIV
drug resistance and pol replication capacity (RC) in longitudinal plasma samples were assayed. Resistance muta-
tions were characterized as pure populations or mixtures. The mean time to first detection of a mixture of wild-type
and drug-resistant viruses was 96 weeks (1.8 years) (95% confidence interval, 48 to 192 weeks) after the EDI. The
median time to loss of detectable drug resistance using population-based assays ranged from 4.1 years (conservative
estimate) to longer than the lifetime of the individual (less conservative estimate). The transmission of drug-
resistant virus was not associated with virus with reduced RC. Sexual transmission of HIV selects for highly fit
drug-resistant variants that persist for years. The prolonged persistence of transmitted drug resistance strongly

supports the routine use of HIV resistance genotyping for all newly diagnosed individuals.

Primary human immunodeficiency virus (HIV) infection is
typically initiated with a monoclonal or oligoclonal viral pop-
ulation (48) from which viral dissemination occurs with the
establishment of a latent reservoir (42). Latent virus persists
within resting memory CD4" T cells, precluding eradication
with available antiretroviral therapy (36). Drug-resistant (DR)
virus is transmitted by sexual exposure (6, 15), parenteral ex-
posure (44), and perinatal exposure (4). Initial antiretroviral
treatment options may be limited and the virologic response
compromised in those with transmitted drug resistance (22).
Routine drug resistance testing has recently been recom-
mended for all recently diagnosed HIV-infected individuals,
with the assumption that transmitted DR virus will persist for
an unknown period of time after infection (9, 14).

DR virus is transmitted only about 20% to 35% as readily as
drug-sensitive virus, perhaps because selective pressures during
transmission may restrict transmission to only the more “fit” of
the viral strains within the complex mixture of genetic variants
replicating in the source subject (21, 49). Since transmission rep-
resents a monoclonal or oligoclonal infection, transmitted drug
resistance differs fundamentally from drug resistance acquired
during treatment of chronic infection. This acquired DR virus
exists as a complex mixture of genetic variants that includes the
original wild-type (WT) virus. The interruption of failing antiret-
roviral therapy in patients with acquired drug resistance results in
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the relatively rapid reemergence, over 12 to 16 weeks, of more
“fit” WT variants with the loss of detectable drug resistance as
measured with standard tests (7). In contrast, transmitted DR
variants have been shown to persist for up to 3 years in antiret-
roviral-naive subjects (28). The characterization of transmitted
drug resistance has previously been limited to 26 subjects fol-
lowed for 1 to 3 years following HIV infection without antiretro-
viral therapy (1, 2, 8, 11, 28). We characterized the natural history
of transmitted drug resistance among 14 individuals with primary
HIV infection who elected to defer antiretroviral therapy for as
long as 4.1 years.

MATERIALS AND METHODS

Study subjects. Subjects with an acute retroviral syndrome or recent HIV
infection presenting to the UCSD Antiviral Research Center in San Diego, CA,
between June 1996 and June 2003 were evaluated for study entry. Acute HIV
type 1 infection was defined by detectable HIV RNA (>5,000 copies/ml) with a
negative HIV enzyme immunoassay (EIA), followed by HIV seroconversion.
Early HIV infection was defined with a positive HIV EIA, together with a less
sensitive “detuned” HIV EIA standardized optical density of <1.0 by Vironos-
tika (31) or a standardized optical density of <1.5 by Abbott (16). Subjects who
elected to defer antiretroviral therapy were eligible for study participation. Pa-
tients were categorized as followed: Al (acute), infection date defined as the date
21 days prior to the first positive plasma HIV RNA while all other HIV test
results were negative; A2 (acute), infection date defined as the date 28 days prior
to the first positive plasma HIV RNA with a simultaneous indeterminate West-
ern blot; E1 (early), infection date defined as the date 85 days prior to the date
of the first positive HIV EIA with a simultaneous negative less sensitive (de-
tuned) EIA; and E2 (early), infection date defined as the midpoint date between
the last negative EIA and the first positive EIA. All subjects were followed as
part of a larger observational study (AIEDRP COREO01-ACTG 5228) and
were provided access to their drug resistance test results. These studies were
conducted with appropriate written subject consent and were approved by the
Human Research Protections Program at the University of California, San
Diego.
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Sequence analysis. Population-based nucleotide sequence analysis of the
whole protease sequence (codons 1 to 99) and codons 1 to 305 of the reverse
transcriptase gene was performed locally (Viroseq v.2.0; Celera Diagnostics,
Alameda, CA) or centrally (GeneSeq HIV; Monogram Biosciences, Inc., South
San Francisco, CA) for each of the 14 baseline and a total of 2 to 19 sequential
plasma samples. Minority species can be detected at a threshold of approxi-
mately 30% (Viroseq) (13) or 10 to 20% (GeneSeq), depending on the mutation.
Drug resistance mutations were defined according to the International AIDS
Society-USA 2005 Drug Resistance Group guidelines (18). Specifically, we con-
sidered the following mutations (using the reference virus NL4-3 as the WT): for
a protease inhibitor (PT), D30N, L33F/I, M46I/L, G48V, I50L/V, V82A/F/L/S/T,
184A/C/V, and L90M; for a nucleoside reverse transcriptase inhibitor (NRTT),
M41L, A62V, K65R, D67N, K70R, L74V, V751, F77L, Y115F, F116Y, Q151M,
M184V, L210W, T215Y/F/C/D/E/S/I/V, and 215A/G/H/L/N (41) and K219E/Q/
R*; and for a nonnucleoside reverse transcriptase inhibitor (NNRTI), L1001,
K103N, V106A/M, V108I, Y181C/I, Y188C/H/L, G190A/S, P225H, M230L, and
P236L (219R was not considered as a transmitted resistance mutation but rather
as a mutation that emerged during follow-up). Mixtures of WT and mutant
sequences were considered DR. To determine whether mutations occurred at
cytotoxic T lymphocyte (CTL) epitopes, we downloaded all known CTL epitopes
from the Los Alamos HIV immunology database and determined whether each
epitope was present or absent in each sequence. Evolution within CTL epitopes
was measured in terms of numbers of mutations that resulted in the gain or loss
of these epitopes, compared to the baseline sequence for each individual. In
addition, clonal sequences spanning codons 54 to 231 (HXB2 numbering) of
reverse transcriptase were isolated from patient 01-0180 at three time points
(n = 21, 14, and 13 clones, corresponding to 134, 148, and 180 weeks after the
estimated date of infection [EDI]). Briefly, HIV RNA was isolated from blood
plasma using the QIAamp viral RNA extraction kit (Qiagen, Chatsworth, CA).
Reverse transcriptase PCR performed using the Finnzyme Robust reverse trans-
criptase PCR kit (MJ Research, Waltham, MA), per previously published pro-
tocols (19). PCR products were cloned into TOPO cloning vectors according to
the manufacturer’s protocol, and 13 to 20 clones were analyzed using dye ter-
minator sequencing with the ABI Prism 3100 genetic analyzer.

Phenotypic analysis. Drug susceptibility testing was performed at baseline and
during follow-up for each of the 14 patients using a recombinant virus assay
(PhenoSense HIV; Monogram Biosciences, Inc., South San Francisco, CA) (30).
Reduced drug susceptibility was defined as a fold change (FC) in the 50% inhibitory
concentration over the biological cutoff (99th percentile of the FC distributions
among WT viruses) (29). HIV pol replication capacity (RC) was assessed using a
modification of the phenotypic susceptibility assay (30). Determinations of pheno-
typic susceptibility and pol RC were performed at the same frequency (see Table 2;
resistance testing was performed at the designated weeks after EDI), though pol RC
results were recovered slightly less frequently (a mean of 7 measures/patient; range,
2 to 18) during follow-up due to assay failure. pol RC was determined as the ability
of the patient-derived virus to replicate in the absence of drug, relative to a WT
strain, by measuring luciferase activity in infected cells after a single round of
replication. The median RC of WT viruses was set at 100% based upon measure-
ment of a large number of WT viruses (3). Based on assay reproducibility experi-
ments, RC measurements are accurate within =0.25 log;, 95% of the time. RC
results were compared to those from the entire San Diego primary infection cohort
infected with WT virus (n = 140) or with transmitted DR virus (» = 33) but not
included in the current analysis because of their subsequent initiation of antiretro-
viral treatment. In addition, RC data from samples submitted for routine drug
resistance testing in the Monogram Biosciences database were analyzed using the
following group definitions: (i) samples with no recognized resistance-associated
mutations in PR or RT (n = 962), (ii) samples with one or two major NNRTI
mutations (n = 1,522 and 236, respectively), (iii) samples with PI resistance muta-
tions only (n = 459), and (iv) samples with NRTI and PI but no NNRTI resistance
mutations (n = 437).

Statistical analysis. The mean time to the first mixture of WT and resistant
virus or to complete replacement was estimated using a parametric survival
model, based on an exponential distribution of replacement (DR-to-WT substi-
tution) times. As the precise time at which the mixture became detectable was
not observed, the model used interval-censored times based upon the times at
which the sequences were sampled. We estimated the median time to the first
mixture of WT and mutant virus or to complete replacement using the Kaplan-
Meier method. This method does not accept interval-censored data as input. We
imputed times as the midpoint between the sampling times before and after the
appearance of a WT variant at the codon in question, either as a pure population
or as a mixture. In order to be as conservative as possible, we used a modified
method to calculate lower confidence intervals (Cls), in which the CI becomes
wider at each censored observation, in order to obtain the most accurate esti-
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mates of CIs given the heavy censoring of the data. The relationship between the
duration over which a mixture persisted and the fitness advantage of the WT
virus over the DR virus was modeled using a simple population genetics model,
which assumes that the frequency of the WT virus, p, changes according to the
ordinary differential equation dp/dt = (s/g)p(1 — p), where s is the selective
coefficient and g is the generation time of productively infected cells, which is
assumed to be 1 day. From this, we can calculate the selective advantage of WT
virus from the duration of time in which there is a mixture of WT and DR virus.
Assuming that there are only two major variants (DR and WT) and assuming
that the outgrowth of WT virus is deterministic, the length of time, 7, taken for
the WT to increase from a frequency p, (assumed to be 25%) to a frequency p,
(assumed to be 75%) is related to the selective coefficient, s, and the generation
time, g, by s = (g/t){log[p,/(1 — p,)] — log[p,/(1 — p,)]}. This model can also be
used to estimate the selective advantage of WT virus from phenotypic data.
Assuming that the log-transformed FC of the WT virus is f; [which is close to
log(1) but may not be exactly log(1) due to differences between the primary virus
and the reference strain] and that of the resistant virus is f, the dynamics of the
log-transformed FC, r, is given by the equation dr/dt = (s/g)(r — f>2)(fi — r)/(f, —
f2). We fitted this model to phenotype data taken over time from patient 01-0180
using nonlinear least squares, fixing f; and f, to the first and last measurements
for reasons of numerical stability. To estimate 95% ClIs of the frequency of
K103N in samples of clonal sequences, we performed exact binomial tests. The
number of substitutions at CTL epitopes at each time point compared to the
baseline sequence was fitted using a generalized estimating equation approach,
to correct for the repeated sampling of individuals, using a Poisson family and a
log link. To estimate variation in RC over time, we fitted a general linear model,
with individual-level intercepts and slopes, with variation between individuals in
the slope of RC tested using analysis of variance. RCs of different groups of
viruses were compared using ¢ tests and the Bonferroni posttest correction for
multiple comparisons (Prism 4.0; GraphPad Inc.).

Phylogenetic analysis. The clustering of pol sequences by patient was con-
firmed by phylogenetic analysis. A neighbor-joining tree was reconstructed using
a distance matrix based upon synonymous changes per synonymous site, esti-
mated using the Nei-Gojobori (26) distance, to avoid potentially erroneous
clusters due to convergent DR mutations. One thousand nonparametric boot-
strap samples were generated to assess the statistical significance of the cluster-
ing by patient. Phylogenetic analyses were performed using HyPhy v. 0.99 beta
(20).

Nucleotide sequence accession numbers. The sequences analyzed in this study
have been deposited in GenBank under accession numbers EU636241 to
EU636382.

RESULTS

Fourteen men with acute or recent HIV infection were iden-
tified between August 1999 and May 2003. All participants
remained treatment naive for the duration of the study. All
subjects reported sex with men as their risk for HIV infection.
Subjects were predominantly white (11 of 14) and presented a
mean of 66 days (range, 27 to 85 days) after their EDI with a
median baseline CD4 count of 537 cells/mm? and 5.15 log,,
RNA copies/ml (Table 1). The mean baseline RC was 87% of
WT. Study participants were selected from a cohort of 210
recently HIV-infected subjects who had baseline (study entry)
and follow-up pol sequence data available for analysis, had
transmitted DR virus, and chose to defer antiretroviral therapy
for at least 2 weeks after study entry (mean, 20 months).

Genotypic analysis. Drug resistance mutations were identi-
fied at baseline for each of the 14 subjects (Table 2). Virus
from 5 subjects contained NRTI mutations, that from 12 con-
tained NNRTI mutations, and that from 4 contained major PI
mutations. Three subjects (01-0449, 01-0575, and 01-0629)
were infected with two-class multi-DR virus, and two subjects
(01-0483 and 01-0507) were infected with three-class multi-DR
HIV. Longitudinal plasma samples were collected for a me-
dian of 108 weeks (range, 15 to 226 weeks) after infection and
analyzed for the persistence of transmitted DR variants.



5512 LITTLE ET AL.

TABLE 1. Baseline characteristics

. Age Days since CD4 CD4 Lo RC
Subject % EDI cllymm® (%) RNA (%)
01-0125 45 85 476 10 6.22 35
01-0143 33 45 383 22 4.88 60
01-0180 22 85 547 22 5.26 91
01-0182 36 85 573 20 6.05 208
01-0183 46 85 398 27 5.88 21
01-0449 41 85 480 41 3.88 72
01-0483 59 85 472 25 4.57 85
01-0503 33 30 263 24 7.33 172
01-0507 36 45 527 31 4.22 110
01-0512 34 55 431 25 7.76 58
01-0559 47 27 930 26 7.19 48
01-0566 30 85 819 31 4.59 162
01-0575 24 85 813 33 3.86 16
01-0629 22 45 959 41 5.04 71

“ One hundred percent equals the median RC of wild-type viruses.

For each individual, at each time point, and at each codon, we
determined whether a resistance mutation was present and, if so,
whether it was present as a mixture or as a pure population.
Resistance mutations that persisted without replacement were
censored by the last day of follow-up. To estimate the rate of
replacement of resistance mutations under conservative assump-
tions, we used the time at which the first mixture appeared (al-
though other mutations often persisted as pure populations in the
same patient). Mixtures or complete replacements of DR by WT
sequences were detected at resistance-associated positions, which
were previously unmixed mutant, in virus from 6 of 14 individuals
(01-0180, 01-0182, 01-0449, 01-0507, 01-0575, and 01-0629) dur-
ing the follow-up period. Of these, two individuals (01-0180 and
01-0629) exhibited replacement of at least a single mutation to
WT, as assessed by bulk sequencing (Table 2). Using a parametric
survival model, the mean time to first detection of a WI/DR
mixture based on all 14 patients, considering any resistance mu-
tation, was 96 weeks (1.8 years) (95% CI, 48 to 192 weeks) after
the EDI. The median time to the first detection of a mixture was
lower, at 56 weeks (95% CI, 36 weeks to infinity) (Fig. 1a).

Over a median follow-up period of 108 weeks (2.1 years),
one or more resistance mutations, either as pure populations
or as mixtures, persisted for the entire period of observation in
13 of the 14 patients (only patient 01-0180 demonstrated com-
plete replacement to WT by population sequencing during
follow-up). It would require an unknown period of longer
follow-up to observe complete replacement of transmitted
drug resistance (as detected by bulk sequencing) in all patients,
especially as resistance is comprised of multiple codons in
many patients (>1 codon involved in 7 of 14 patients in this
study). Based upon these data, a conservative estimate of 212
weeks (4.1 years) can be made for the median time to complete
replacement of DR by WT variants by bulk sequencing, based
on the lower 95% CI of the Kaplan-Meier analysis (Fig. 1b).
The lower CI of the mean time to complete replacement as
calculated using an exponential survival model was similar (210
weeks).

Susceptibility analysis. All subjects had reduced drug sus-
ceptibility consistent with the drug resistance mutations iden-
tified at baseline except when mutations were present as mix-
tures (i.e., subject 01-0629). Longitudinal susceptibility results
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for a representative drug for each subject (Fig. 2) demonstrate
that the virus from all but subject 01-0629 had 10- to >100-
fold-reduced susceptibility to either efavirenz (EFV) or lopi-
navir at baseline. Among the nine subjects with over 50-fold-
reduced NNRTT susceptibility at baseline, only one (01-0180)
showed waning of the resistant phenotype. The relative pro-
portion of resistant virus at each time point for subject 01-0180
was derived using drug susceptibility as a marker of the pro-
portion of DR virus. In vitro mixing of 103N or 181C site-
directed mutants with WT strain NL4-3 demonstrate that as
the proportion of resistant virus is increased, there is a log-
linear increase in FC for each NNRTI (C. Petropoulos, per-
sonal communication). By measuring the rate at which FC
decreases, over the generation time of HIV, we estimate that
the WT virus has a 1.5% fitness advantage over the 103N
mutant, using a simple population genetic model, given a sta-
ble population size and assuming a generation time of 1 day
(Fig. 3 and 4). Under this same model, we can also estimate the
fitness advantage of the WT virus from the time during which
the WT and the 103N mutant persist together as a mixture.
Assuming that a mixture is detected at between 25% and 75%),
a generation time of 1 day, and a conservative time of 105
weeks during which the K103K/N mixture persisted, we esti-
mated a fitness advantage of 0.3% (Fig. 3). Although it is
unclear why this genotypic estimate is lower than the estimate
from phenotypic data, it highlights the ability of genotypic
testing to detect transmitted resistance for longer periods of
time following infection than phenotypic testing. We also ob-
tained clonal sequences of reverse transcriptase from this in-
dividual at three time points in order to quantify the propor-
tion of K103N over time. At 134 weeks, the last time point at
which a K103K/N mixture was detected, 9/21 clones had the
K103N mutation (43%; 95% CI, 22 to 66%). At 148 weeks,
the first time point with a pure K103 in the bulk sequence, the
frequency of K103N had decreased to 1/14 clones (7%; 95%
CL 0.2 to 34%). By 180 weeks after the EDI, we did not detect
any K103N mutants, based on 13 clones (0%; 95% CI, 0 to
25%).

The transmission of DR virus was not associated with virus
of reduced RC (Fig. 5). The mean baseline RC of the 14
transmitted viruses (RC = 87%) was not significantly different
from that observed in either newly infected patients with trans-
mitted WT virus (mean RC = 89%; P > 0.05) or a larger group
of newly infected patients with DR virus (mean RC = 92%;
P > 0.05). The mean baseline RC value for virus from the 14
study subjects was also not significantly different from that
observed in individuals infected for unknown lengths of time
with virus lacking resistance mutations (WT) (RC = 100%;
P > 0.05), with isolated NNRTI resistance (RC = 96% and
88% for 1 and 2 mutations, respectively; P > 0.05), with PI
resistance (RC = 78%; P > 0.05), or with a combination of
NRTI and PI resistance (mean RC = 50%; P > 0.05). Virus
from the newly infected patients with transmitted drug resis-
tance (n = 33) had significantly higher RC values than that
from subjects with acquired drug resistance with a combination
of NRTI and PI mutations (mean RC of 92% versus 50%; P <
0.001). RC remained relatively stable during a mean follow-up
of 88 weeks (1.7 years) following EDI in the 14 study partici-
pants. Due to the low rate of replacement of resistance muta-
tions by WT sequences, we were unable to correlate within-
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TABLE 2. Persistence of drug resistance mutations over time in study subjects
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Mutations associated with resistance to:

Patient Wk after EDI
NRTI NNRTI PI
01-0125 12,15 None K103N None
01-0143 6, 10, 18, 22, 26, 28 None K103N None
01-0180 12, 18, 22, 25 None K103N None
29, 33, 38, 42, 46, 59, 74, 85,  None K103K/N None
102, 119, 134
148, 160, 172, 185 None None None
01-0182 12, 19, 21, 33 None K103N, Y181C None
38, 46 None K103K/N, Y181Y/C, None
G190G/A
01-0183 12, 18, 22 None K103N None
01-0449 12, 18, 26, 35, 44, 52, 68, 101 ~ M41L, D67N, K70R, T215Y, K219Q None D30N, L33I, M461, 184V, LOOM
60, 86, 135, 189 M41L, D67N, K70K/R, T215Y, K219Q None D30N, L33I, M46I, 184V, LOOM
118, 152, 162, 201 M41L, D67N, T215Y, K219Q None D30N, L33I, M461, 184V, LOOM
213, 226 M41L, D67N, T215C/Y, K219Q None D30N, L33I, M46I, 184V, LOOM
01-0483 12,15 M41L, V751, T215L, K219E Y188L D30N
01-0503 4,7, 15, 24, 38, 46, 59 None K103N None
01-0507 6, 10, 16, 24 M41L, D67N, T215Y K103N 184V, L9OM
30, 34 M41ML, D67N, T215C/Y K103N 184V, LOOM
42 M41L, D67N, T215C/Y K103N 184V, LO9OM
61 M41ML, D67D/N, T215C/D/G/Y K103N 184V, LOOM
69 M41M/L, D67D/N, T215C/D/G/Y K103N 184V, LO9OM
01-0512 8§, 11, 21, 29, 37, 48, 65, 79, None K103N None
91, 111, 123, 157
136, 147, 167, 181 None K103N, P225P/H* None
212 None K103K/N None
01-0559 4, 15, 27, 44, 50, 60, 78, 97, None K103N, P225H None
111, 151
132 K219K/R* K103N, P225H None
171 K103N, P225P/H None
01-0566 12, 26, 40, 56, 71, 95, 111, None K103N None
118, 128, 147
01-0575 12, 26, 38 M41L, L74V, M184V, L210W, T215Y None M46l, V82A
50 M41L, L74V, M184MV, L210W, T215Y  None L33L/1%, M461, V82A
66, 80 M41L, L74V, L210W, T215Y, K219K/R“  None M46l, V82A
98 M41L, L74V, L210W, T215C/S None M461, V82A
111, 122 M41L, L74V, L210W, T215C/S None M461, V82V/A
133 M41L, L74V, L210W, T215C/S Y181Y/C* L33L/1, M46l, V82A
143, 153 M41L, L74V, L210W, T215C/S Y181Y/C* L33L/1, M461, V82V/A
170 M41L, L74V, L210W, T215S Y181Y/C* L33L/1, M46l, V82V/A
01-0629 6 D67N, M184M/V, T215S, K219E K103K/N None
21, 33, 42, 56, 71, 91, 114, D67N, T215S, K219E None None

126, 137, 161, 173

“ Emergence of a mutation not detected in earlier samples.

individual changes in RC with replacement of drug resistance.
However, in the single individual who did demonstrate com-
plete replacement of resistance, the RC remained relatively
stable despite a decrease of over an order of magnitude in
susceptibility to NNRTIs (Fig. 4). Given that the RC of WT
viruses is similar to that of NNRTI-resistant viruses, the lack of
detectable changes in RC as resistance wanes is not surprising.

Analysis of viral evolution. Despite the low rate of replace-
ment of resistance mutations, evidence of continued viral evo-
lution was present. Mixtures involving synonymous substitu-
tions, i.e., those that do not affect the amino acid sequence,
emerged in many subjects at resistance-conferring sites, de-
spite the lack of DR-to-WT replacement at the amino acid
level. Furthermore, multiple nonsynonymous (i.e., amino acid-
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FIG. 1. (a) Kaplan-Meier plot of the time to first detection of the WT virus as a mixture (WT/DR) in the population. (b) Kaplan-Meier plot
of the time to complete replacement (i.e., last detection of any DR virus). Dashed lines indicate upper and lower 95% ClIs.

changing) substitutions within known CTL epitopes were ob-
served over time (Fig. 6). Although we could not confirm that
these changes were actually due to CTL selection pressure,
these results are consistent with ongoing genetic evolution and
increasing viral diversity over time and in contrast with the
apparent low rate of change from resistant variants to drug-
sensitive forms. It is possible that compensatory mutations
could explain the lower rate of reversion among the patients
with transmitted resistance mutations. However, such compen-
satory mutations would have to act on the transmissibility of
the virus in order for it to be possible to observe lower rates of
reversion compared to those with acquired resistance. We
were unable to detect any sites in pol that discriminated be-
tween the transmitted resistant strains and resistant strains
downloaded from the Stanford HIV resistance database. This
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FIG. 2. Longitudinal FC susceptibility results for a representative
drug for each subject. Red circles indicate EFV susceptibility. Blue
circles indicate lopinavir susceptibility. Subject 01-0629, infected with a
K103K/N mixture at baseline, did not show reduced EFV susceptibility
at baseline or during follow-up. Subject 01-0180 showed a waning of
reduced EFV susceptibility over time.

may simply reflect the small number of study participants or
the involvement of sites outside the region of protease and
reverse transcriptase sequenced. Although none of the 14 pa-
tients showed evidence of superinfection using previously pub-
lished screening methods (39) or received any antiretroviral
therapy, novel drug resistance mutations were observed in 6 of
14 subjects during follow-up (Table 2).

DISCUSSION

High levels of transmitted drug resistance persisted in 13 of
14 subjects. In only one person did a transmitted DR K103N
variant become completely replaced by a WT virus such that it
was not detectable by conventional population sequencing
nearly 3 years after infection. Among all 14 subjects, the first
detection of a mixture of WT and DR virus by population
sequencing occurred at a mean of 96 weeks (1.8 years) after the
EDI. Given the very low rate of resistance replacement, it was
not possible to measure directly the time to complete loss of
detectable drug resistance by bulk sequencing; rather, we im-
puted the time to this event using the lower 95% Cls (Fig. 1b).
Despite a conservative estimate of a median time to complete
replacement of 4.1 years, the transmitted resistant variant is
archived for life, even when below the threshold of detection
(34). A less conservative estimate allows the lifelong persis-
tence of detectable transmitted drug resistance in many peo-
ple. The rate of replacement of the resistant mutant is likely to
vary directly with the fitness cost associated with the resistance
mutation and perhaps other host selective pressures not yet
recognized. Although a significant in vitro fitness impairment
has been observed for several of the major PI resistance mu-
tations relative to WT virus (23), we did not observe an in-
creased rate of replacement of PI resistance mutations com-
pared to that observed for NNRTI resistance mutations.
Overall, replacement of resistance is gradual and usually in-
complete, resulting in the persistence of mixtures of WT and
resistant variants in plasma HIV RNA for years following
initial infection.

The number of years after initial HI'V infection during which
detection of transmitted drug resistance is routinely feasible
has not yet been defined, but patients identified many years,
perhaps more than 10 years, after their EDI may not be prop-
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(b) Genotypic, $=0.003

0.2004

0.100

s
o
=]
5]
?

Fitness difference,
o o ©o
o o Q
(=] - N
T 7%

0.002+

0.001+

T T T T
0 20 40 60 80 100 120 140

Persistence time of mixture (weeks)

FIG. 3. Estimation of the relative fitness advantage of WT virus over virus harboring K103N in patient 01-0180. (a) FC in susceptibility to EFV
over time (points) and the fit of a model that assumes a log-linear relationship between FC and frequency of the WT variant (see Materials and
Methods). (b) Relationship between the time during which a mixture persists and the selective advantage of WT.

erly identified as having been initially infected with DR virus
(38). The prevalence of transmitted DR HIV measured within
the first year following HIV infection is between 20% and 23%
in some North American populations and between 10% and
14% in some European and Canadian populations (12, 22, 25,
37, 47, 49) More recent estimates suggest that the prevalence
of transmitted resistance may be declining in both North
America and Europe (S. Little, S. Frost, D. Smith, S. May, N.
Parkin, and D. Richman, abstr. 60, presented at the 14th Con-
ference on Retroviruses and Opportunistic Infections, Los An-
geles, CA, 25 to 28 February 2007). Among 900 recently diag-
nosed treatment-naive individuals with established infection
from 10 U.S. cities, the prevalence of detectable resistance at
7.4% remains lower than even the most recent estimates
among patients with primary infection (46). Resistance preva-
lence estimates among untreated patients with chronic infec-
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FIG. 4. Dynamics of RC and FC in susceptibility to EFV in patient
01-0180. Despite a dramatic drop in FC, the RC remains relatively
stable over the period of observation.

tion from Europe are quite similar, with 8.7% of patients with
chronic infection (n = 607) or unknown durations of infection
(n = 824) demonstrating resistance between 1996 and 2002
(47). These data suggest that the prevalence of resistance de-
clines with time after infection, resulting from the gradual
replacement of DR virus by drug-sensitive virus until ulti-
mately resistance testing fails to detect the resistant variant.
Patients with chronic infection and older historical infection
dates may predate the transmission of significant drug resis-
tance or, if infected more recently (i.e., <10 years), may main-
tain some level of detectable drug resistance following trans-
mission.

Replication Capacity
s = 8 8§ 8

|

o

PDR14 PDR33 PWT141 WT962 NNRTI-1 NNRTI-2 PI-R PI_NNRTI-R

Patient Group Evaluated

FIG. 5. Box plots showing the median RC among eight different
groups, with 25th and 75th percentiles shown by the box and the
complete range indicated by whiskers. PDR14, study patients with
transmitted DR virus; PDR33, 33 primary infection patients infected
with DR virus but not included in present study due to antiretroviral
treatment choices after entry; PWT141, 141 primary patients infected
with WT virus; WT962, unrelated WT samples with infection of un-
determined duration (n = 962); NNRTI-1, samples with an isolated
single NNRTI major drug resistance mutation (n = 1,522); NNRTI-2,
samples with only two major NNRTI drug resistance mutation (n =
236); PI-R, samples with =1 major PI mutation (no NRTI or NNRTI
mutations) (n = 459); and PI_NRTI-R, samples with =1 major PI
mutation and =1 major NRTI mutation (without NNRTI mutations).
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FIG. 6. The total number of nonsynonymous mutations in pre-
dicted CTL epitopes between the baseline sequence and subsequent
sequences was determined for all study participants over time. Overall,
there is a large variation in the number of substitutions in each indi-
vidual subject, though the mean number (represented by the solid line)
shows an increase over time, demonstrating that viral evolution is
ongoing despite the persistence of drug resistance mutations.

Transmitted DR variants were not associated with low RC
values (mean, 87%). The mean RC was 89% for recently
infected participants (PWT141) lacking any well-characterized
drug resistance mutations (Fig. 5). There was no difference in
the mean RCs of the patients with transmitted DR virus who
remained treatment naive, those who received antiretroviral
treatment, and those who were infected with WT virus. Previ-
ous studies have demonstrated that DR virus is transmitted
only about 20% as readily as drug-sensitive virus (21). Among
the subset of DR viruses that are transmitted, however, RC
values are equivalent to those measured among newly infected
individuals infected with WT virus, suggesting that the more fit
DR viruses are more likely to be transmitted. This is consistent
with the observation that the initial levels of viremia are com-
parable following acute infection with either DR or WT virus
(12). The fitness cost of individual RT resistance mutations is
well established, particularly for 215Y, 184V, and 65R (5). The
transmission of any of the resistant variants more frequently
associated with a fitness impairment might be associated with
a more rapid reversion to a more “fit,” WT genotype that
might fail to be detected by conventional sequencing (17).
Further studies are needed to determine whether these tradi-
tionally less fit variants are uniformly replaced at a significantly
higher rate than other variants associated with higher RC val-
ues. Following transmission, the relatively high RC values as-
sociated with the majority of the transmitted resistant variants
favor their persistence in the context of viral fitness conferred
by the complete genome. This is in contrast to the observation
in chronic infection where antiretroviral selective pressure se-
lects for drug resistance mutations, which often reduce viral
RC (23, 24).

Chronic HIV infection is characterized by a complex mixture
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FIG. 7. Schematic illustration of the first decade (approximately) of
HIV infection following infection with a resistant strain of virus. Pa-
tients initially infected with a DR variant will typically demonstrate a
transient high-titer viremia, followed by a spontaneous decline to a
steady-state or “set point” viremia. During these first 6 months, bulk
sequencing of plasma virus will typically detect only resistant virus in
patients with transmitted DR virus. Years may pass during which the
gradual process of random and potentially selective mutations results
in the appearance of a mixture at the site(s) of a previous drug-
resistant mutation(s) followed by ultimate “reversion” or, more accu-
rately, replacement by WT virus. The resistant variant, however, will
persist for the life of the patient, harbored within the reservoir of
long-lived memory CD4 cells. ARV, antiretroviral.

of genetic variants, with approximately 75% of chronically in-
fected individuals harboring DR forms (32, 33, 49). The inter-
ruption of failing treatment has been associated with rapid
emergence of more “fit” WT variants, typically over 12 to 16
weeks (7). Since subjects infected with DR virus do not harbor
WT variants at the time of infection, loss of detectable resis-
tance requires mutational replacement of the DR virus by the
WT virus rather than reemergence of a preexisting WT virus.
The detection of complete shift from DR virus to drug-sensi-
tive virus by bulk sequencing was demonstrated in only 1 of 14
patients, who were followed for a median of 2.1 years after the
EDI. Using drug susceptibility as a marker of the proportion of
resistant virus within the viral population in this patient, and
based on the persistence of the K103K/N mixture, we esti-
mated that the WT virus had less than a 1.5% fitness advantage
compared to the KI03N NNRTI-resistant variant. Given the
relatively trivial fitness advantage of the transmitted WT virus
compared to the transmitted DR virus, it is expected that most
DR variants will persist, though the rate of replacement of
mutations associated with larger changes in viral fitness (i.e.,
M184V) may be higher (43). The persistence of 103K/N mix-
tures for over 2.6 years despite the short mutational distance
between these mutants suggests that the mutation confers a
small fitness cost consistent with high RC values. Given the low
rate of replacement, it is impossible to estimate to what extent
replacement times may vary between individuals due to factors
such as host genetic background; however, if the few individ-
uals in whom replacement of resistance occurred have higher
rates of replacement, then the persistence of drug resistance
may be even longer.

The persistence of drug resistance, however, does not imply
the absence of ongoing genetic evolution. Substitutions oc-
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curred at sites not involved in drug resistance, presumably
because of HIV-specific immune responses (10, 27). The rate
of evolution at the amino acid level appeared to be indepen-
dent of steady-state viremia (data not shown). The spontane-
ous appearance of drug resistance mutations in 3 of 14 patients
(01-0512, 01-0550, and 01-0575) in the absence of selective
drug pressure was most likely related to the presence of these
particular resistant variants as relatively minor populations at
the time of transmission, below the threshold of assay detec-
tion. More sensitive real-time PCR methods for detecting low-
frequency minor variants among treatment-naive individuals
have shown that resistant variants identified by real-time PCR
and missed by conventional sequencing may represent 0.7% to
11% of the population by clonal sequencing (17). Potential
selective advantages may have resulted in the emergence of
these resistant isolates over time to detectable levels despite
the absence of selective drug pressure.

The persistence of DR variants provides a prolonged “win-
dow of opportunity” for secondary transmission of DR variants
at a time when plasma viral load measures are routinely very
high. Two subjects (study subject 01-0559 and a nonstudy sub-
ject) both acquired 103N as a secondary transmission from an
untreated source subject (01-0512) 4 to 5 months after his EDI
at a time when his viral load ranged from 5.5 to 6.3 log,,
copies/ml. The same source subject, 3.2 years after his EDI and
with a plasma viral load that remains stable at 5.0 log,, copies/
ml, recently transmitted the same DR variant to yet another
index subject. Of additional concern, the lower rates of viral
turnover in the male genital tract result in even slower decay of
HIV drug resistance in semen than in plasma (40). The relative
stability of drug resistance mutations within both source and
recipient partners suggests that it is unlikely that we missed
many replacement of resistance mutations by WT in the brief
time between infection and study entry.

The persistence of transmitted drug resistance for years,
prevalence estimates of transmitted drug resistance in newly
infected individuals, and estimates of drug resistance among
treatment-naive individuals with established infection all sup-
port the implementation of routine screening for primary drug
resistance in all newly HIV-diagnosed, treatment-naive indi-
viduals. Primary resistance testing is estimated to be cost-ef-
fective in areas where the prevalence of resistance is greater
than 4 to 5% (35, 45). The greater sensitivity of pol genotype
testing compared to phenotype testing in detecting drug resis-
tance, coupled with its reduced cost, suggests that sequence-
based resistance testing should be the resistance test of choice
for newly diagnosed patients (38). The health care implications
of missing transmitted drug resistance are potentially signifi-
cant. There are the costs of early treatment failures, the po-
tential selection of additional DR variants in the setting of
suboptimal treatment due to unrecognized resistance, and sec-
ondary transmissions that may continue for years. The rela-
tively rapid emergence of drug resistance in the setting of
treatment in a previously treatment-naive patient (infected for
more than 5 to 7 years) should prompt the question as to
whether initial infection with a DR variant may have been
missed (Fig. 7). Despite the apparent fitness “cost” of acquired
drug resistance mutations in many treated patients, sexual
transmission of HIV appears to select for the most fit DR
variants when resistance is transmitted such that persistence of
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a highly replication-competent, DR variant is ensured for years
in the new host. If proper records are maintained, a single
genotype done for patients initiating care may alter the course
of antiretroviral therapy initiated years later.
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