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ABSTRACT

This study explores the levels of NVP and AZT resistance mutations in untreated, NVP- or AZT-treated
mother—infant pairs in Uganda. PCR-amplified reverse transcriptase (RT) gene fragments derived from PBMC
samples of 85 mothers (10 AZT treated, 35 NVP treated, and 40 untreated) and their 52 infected infants (5
AZT, 9 NVP, and 38 untreated) were classified as subtype A (59%), D (29%), C (3%), and recombinant forms
(9%) by population sequencing. Only 16% of the NVP-treated infected mothers and infants harbored either
the K103N or the Y181C at 6 weeks postdelivery. The majority of these samples (» = 107) were then ana-
lyzed using a radiolabeled oligonucleotide ligation assay (OLA) specific for K70R, K103N, and Y181C, using
nonstandard bases to accommodate sequence heterogeneity. By OLA, 43% of the NVP-treated group had
K103N and/or Y181C mutations in their HIV-1 population, using >0.6% cutoff based on a comparative clonal
analysis of clinical isolates. Surprisingly, an equal fraction of the untreated and NVP-treated mother—infant
group had the K103N mutation in their HIV-1 population in the range of 0.6-5%. These findings suggest a
relatively high frequency of K103N mutation in the drug-naive, subtype A and D infected Ugandan popula-
tion as compared to the very low frequency of the Y181C and K70R mutation (<0.6%). The prevalence of
the K103N mutations may be related to its low fitness cost and high genetic stability. The persistence of these
mutations may reduce the effectiveness of subsequent NVP use in treatment or prevention of perinatal trans-
mission.

INTRODUCTION

MOTHER-TO-CHILD TRANSMISSION (MTCT) of HIV in re-
source-limited settings has been greatly reduced by the
implementation of short course antiretroviral therapy. More
than 10 years ago the AIDS Clinical Trials Group Protocol 076
demonstrated that zidovudine (AZT) given to the mother pre-
and intrapartum reduced MTCT by 70%." In 1999 the HIV Net-
work for Prevention Trials 012, performed in Uganda, found
that a single dose of the nonnucleoside reverse transcriptase in-

hibitor (NNRTI) nevirapine (NVP) resulted in a further 50%
reduction in MTCT when compared to a short course of zi-
dovudine (ZDV).>3 In this protocol, NVP was self-adminis-
tered by the mother at the onset of labor followed by a single
dose administered to the infant within 72 h of birth. Single-dose
nevirapine has subsequently been demonstrated to be effective
in a Ugandan community-based observational study conducted
apart from the clinical trials setting.* This treatment regimen
has wide applicability in resource-limited rural settings because
it is inexpensive, effective, simple to administer, and does not
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require a complex health care infrastructure. However, NVP re-
sistance mutations, typically identified in patients failing NVP-
containing treatment regimens,’ also emerged as a result of a
single NVP dose.® Nevirapine resistance mutations fade over
time in the absence of selection,”-8 but could remain in that pa-
tient’s virus population (or quasispecies) at a level elevated
above that present in the HIV-1 quasispecies of a drug-naive
patient.” Low level NVP resistance mutations will hamper fu-
ture treatments regimens with NVP due in large part to the rapid
reemergence of NVP-resistant virus.'® The recent finding that
single-dose NVP can compromise the efficacy of future NVP-
containing regimens'® has highlighted concerns about the use
of single-dose N'VP therapy in resource-limited settings where
nevirapine is one of few drugs available for long-term ther-
apy.10-12

Nevirapine resistance results from selection of one or sev-
eral mutations in the HIV reverse transcriptase.!3 The two most
prevalent NVP resistance mutations among all HIV-1 subtypes
investigated thus far are K103N and Y181C (subtypes A, C,
D)4 (subtype B).5 Rapid selection of NVP resistance is a con-
sequence of the high mutation rate of the HIV reverse tran-
scriptase combined with the long persistence (>2 weeks post-
treatment in the plasma of most women) of NVP in the body!>-16
and a low genetic barrier to NVP resistance. It is likely that
these mutations preexist at very low levels in the HIV quasi-
species of untreated individuals,'” but this has not been directly
demonstrated. A number of studies have detected resistance in
NVP-treated individuals by nucleotide sequencing and complex
chromatogram analysis.>!%!8 Studies of MTCT prevention with
NVP in Uganda have found that up to 25% of mothers may de-
velop detectable NVP resistance when evaluated at 6-8 weeks
postpartum by nucleotide sequencing.!® In addition, infants
have been found to harbor NVP resistance mutations. These
mutations may arise by transmission from the NVP-treated
mother or selection by a single dose of NVP in the infant.20

Nucleotide sequencing is a rather poor method for the de-
tection of low level polymorphisms in a DNA sequence and
typically is limited to >20% mutant to wild-type nucleotide ra-
tio in the HIV population. Genotypic assays of this kind involve
computational analysis of fluorescence intensity from DNA se-
quencer output,! although cloning prior to this step allows a
higher degree of sensitivity. The clinical significance of low
level drug resistance coupled with the low sensitivity of mod-
ern genotyping assays has represented a deficiency in our un-
derstanding of virus adaptation and possibly a handicap in ef-
fective infection management. Thus, a number of recent
investigations have employed other techniques directed to mea-
sure the low level genetic polymorphisms at specific sites. Two
preferred techniques include an oligonucleotide ligation assay
(OLA)??23 and allelic-specific polymerase chain reaction (AS-
PCR).?*25 Recent studies have now readily detected low lev-
els of NVP-resistant HIV-1 clones in the quasispecies of NVP-
treated, HIV-infected mothers of MTCT cohorts.?2027 NVP
resistance mutations have also been found in 2.1% of untreated
mothers in one study.?®

In this study, mothers and infants who were untreated or
treated with either short course AZT during late gestation, or
NVP prior to delivery, were recruited from postnatal clinics in
Kampala, Uganda. The HIV-1 DNA was extracted and ampli-
fied from these mother—infant pairs and then sequenced to de-
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termine HIV-1 subtype and to detect the dominant drug-resis-
tant mutation in the HIV-1 quasispecies (i.e., HIV-1 population
infecting each patient). We also employed a modified radiola-
beled OLA for the low frequency detection of the nevirapine
mutations Y181C and K103N or the AZT-resistant mutation
K70R in the patient’s HIV-1 quasispecies. The sensitivity of
the OLA was tested using various template controls containing
specific mutations in the HIV-1 subtype A and D backgrounds.
In addition, we performed HIV-1 clonal analyses from partic-
ular patient samples to verify an OLA sensitivity of 0.6% mu-
tation frequency. By using this highly sensitive and well-de-
fined OLA, it is quite clear that a majority of the NVP-treated
mother—infant pairs harbored NVP-resistant mutations at a low
frequency. However, we demonstrate here that the K103N is
already present at significant levels in the HIV-1 quaispecies
of drug-naive women in Uganda suggesting that the measures
of NVP resistance selection can often be overestimated in NVP-
treated cohorts if not appropriately controlled.

MATERIALS AND METHODS

Perinatal transmission cohort

HIV-infected Ugandan mothers and their infants were re-
cruited to this community-based observational study as pre-
viously described in detail.* Briefly, 109 women who had
received antiretroviral therapy to prevent perinatal HIV trans-
mission as part of a Ugandan Ministry of Health UNICEF/
Elizabeth Glazer Pediatric AIDS Foundation funded pilot pro-
gram were enrolled between June and October 2000. Each
woman received therapy at one of three hospitals located in
Kampala, Uganda. Treatment consisted of either a single dose
of 200 mg nevirapine at the onset of labor (n = 61) or a short
course of zidovudine (AZT) with 300 mg twice daily beginning
at 36 weeks of gestation continuing until delivery and 1 week
postpartum (n = 48). Infants of mothers participating in these
trials were given either a single dose of nevirapine syrup (2
mg/kg) within the first 72 h after birth or 1-2 weeks of oral
AZT twice daily (5 mg/kg). Infants were tested for HIV using
the Roche AMPLICOR MONITOR assay (Roche Diagnostics,
Indianapolis, IN). HIV infection was detected at 6 weeks in nine
infants of the NVP arm and in five infants of the AZT arm. An
antiretroviral (ARV) therapy-naive group of mothers (n = 90)
was recruited for comparison from three Kampala postnatal
clinics where ARV therapy was not yet available. Blood was
drawn from mothers and their infants at a mean of 38.5 weeks
postpartum. HIV infection was detected in 37 infants in the un-
treated group. Details of the samples utilized for this study are
described in the Results section. Informed consent was obtained
from all mothers prior to study enrollment. The study was re-
viewed and approved by the Institutional Review Boards at
Case Western Reserve University, Cleveland, OH, and by the
AIDS Research Sub-Committee in Uganda. Additional details
of this cohort are provided.*

Cell isolation and DNA purification

Blood (2 ml from infants and 5 ml from mothers) was col-
lected in EDTA vacutainer tubes from the study participants at
each clinic site and plasma was separated from cells by cen-
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trifugation at 1500 rpm for 10 min and stored at —70°C. Pe-
ripheral blood mononuclear cells (PBMCs) were isolated by Fi-
coll-Paque centrifugation. Proviral DNA was extracted from
lysed PBMC using the Qiagen DNA extraction kit. DNA was
resuspended in 50 ml of water and sequenced in Uganda (see
below) or transferred to Cleveland for OLA (see below) and to
measure viral DNA load on a subset of samples. HIV-1 viral
RNA load was measured on a subset of plasma samples using
the ultrasensitive RNA load assay from Roche Amplicor 1.5.
Results pertaining to the viral RNA and DNA loads were pre-
viously published.?® The remaining RNA was employed for
bulk OLA and previously published.?

Nucleotide sequencing and sequence analyses

For sequencing and further analysis, we were able to amplify
the RT coding region from 137 of the mother or infant PBMC
isolates. Characteristics of these individuals have been previ-
ously described.* HIV-1 proviral DNA was extracted from the
PBMC:s of the infected patient using the QIAamp DNA blood
kit (Qiagen). A region of HIV-1 pol corresponding to RT amino
acids 58-311 (nucleotide 2721-3482) was amplified by nested
PCR as previously described.3? Briefly, an external PCR reac-
tion was performed using sense primer RTS1 (5'-TAAA-
CAATGGCCATTGACAGAAGA-3') and antisense primer
RTA9 (5'-TAAATTTAGGAGTCTTTCCCCATA-3") followed
by an internal PCR using primers RTS2 (5'-TCAAAAAT-
TGGGCCTGAAAATCCAT-3") and RTA8 (5-GCTAT-
TAAGTCTTTTGATGGGTCAT-3"). Bidirectional population
nucleotide sequencing of RT was performed at the Joint Clin-
ical Research Center using a Beckman-Coulter DNA sequencer.
All sequences were manually edited and aligned using BioEdit
(Tom Hall, North Carolina State University). Nucleotide se-
quences reported in this study have been submitted to GenBank
under the accession numbers XXX-XXX (submitted but ac-
cession numbers not yet available).

A phylogenetic tree of the HIV pol sequences from each pa-
tient was constructed with PAUP* software.3! The significance
of the branching order was estimated by bootstrap resampling
of 1000 replicates. All sequences were analyzed for evidence
of intersubtype recombination using the RIP 2.0 program (avail-
able through the Los Alamos HIV Sequence Database,
www.hiv.lanl.gov). All sequences were compared to subtype
consensus sequences using a window size of 300 nucleotides.
Sequences that yielded evidence of intersubtype recombination
were subjected to further phylogenetic analyses for confirma-
tion.

Radiolabeled OLA

Our modified radiolabeled oligonucleotide ligation assay
was adapted from the method of Beck and Frenkel®? and has
been described in detail (M.S. Lalonde and E.J. Arts, unpub-
lished observations) (see Fig. 2). Briefly, PCR products were
generated (see above) and purified using the Qiagen PCR Pu-
rification Kit. Purified PCR products were resolved on agarose
and the DNA concentration was estimated by comparison to the
Bio-Rad Low Mass DNA Ladder using Kodak 1D gel analysis
software. Upstream oligonucleotide primers were radiolabeled
by incubating 100 pmol primer at 37°C for 10 min in a 100 ul
reaction containing 40 units Invitrogen T4 polynucleotide ki-
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nase (PNK), 100 pmol of 3000 Ci/mmol [y-3> PJATP (Perkin-
Elmer), and 20 ul 5X T4 PNK forward buffer (Invitrogen). Re-
actions were then incubated at 65°C for 10 min, placed on ice,
and extracted with phenol/chloroform/isoamyl alcohol
(25:24:1, Roche) and eluted from G-25 Sephadex columns
(Amersham). The ligation reactions were carried out using both
5 ng and 25 ng template PCR product for each sample. The lig-
ation reaction mixture also contained 1.5 pmol 3?P-radiolabeled
oligonucleotide, 2.5 units Ampligase DNA ligase (Epicentre),
20 mM Tris—HCl (pH 8.3), 0.07% Triton X-100, 0.8 mM DTT,
20 mM KCl, 8.3 mM MgCl,, and 0.83 mM NAD in 12 ul to-
tal volume. Reactions were subjected to 30 cycles of 93°C for
30 s and 37°C for 4 min, then stopped by the addition of 10 ul
buffer containing 0.1 M EDTA, 0.1% Triton X-100, 25% for-
mamide, 0.025% bromophenol blue and 0.025% xylene cyanol.
Ligation products were then separated from unligated oligos by
electrophoresis on a denaturing 10% polyacrylamide gel. Gels
were dried under vacuum at 80°C and visualized by autoradi-
ography and phosphorimaging.

OLAs were performed on 5 and 25 ng of patient PCR prod-
ucts with oligonucleotide sets specific for wild-type or mutant
sequences at position 70, 103, and 181. The amount of ligated
product was quantified by phosphorimaging analyses and then
related back to ligation products from HIV-1 clonal DNA of
varying quantities (0.25-50 ng) and known to contain specific
mutations or wild-type sequence. To establish these quantita-
tion controls, PCR products from patient samples MTA308 and
MTA333 (AZT-resistant, site 70), MTN207 and MTN207 (for
K103N, see Table 1), and MTN121 and INN131 (for Y181C,
see Table 1) were PCR amplified, cloned into pCR2.1-TOPO
vectors, and then sequenced. K70R-containing subtype A and
D clones were obtained from samples of a previous study on
drug resistance in Uganda.3°

Clonal OLA analysis

PCR products were generated as above for nucleotide se-
quencing using the TOPO cloning technique.’® Individual
colonies (100-500 X-gal blue colonies for each patient) were
then grown in 3 ml liquid LB medium with 100 ug/ml ampi-
cillin at 37°C for 16 h. Pools were generated by combining 150
ul of 20 different cultures, each representing a single clone from
the HIV proviral quasispecies (see Fig. 5). Pooled plasmid DNA
was isolated using a Qiagen plasmid purification kit. PCR am-
plification of pol-RT was then performed as described above
for nucleotide sequencing using the pooled plasmid DNA as a
template. PCR products were then diluted and OLA was per-
formed as described above. When OLA analysis of any 20-
clone pool resulted in a reading of >1% mutant (a positive
clone would be expected to yield a result of ~5% mutant), all
the individual clones from that pool were then subjected to sep-
arate OLA analyses to confirm the presence of individual clones
producing a positive OLA result in the pool. All OLA mutant-
positive clones were subjected to nucleotide sequencing to con-
firm the presence of NVP resistance mutations.

Quantitative PCR for PBMC HIV-1 DNA load

Real time PCR primers were generated as described pre-
viously.>* HIV-1 strong stop (SS) primers LTR1: 5'-GCCT-
CAATAAAGCTTGCCTGA-3" and LTR2: 5'-CTGAGGGAT-
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TABLE 1. IDENTIFICATIONS OF NEVIRAPINE RESISTANCE MUTATIONS IN THE INFECTED MOTHER OR INFANT SAMPLE

Percent in
NVP NVP quasispecies Site 103
Subtype resistance by resistance by OLA mutant codon
Patient in RT sequencing® by OLA® (K103N%, Y181C%) detected
MTUO001 A None K103N 1.0% AAC
MTU029 A None K103N 1.3% AAT
INUO036 A/D None K103N 0.6% AAT
MTUO037 A None K103N 0.7% AAC
MTAO039 A/D/A None K103N 1.3% AAT
MTU047 A None K103N 0.9% AAT
INU048 A None K103N 0.9% AAT
MTUO51 D None K103N 1.3% AAT
MTUO053 D None K103N 1.1% AAT
INUO058 A None K103N 1.8% AAT
MTUO059 A None K103N 1.3% AAT
INU060 A None K103N 1.3% AAT
MTUO065 D None K103N, Y181C 2.9%, 0.6% AAT
INU066 D None K103N 3.9% AAT
MTUO067 A None K103N 3.3% AAT
MTUO069 A None K103N 3.7% AAT
MTAO071 D None Y181C 0.0%.¢ 0.7% AAA
MTAO077 A/D/IA None K103N 2.9% AAT
MTUO081 A None K103N 3.5% AAT
INA094 D None K103N 0.8% AAC
INU100 D None K103N 0.6% AAC
MTU103 A None K103N 3.2% AAC
INU104 A None K103N 2.9% AAC
MTNI121 D None K103N, Y181C 0.9%, 0.6% AAC
INU129 A None K103N 2.1% AAT
INN131 A Y181C K103N, Y181C 8.0%, 61.1% AAT
INN133 A Y181C K103N 3.5% AAC
MTN148 A K103N K103N 98.5% AAT
INN149 A Y181C K103N, Y181C 86.5%, 99.9% AAT
MTN164 C None K103N, Y181C 1.3%, 52.3% AAT
MTN206 A None K103N 1.2% AAT
MTN207 A K103N K103N 44.6% AAC
MTN208 D None K103N, Y181C 1.3%, 63.5% AAT
MTN209 D None K103N, Y181C 2.0%, 5.6% AAT
MTN210 D Y181C K103N, Y181C 2.2%, 92.5% AAT
MTN213 A None K103N 0.6% AAC
MTN218 D Y181C K103N, Y181C 42.2%, 2.7% AAT
MTN219 D None K103N, Y181C 0.7%, 29.8% AAT
MTN224 A None K103N, Y181C 0.6%, 0.9% AAT
MTN226 A None K103N 1.1% AAT
MTN228 D None K103N, Y181C 2.2%, 3.8% AAT

2An NVP mutation was detected by sequencing only if the mutation was >30% above background on the chromatogram.

®An NVP mutation was detected by OLA if the mutation was >0.5%.

¢Sample MTAO71 harbored no detectable mutation at site 103.

CTCTAGTTACCAGAGTCA-3’ generated an 80-bp amplicon
to which probe LTRprobe 6FAM-AACAGACGGGCACA-
CACTACTTGAAGCA-TAMRA bound. Reactions contained
5 wl PBMC DNA extract, 12.5 ul 2X buffer (Applied Biosys-
tems; product #4302237), 3 uM each primer and 2 uM LTR-
probe in 25 ul. Reactions are subjected to 50°C for 2 min, then
95°C for 10 min followed by 40 cycles of 95°C for 15 sec and
60°C for 1 min. Data were collected on ABI 7700 Sequence
Detector and SDS 1.9 software (Applied Biosystems). All copy

numbers from samples were derived from real time PCR of the
standard control of the pHIV-1 pbs (10-107 copies). Based on
the variation in viral load estimates (published estimates
of £0.5 log) and in the reduced primer efficiency for non-
subtype B samples, we have estimated a range of 10-fold for
DNA viral loads. The primers and probes employed in this as-
say were developed for detection and quantitation of ssDNA
from subtype B and the sequence variation in the primers-probe
with the subtype A and D samples can be as high as 15%.
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RESULTS

Clinical characteristics on analyzed patient samples

All mothers and infants were recruited in postnatal clinics in
Kampala, Uganda at a mean of 8.7 weeks of infant age in the
NVP- or AZT-treated cohort and a mean of 38.5 weeks of in-
fant age in the untreated cohort.* For infants less than the 20
weeks of age, the perinatal transmission rate was 16% for both
the NVP- and AZT-treated mother—infant pairs and 48% in the
absence of any NVP or AZT treatment*. In this study, we ini-
tially screened for AZT and NVP resistance mutations by per-
forming sequencing on PCR-amplified DNA from PBMC ex-
tractions of 86 HIV-infected mothers (MT) and 51 HIV-infected
infants (IN). HIV-infected mothers were from untreated (MTU,
n = 41), AZT-treated (MTA, n = 10), or NVP-treated cohorts
(MTN, n = 35). Fewer samples from HIV-infected infants were
available from these pairs due to the transmission rates and pre-
vention by NVP and AZT intervention [37, 5, and 9 HIV-in-
fected infants from untreated (INU), AZT-(INA), and NVP-
treated cohorts (INN), respectively]. Radiolabeled OLA
analyses were performed on a subset of 107 samples to esti-
mate the levels NVP and AZT resistance mutations in the in-
fecting HIV-1 quasispecies. Clinical characteristics of the naive
and treated mothers—infants have been previously described.*
Although more patients samples are available in this study than
others, there is still insufficient numbers to provide statistically
significant differences in NVP resistance mutations among spe-
cific groups (e.g., with a specific subtype from a mother ver-
sus another subtype from infant) but still enough power to de-
scribe differences between treatment arms (e.g., lack of
treatment versus NVP treatment to prevent perinatal transmis-
sion).

Subtype analyses of the infected mothers and infants

A 762-nucleotide segment of RT (amino acids 58-311) was
PCR amplified from PBMC DNA of HIV-infected mother—in-
fant pairs. HIV-1 subtype was determined by aligning these
DNA sequences to published HIV-1 sequences and contructing
a phylogenetic tree. A neighbor-joining phylogenic tree with all
the HIV-1 sequences from the HIV-infected mothers as well as
from mother—infant paired sequences (sequential numbers for
infected pairs) was trimmed in Fig. 1 to show a representative
subset of the HIV-1 RT sequences in this cohort. As expected,
the majority of sequences clustered with either subtype A (n =
81;59%) or D (n = 39; 29%). A few HIV-1 RT sequences were
identified as subtype C (n = 4; 3%). Thirteen of the HIV-1 RT
sequences appeared to be intersubtype recombinants (9%).
These sequences were analyzed using the recombination iden-
tification program (RIP). The subtypes involved in the recom-
bined RT sequence and the approximate position of the break-
points are provided in the supplementary table. As an example,
a 300-nt bootscanning window revealed that the MTO039 se-
quence was an A/D/A HIV-1 recombinant with probable break-
points at approximately nt 2925 and another at nt 3274, whereas
the mother—infant pair MTU107 and INU108 harbored an A/D
HIV-1 isolate with a breakpoint at approximately nt 3237. None
of the intersubtype recombinants had either breakpoints match-
ing known circulating recombinant forms (CRFs) or those that
suggest classification of new CRF.
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Overall, there were 51 infected infants transmitted from 86
infected mothers in the untreated, AZT- and NVP-treated co-
horts but we found no evidence for preferential perinatal trans-
mission of specific subtypes (50, 3, and 24 mothers infected
with subtype A, C, and D transmitted to 29, 1, and 15 infected
infants, respectively). In addition, AZT or NVP did not appear
to preferentially block transmission of specific subtypes.

Drug resistance genotyping of the infected mothers
and infants

Each RT sequence was then analyzed for the presence of
possible mutations conferring drug resistance. Drug resistance
mutations were identified by manual inspection of the chro-
matograms and by analyzing the sequences with the Stanford
Resistance Surveillance v1.0 beta (http://hivdb6.stanford.edu).
None of the MT or IN sequences harbored any resistance mu-
tations to nucleoside RT inhibitors including AZT. In a previ-
ous study,? AZT-resistant mutations did not emerge in preg-
nant mothers treated with AZT for 10.5 weeks at the end of
gestation. The lack of dominant AZT resistance mutations in
our MTCT cohort was not surprising since any inability of AZT
to prevent perinatal transmission does not appear to be associ-
ated with a dominant AZT-resistant mutation in the infected
newborn or mother.

In contrast, dominant NVP-resistant mutations were ob-
served in 4 of 35 (11%) NVP-treated mothers and 3 of 9 (33%)
infected infant samples while no dominant NVP resistance mu-
tations were detected in untreated and AZT-treated mothers
(n = 51) or infants (n = 42). The NVP resistance mutations
were either K103N or Y181C, and not less frequent mutations,
e.g. 101P, 106A, 188L, 190A, or 230L mutations (Table 1).
These percentages of NVP-treated, HIV-infected mothers and
infants carrying NVP resistance mutations are lower than those
previously reported by Eshleman ef al.®! in an Ugandan co-
hort (25% in mothers and 46% in infants at 6-8 weeks postde-
livery). However, it is important to note that the study herein
was performed with PBMC DNA as opposed to plasma
RNA. 31 Recent studies have suggested that detection of NVP
resistance mutations by nucleotide sequencing (which gener-
ally has a detection limit of >20% of the HIV-1 population)
may underestimate the true percentage of NVP-treated mothers
and infants harboring low-level NVP resistance muta-
tions.”-26-27 However, these studies have not carefully examined
the level of resistance mutations in the HIV-1 quasispecies of
untreated individuals. To address these issues in both ARV-
treated and untreated mother—infant pairs, we modified an
OLA3® to employ radiolabeled primers for the low level detec-
tion and quantification of NVP- and AZT-resistant mutations.

Optimization and assessment of the radiolabeled OLA
for detection of low-frequency NVP- and
AZT-resistant mutations

Figure 2 provides a schematic of the OLA employed to de-
tect low level NVP (K103N or Y181C) or AZT (K70R) muta-
tions. AZT resistance can emerge with the appearance of sev-
eral mutations (e.g., M41L, D76N, K70R, T215Y, K219E) but
we selected for the K70R AZT-resistant mutation because it
emerges early during AZT monotherapy.3” Furthermore, pre-
vious reports3® and our data suggest that unlike NVP-resistant



240 TROYER ET AL.

CPZ.GA.CPZGAB
PP | O.CM.ANT70
0.CM.91.MVP5180
N.CM.95.YBF30

I H.BE.93.VI991
J.SE.93.SE7887
K.CM.96.MP535

B.US.83.RF
B.US.86.JRFL
B.FR.83.HXB2

B.US.90.WEAU160

D.CD.84.84ZR085
D.CD.83.NDK
Hhx D.CD.83.ELI
| D.CD.85.22Z6
_— MTA115

D.UG.94.94UG1141
D.UG.x.123108N
D.KE.MB2059

MTN121

sxx [~ MTU180
= INn181

MTN170

INN171
MTU136
INU137
D.KE.01.NKU3006
INU127
D.UG.92.HIM320484
MTU109

PP | F1.BE.93.VI850
F2.CM.95.MP257

MTN164
C.BR.92.
C.ET.86.ETH2220
C.BW.96.

C.IN.95.95IN21068
MTU156
INU157

G.NG.92.! 3
G.SE.93.SE6165
02 AG.CM.97.97CMMP807
02 AG.NG.IBNG

02 AG.SE.94.SE7812
A2.CY.94.94CY017 41
% A2.CD.97.97CDKTB48
A2.CD.97.97CDKFE4
A1.KE.93.Q23 17
MTU111
A1.UG.92.92UG037

subtype D

subtype C

Cc C/D

subtype A

MTU154
Total cohort —— "~ MTU166

n=137 1 A1.UG.x.132685M

ccC/D c C/D

A1.UG.x.146922V
MTA174

Mothers Infants
n=286 n=51

0.1
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hort. The pie chart on the top contains the percentages of subtypes and recombinant forms for the entire cohort and on the bot-
tom, the pie charts for mothers and infants independently.
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FIG. 2. Schematic of the radiolabeled oligonucleotide ligation assay. (A) An illustration of the reaction catalyzed by the cy-
cling DNA ligase. In the top flow chart of this panel, the radiolabeled upstream oligonucleotide (70 < DM1) has a discriminat-
ing base at the 3’ end that base pairs with only the mutant nucleotide on the template (i.e., AZT-resistant codon K70R). The up-
stream oligonucleotide simply anneals to the template and acts to create a single-stranded break in a double-stranded DNA
segment. If there is a mismatch within 2 nt of this single-stranded break, ligation cannot occur. In contrast, complementarity at
the discriminating base in the upstream oligonucleotide will permit ligation. The free radiolabeled probe can be discriminated
from the ligated product on a 10% denaturing polyacrylamide gel. (B) An example of the downstream and upstream oligonu-
cleotides employed for detection of the wild-type and mutant codon 70 sequence. Sample subtype A and D HIV-1 RT sequences
are aligned around site 70 at the bottom of this panel. The uracils were introduced to maintain base stacking interactions at sites
of heterogeneity in the HIV-1 template and to base pair with the deoxyadenosine and deoxyguanine bases (in the “~” sequence
that pairs with the OLA oligonucleotides). When diversity in a position was limited to only A and G in the “+” sequence, de-
oxyinosine was employed because it can base pair with deoxycytosine and deoxythymidine (in the “-~” strand). (C) All of the
OLA oligonucleotides used in this study and the position of the nonstandard bases. Site 70, 103, and 181 codons are highlighted
in each oligonucleotide.

mutations, AZT-resistant mutations rarely emerge in mother—
infants receiving short course AZT treatment. Thus, it is likely
that AZT resistance mutations including K70R will still be less
than our limits of detection for low-frequency polymorphisms.
In contrast, the NVP-resistant mutations K103N and Y181C
rapidly emerge in HIV-infected individuals failing NVP-con-
taining treatment regimens®® and in NVP-treated, HIV-infected
mother—infant cohorts.”!?

For detecting the Y181C or K70R wild-type/mutant amino
acid, an upstream oligonucleotide harbors the wild-type/mu-
tated nucleotide and a 3°P label at the 5 end (Fig. 2). The down-
stream oligonucleotide anneals to the template region just
downstream of the mutation (Fig. 2). If the 3’ terminal base of
the upstream primer can pair with the template base (e.g., the
wild-type 181Y codon in the PCR product), the upstream and

downstream oligonucleotides will be ligated together following
addition of the thermostable DNA ligase (Fig. 2A). The radio-
labeled ligated product (43-53 nt) and the free upstream oli-
gonucleotide (22-26 nt) are then separated and quantified by
denaturing PAGE and phosphorimaging (Fig. 2A, Materials and
Methods). For K103N detection, the upstream oligonucleotide
has the discriminating nucleotide at the 3’ end and a 3P label
at the 5’ end. The downstream oligonucleoide is common. We
have recently described the optimization of this ligation assay
by varying the cycles, template input, salt concentration, probe
concentrations, and ligase input.?®

OLA has a distinct advantage over other methods for low
level mutant frequency detection (e.g., allelic specific PCR)
in that the ligase reaction is only dependent on perfect com-
plementarity within 2 nt of a single strand break in double-



242

stranded DNA. Outside of this 4 nt window, reduced com-
plementarity between the oligonucleotide probe and template
has relatively minor effects on ligation efficiency.*? However,
considerable sequence diversity may reduce oligonucleotide
annealing and must be accommodated. OLA has been used
for the detection of drug-resistant mutations in diverse sub-
type B HIV-1 isolates found in North America and.?>-36:41.42
In Uganda and other east African countries, subtype A, C, D,
and recombinant forms cocirculate and are quite genetically
distinct such that subtype B probes are not appropriate for
OLA, as previously described.*> As a result, our sets of up-
stream and downstream oligonucleotides were designed to ac-
commodate the genetic diversity adjacent to the drug resis-
tance mutations for subtypes A and D. Unnatural
deoxynucleotides were incorporated into the oligonucleotide
at sites that were heterogeneous in subtype A and D HIV-1
RT sequences (Fig. 2B). For example, the site 70 (70) up-
stream (<) discriminating (D) wild-type 1 (WI) and mutant 1
(M1) oligos (i.e., 70 < DWI or 70 < DM1) have deoxyuracil
substitutions that correspond to pyrimidine T or C hetero-
geneity at positions 2735, 2750, and 2753 (respectively) in
subtype A and D RT sequences (Fig. 2B). At RT position
2735, all four bases are observed such that deoxyuracil in the
oligonucleotide could adequately base pair with A or G or
simply preserve base stacking interactions. Although the re-
sulting U-T and U-C base pairs contribute little stability via
H-bonding, these pairs preserve pi ring system interaction with
minimal duplex contortion such that ligase loading is not in-
hibited.** The 70 (70) downstream (>) common 1 (CI) and
common 2 (C2) oligos (i.e., 70 > C1 and 70 > C2) have two
deoxyinosine substitutions at oligo positions 7 and 16. Dex-
oyinosine preferentially pairs with deoxycytosine, but can also
adequately pair with thymidine,* i.e., the two bases found at
sites 2765 and 2774 in the RT coding region (Fig. 2B). Thus,
we could accommodate most nucleotide diversity in RT us-
ing nonstandard bases in our oligonucleotide sets.

To test the specificity and discriminating ability of this
modified OLA, we employed cloned DNA harboring a wild-
type or mutant sequence at position 70, 103, and 181 (see
Materials and Methods) (Fig. 3). A linear increase in ligation
efficiency was observed over the template input range from
0.25 to 12 ng. The amount of ligation product reached a
plateau at 18, 25, and 35 ng, then decreased slightly when
the template input exceeded 35 ng. The oligonucleotides used
to detect the mutant C181 sequence were also employed for
OLA with the wild-type template (Y181) as a measure of
background ligation. In this case, minute background levels
of ligation product were observed with greater than 25 ng of
wild-type template (Fig. 3). Similar specific and background
OLA results were obtained with oligonucleotides detecting
the mutant or wild-type 181 sequence (respectively) on a mu-
tant C181 template (Fig. 3). The specificity and discriminat-
ing ability of OLA for detection of K103N and K70R were
similar to that observed at the 181 position (data not shown).
Specific background ligation ratios were typically greater
than 1000:1 (Fig. 3) and well below our set limits of detec-
tion. With each set of analyses described below, background
ligation products with 3 and 12 ng of template were quanti-
fied and subtracted from the amount of correct ligation prod-
uct (see Materials and Methods).
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FIG. 3. Analysis of background ligation when detecting the
wild-type and mutant codons at site 181. Clonal pCR2.1 vec-
tors with HIV-1 RT nucleotide sequences from patient samples
INN131 (C181 mutant; subtype A) and MTN121 (Y181 wild-
type; subtype D) were PCR amplified and analyzed by OLA.
The products (0-50 ng) were added to oligonucleotide ligation
assays using the 181 > C1 common with the 181 < DW1 wild-
type or 181 > DMI1 mutant discriminating oligonucleotides.
The Y181 wt template with the probe 181 < DM1 or the C181
mut template with the 181 < DW1 provides the background for
these assays. For all subsequent analyses, 25 and 5 ng PCR
product was probed by OLA to determine the amount of wild-
type and mutant sequence. A full description of the calculations
is provided in Materials and Methods.

Establishing OLA and appropriate clinical cutoffs for
the detection of low-frequency NVP- and AZT-resistant
mutations in the HIV-1 quasispecies

A panel of patient OLAs for the detection of K103N, Y181C,
and K70R is shown in Fig. 4. For all patient sample analyses,
5 and 25 ng of the PCR-amplified DNA were used in an OLA
reaction mixture with either the mutant or wild-type discrimi-
nating oligonucleotide pairs. Ligations on the control templates
(0-35 ng) provided either the background or y-value for a plot
of the specific products versus template copy number (M.S.
Lalonde and E.J. Arts, unpublished observations). From the re-
sulting exponential equations, we could calculate the propor-
tion of mutant and wild-type sequence at codons 70, 103, and
181 within the patient sample. For mutation K103N, two nu-
cleotide substitutions in the codon (AAA changed to AAT or
AAC) can encode the aspargine. Thus, the percentage of N103
in the patient quasispecies (virus population) was the copy num-
ber of ligated mutant 1 and mutant 2 products divided by the
copy number of the total ligated products (including the wt lig-
ated products) (Fig. 4A). For mutation K70R, OLA was per-
formed using oligonucleotides specific for two wild-type and
two mutant codons at position 70 (Fig. 4C).

In nearly all samples from untreated, AZT-treated, or NVP-
treated mothers or infants, we could detect K103N and some-
times Y181C, but the mutation frequency in the quasispecies was
often less than 0.6%. Previous studies using allelic-specific PCR
suggest a sensitivity as low as 0.01% but would require the in-
put of at least 10,000 RNA copies into the assay from at least
250 ul of plasma (with a viral load >40,000 copies/ml).° Al-
though this low percentage was also achieved by our radiolabeled
OLA, we sampled, PCR amplified, and then performed OLA on
approximately 10 ul DNA from PBMCs, which harbor viral
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FIG. 4. Determining the percentage of K103N, Y181C, and K70R by OLA in the HIV-1 quaispecies from a subset of patient
samples. OLA was performed on controls (left in the figure) and a subset of patient samples (right gray box) using the mutant
and wild-type probes for site 103 (A), site 181 (B), and site 70 (C). The percentage of these mutations in the patient quasispecies
was calculated based on the OLA standards and is provided at the bottom of each panel. It is important to note that two differ-
ent transversion mutations confer the K103N change (requiring the mutl and mut2 OLAs in panel A) but only one transition mu-
tation confers the Y181C change (one mut OLA in B). At site 70, two wild-type codon (wtl and wt2 in C) and two mutant codon
(mutl and mut2) sequences are possible for transition mutations and the K70R codon change.

DNA loads of <2000-139,500 copies/ml.*® Table 2 provides the
estimated DNA viral load for 44 of 107 PBMC samples. The
DNA viral load were typically 10- to 100-fold higher than the
copy number needed for the estimated OLA mutant frequency.
Due to limited sample volumes, we performed thorough empir-
ical tests to determine the cut-off on clinical samples. First, we
mixed known quantities of wild-type and mutant HIV-1 clonal
DNA, performed OLA, and found that the OLA-derived mutant
to wild-type ratios matched the actual input ratios.?> However,

this measure of sensitivity is still artificial because it does not in-
clude all of the elements present in extracted patient samples in-
cluding nucleic acids and does not account for the HIV-1 se-
quence heterogeneity of the patient samples (not found in clones).
Thus, we selected 13 clinical samples for thorough clonal OLA
analysis with K103N or Y181C ranging from undetectable to
98.5% (as determined by bulk OLA; Fig. 4).

Samples with high percentages of K103N or Y181C muta-
tions (>30% by bulk OLA) in the patient quasispecies were
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TaBLE 2. VIRAL DNA Loap AND OLA MUTANT FREQUENCY
IN PBMC SaMPLES

DNA
Patient copies/ml KI103N Yi8ic
sample (X 103) (%) (%)
MTUO037 4.2-42 0.7 02
MTAO039 51-505 1.3 0
MTU047 3.8-38 0.9 0
INU048 6.0-60 0.9 0
MTUO51 40-402 1.3 0
INUO58 47-467 1.8 0
MTUO059 52-520 1.3 0
INU060 14,577-145,773 1.3 0
MTUO065 111-1106 2.9 0.6
INU066 219-2186 39 0
MTUO067 8.4-84 33 0
MTU069 21-209 3.7 0
MTAO071 11-105 0 0.7
MTAO077 64-645 2.9 0
MTUS81 259-2588 0 0
INA094 35-354 0.8 0
INU100 3.9-39 0.6 0
MTU103 10-102 32 0
INN120 52-525 0 0
INU129 16-160 2.1 0
INN131 0.5-4.5 8.0 61.1
MTN148 2.8-28 98.5 98.5
MTN162 55-554 0 0
INN163 58-582 0 0
MTNI164 2.1-21 1.3 52.3
MTN168 4.7-47 0 0
INN169 14-137 0 0
MTN203 5.8-58 0 0
MTN204 9.1-91 0 0
MTN206 1.6-16 1.2 0
MTN207 7.2-72 44.6 0
MTN208 22-225 1.3 63.5
MTN209 7.1-71 2.0 5.6
MTN210 5.4-54 2.2 92.5
MTN211 5.5-55 0 0
MTN213 17-173 0.6 0
MTN215 0.5-4.6 0 0
MTN216 5.7-57 0 0
MTN217 0.8-7.5 0 0
MTN223 33-333 0 0
MTN224 139-1395 0.6 0.9
MTN225 6.7-67 0 0
MTN226 34-34 1.1 0
MTN228 0.6-5.9 2.2 3.8

20% represents less than the lower limit of OLA detection or
<0.6%.

PCR amplified, cloned into the pCR2.1 vector, and then
screened by DNA sequencing or OLA. For select samples har-
boring 3.8%, 0.6%, and 0.1% K103N mutation frequency, 200,
500, and 1000 clones (respectively) were screened by OLA. For
the initial screening, 20 bacterial colonies (containing the RT
clones in pCR2.1) were separately propagated and pooled prior
to plasmid purification. Pools of 20 RT plasmids were then
screened for >5% K103N mutation frequency by OLA, i.e.,
more than one K103N-positive clone represents a detection 50-
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fold above background. We screened 10, 25, and 50 pools of
20 clones to test the predicted 3.8, 0.6, and 0.1% K103N fre-
quency (as performed by OLA on bulk PCR products). Posi-
tive pools were confirmed by performing OLA on each clone
in the pool. At least one OLA-postitive clone was found in the
pool, suggesting the presence or one more K103N-positive
clone (Fig. 5). Sequencing confirmed the presence of the spe-
cific mutation in the clone. A strong direct correlation was ob-
served between actual K103N mutants within a patient sample
as compared to the estimated K103N mutant frequency deter-
mined by OLA on the bulk PCR-amplified product from the
patient sample (r > 0.97, p < 0.0001; Fig. 5). We did not de-
tect KI03N in 50 pools of 20 clones (a total of 1000 clones)
sampled from patient MTN217 (0.1% by OLA on the bulk PCR
product). However, we did confirm the presence of 25 K103N
clones by screening 500 in the MTN213 patient sample (0.6%
by bulk OLA). We found a direct and significant correlation
when comparing the estimated drug resistance frequency in the
population (by bulk OLA) with the actual clonal frequency (by
sequencing or by OLA on individual clones) (Fig. 5). The equa-
tion of the line for this relationship was ycionat freq. = 1.01 +
0.85xpuik ora (r = 0.97, p < 0.0001; Pearson product moment
correlation). Based on these analyses and our limit of detection,
we set our cut-off at 0.6% for the detection of drug resistance
mutation by bulk OLA. However, it should be noted that this
value can fluctuate based on the set of oligonucleotides em-
ployed for probing different drug resistance mutations.

Estimating the frequency of NVP- and AZT-resistant
mutations in mothers and infants of an MTCT study

Based on the detection limits, estimates of K70R, K103N,
and Y181C in the quasispecies were derived from radiolabeled
OLAs on 107 patient samples (48 untreated, 15 AZT treated,
and 44 NVP treated) (Fig. 6). For example, patient sample
INN131 harbored 7.8% K103N (AAT codon) (Fig. 4A). Use
of OLA increased detection of NVP resistance mutations in
NVP-treated mothers to 15 of 35 (43%) as compared to 3 of 35
(9%) identified by nucleotide sequencing (Fig. 6E). Patients in
the untreated, NVP-treated, and AZT-treated arms were subdi-
vided into three groups based on the frequency of specific mu-
tations in the quasispecies (<0.6% or undetectable, 0.6-5% or
low, >5% or moderate/high in intrapatient HIV-1 populations)
(Fig. 6A-D). The K103N mutation was found at low frequen-
cies in the mother and infant samples in NVP, AZT, or un-
treated mother/infant samples (Fig. 6A). For example, 24 of the
63 untreated or AZT mothers/infants (38%) had low levels of
K103N mutation (0.6-5% in population) (Fig. 6A). However,
none of the untreated or AZT-treated mothers and/or infants
had moderate to high levels of K103N (>5% in population) in
comparison to 5 of 44 (9%) NVP-treated participants (Fig. 6A).
Only 2 of 63 untreated or AZT-treated participants had low to
high levels of Y181C, suggesting that this mutation is rarer in
the HIV-1 quasispecies (Fig. 6B). Enrichment of the Y181C
mutation was more pronounced in the NVP-treated group hav-
ing 9 of 44 NVP-treated participants (21%) with moderate to
high levels of Y181C in the quasispecies (Fig. 6B).

In some instances, both K103 and Y181C mutations may
have emerged in the same patient sample. Thus, we subdivided
the analyses and found that 9 of 44 NVP-treated mother sam-
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ples harbored moderate to high levels (>0.6%) of both muta-
tions in their HIV-1 populations (Fig. 6D). In other words,
NVP-treated patients infected with a subtype A or D virus, who
harbored detectable Y 181C mutations, also had the K103N mu-
tation in their HIV-1 population. There were, however, nine ad-
ditional NVP-treated patients with subtype A or D infections
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who harbored only the K103N mutation, suggesting again that
K103N is found at higher frequencies and, in some instances,
independent of NVP treatment. Only 1 of 63 untreated or AZT-
treated participants harbored both K103N and Y181C NVP-re-
sistant mutations in their quasispecies (Fig. 6D). Finally, none
of the 15 AZT-treated patients had any detectable level of the
AZT-resistant K70R mutation (Fig. 6C), suggesting that the
K103N and Y181C NVP-resistant mutations had a lower ge-
netic barrier and/or lower fitness cost than the AZT-resistant
K70R mutation.

We next determined if the appearance of K103N or Y181C
was associated with an infecting HIV-1 subtype. NVP-resistant
mutations were present above the 0.6% detection threshold in 47%
of NVP-treated, subtype D-infected participants and 38% of NVP-
treated, subtype A-infected participants (Fig. 6E). While this per-
centage difference is minimal, there was a distinct difference be-
tween subtypes in the particular mutations present. Of seven
NVP-treated subtype D-infected participants with NVP resistance,
seven had detectable levels of both K103N and Y181C (Fig. 6E).
In contrast, only 3 of the 10 subtype A-infected, NVP-treated par-
ticipants (with NVP resistance mutations) had detectable levels of
both mutations, with the remaining seven harboring K103N only
(Fig. 6E). As described above, nine subtype A-infected, NVP-
treated patients harbored the K103N mutation at low levels
(0.6-5%) in the absence of Y181C, suggesting that this mutation
may be quite common within the HIV-1 subtype A genetic back-
ground. In contrast to differences in NVP resistance mutations as-
sociated with subtype, there was an equal proportion of mother
and infant samples harboring K103N, Y181C, or both mutations
at low frequencies (Fig. 6E).

DISCUSSION

A single dose of NVP given to HIV-infected mothers dur-
ing labor and to infants within the first 72 h after birth has suc-

-
-

FIG. 5. Clonal analyses of HIV-1 from patient samples to es-
tablish the sensitivity of OLA. The sensitivity of OLA to esti-
mate low-frequency mutations in a PCR product derived from
patient PBMCs was examined by using clinical samples with
known frequencies of K103N and Y181C in the HIV-1 quasi-
species. (A) A schematic of the clonal analysis procedure. PCR
products of the RT fragment (839 bp) from 13 patient samples
were cloned into the pCR2.1 vector. Approximately 10-20 bac-
terial clones were then directly screened by DNA sequencing
when the mutant percentages were measured at >10% by OLA.
For samples with very low mutant content by OLA, 200-1000
pCR2.1-RT clones were screened in pools of 20 bacterial
colonies. (1) Each colony was grown in a separate LB-amp
broth culture and then (2) 20 were combined to (3) purify the
pooled plasmids. (4) Purified pooled plasmids were amplified
by RT-specific primers and subjected to (5) OLA. Identifica-
tion of a positive pool (>5% or at least 1 in 20 clones) led to
(6) PCR amplification of the 20 individual clones followed by
(7) separate OLA analyses. Positive K103N or Y181C clones
from this OLA were confirmed by (8) DNA sequencing. The
actual frequency of mutant K103N or Y181C clones in the HIV-
1 quasispecies was then plotted against the estimated frequency
determined by OLA on the bulk PCR product from that patient
sample (B).
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cessfully prevented 80-90% of perinatal HIV-1 transmissions.*
Infection of infants does continue postnatally due to the lack of
continued antiretroviral intervention in the mothers and HIV
transmission from breast milk. Nonetheless, this single dose can
also select for resistance in both mothers and infected infants.
It is still not clear if NVP resistance facilitates and/or contrib-
utes to the remaining 10-20% of the perinatal infections.*”48
However, previous reports suggest that different NVP resistance
mutations are often selected in the NVP-treated mothers and in-
fants.® Furthermore, several studies have now detected low-
level NVP-resistant mutations in the HIV-1 quaispecies of both
HIV-1-infected mothers and their infants.>-2%27 Again, the im-
pact of even low-level NVP resistance on perinatal transmis-
sion of HIV-1 has been difficult to gauge due in part to the
availability of paired mother—infant samples and the laborious
techniques required to screen for these low-frequency poly-
morphisms. Finally, the background of NVP resistance muta-
tions in the HIV-1 quasispecies of untreated, infected mothers
and their infants has not been determined.

In this study, we have screened for NVP and AZT resistance
mutations in 86 HIV-1-infected mothers and 51 of their infants
infected by perinatal transmission. Sequence analyses revealed
that only 11% of the NVP-treated infected mothers and 33% of
their NVP-treated infected infants harbored dominant K103N
and/or Y181C NVP-resistant mutations. This percentage of
NVP resistance mutations in the NVP-treated mothers was less
than the 15-32% previously reported.!%!8:1° Discrepancies be-
tween these findings are likely due to the time of sampling,
which was ~1-2 days postdelivery for some studies and, on
average, 6—8 weeks of the infant age for this study. In addition,
this study employed PBMC DNA as opposed to plasma
RNA!®1819 (o detect these low-frequency polymorphisms.
Nonetheless, we recently reported that NVP resistance muta-
tions are more easily detected in PBMC DNA as compared to
plasma RNA.?° This may be due to incomplete converstion of
RNA to DNA during the reverse transcription step and prior to
PCR.?° This difference also suggests that much of the NVP-re-
sistant virus may have emerged in the mother, was transmitted
to the infant, but did not establish infection. Regardless, we did
not find a single NVP-treated, HIV-infected mother—infant pair
in which both mother and infant harbored the same NVP re-
sistance mutation by dominant sequencing. This observation
was also corroborated with OLA results. Out of 28 mother—in-
fant pairs, there were only five cases in which both mother and
infant harbored the same mutations (all were 103 mutants) by
the more sensitive bulk OLA method. Four of these pairs were
untreated. In the remaining nevirapine-treated pair
(MTN148-INN149), both mother and infant harbored high lev-
els of K103N in the HIV-1 quasispecies. These results support
previous observations suggesting that NVP resistance may not
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necessarily contribute to cases in which NVP failed to prevent
perinatal transmission.®

The fading of drug-resistant clones into the HIV-1 quais-
pecies of an HIV-1-infected patient can now be examined by
several techniques®20-274930 and does not require the laborious
and expensive DNA sequencing of many clones. In this study
we employed a modified OLA to determine the percentage of
NVP-treated mothers and their infants that harbored low levels
of NVP-resistant clones in their HIV-1 quasispecies. OLA in-
volves a cycling, thermostable ligase joining two oligonu-
cleotides abutting a specific mutation site and annealed to a de-
natured PCR product. OLA was employed as opposed to other
techniques such as allele-specific PCR or real-time PCR due to
selectivity for specific mutations, higher throughput, and low
background. Although allele-specific PCR is more sensitive
than the standard OLA, HIV-1 sequence diversity adjacent to
the mutation site affects PCR efficiency more so than the oli-
gonucleotide ligation reaction. Ligation by the thermostable
DNA ligase is dependent on Watson—Crick base pairing only
within a 4 nt window at the single-stranded break of double-
stranded DNA. HIV-1 sequence variation outside of this 4 nt
window does not affect the specificity of the ligation reaction,
whereas this same variation could reduce amplification effi-
ciency using allelic-specific PCR and skew the estimate of mu-
tation frequency. To further avoid the impact of sequence vari-
ability on the annealing of the OLA oligonucleotides, we
optimized the upstream and downstream oligonucleotides by
introducing uracil and inosine deoxynucleotides to accommo-
date the sequence variation adjacent to the drug resistance mu-
tation site. These nonstandard bases did not affect the speci-
ficity or kinetics of the ligation reaction but did allow for
increased detection of K70R, K103N, and Y181C mutations in
both subtype A and D templates. Interestingly, we were able to
detect mutations in sample MTN164, which is subtype C. Al-
though we are confident in our findings, we hesitate to claim
that our probes are optimal for all subtypes in light of previous
reports.*> We have recently designed a new set of oligonu-
cleotides for subtype C and suspect that a combination will be
required for OLA to cover group M diversity.

Through the use of radiolabeled upstream oligonucleotides,
the sensitivity of the OLA was increased to that reported by the
allelic-specific PCR technique. However, we placed special em-
phasis on determining the actual cutoffs of this OLA. The per-
centage of mutant detection by OLA on the bulk PCR product
was compared to the identification of these mutations in the ap-
propriate number of clones from patient samples. For an OLA
reading of 0.1% K103N, we screened 1000 clones from that pa-
tient sample and were unable to identify a single K103N-posi-
tive clone. In contrast, the sample with 0.6% K103N, as deter-
mined by bulk OLA, had 25 K103N clones in 500. We set our

-

FIG. 6. Comparing the frequencies of NVP resistance mutations K103N and Y181C or the AZT resistance mutation K70R in
untreated, NVP-treated, or AZT-treated HIV-1-infected mother—infant pairs from Uganda. The percentages of patients with de-
tectable K103 (A), Y181C (B), K70R (C), and K103N + Y181C (D) in the HIV-1 quasispecies. Patients are subdivided into the
untreated (black bar), NVP-treated (white bar), or AZT-treated (gray bar) groups. (A—C) The percentages of the K103N or Y181C
mutant clones in HIV-1 quasispecies were subdivided as undetectable (0-0.6%), low (0.6-5%), and moderate to high (5-100%)
and (D) was subdivided into <0.6% and >0.6% of both K103N and Y181C in the HIV-1 population of NVP-treated (hatched
bar) or untreated/AZT-treated patients (dotted bar). The frequencies of NVP resistance mutations (<0.6% or >0.6%) (E) in NVP-
treated mother and infant infections and in NVP-treated subtype A and D infections are shown.
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limit of bulk OLA detection to 0.6% after the specific identifi-
cation of the positive drug resistance clones in the patient pop-
ulation estimated at different frequencies by bulk OLA. It is
important to note that this type of cutoff has not been estab-
lished with other techniques employed to measure low-fre-
quency mutations.

In this study, we sampled the archived HIV-1 population
present in patient PBMC DNA. There is considerable debate as
to the impact of free virus reservoir versus an archived provirus
reservoir. Previous studies would suggest that the NVP-resis-
tant virus, archived or quiescent in PBMCs, could be more dif-
ficult to eliminate and may be more problematic with any sub-
sequent treatment with NVP. Nonetheless, virus in the plasma
is more representative of the circulating virus population, of the
current genetic diversity, and existing frequency of specific
drug-resistant mutations.

Using OLA, NVP resistance mutations could now be de-
tected in 43% of NVP-treated, HIV-infected mothers and 33.3%
of their infants. Previous studies have also identified low level
NVP-resistant mutations in the HIV-1 quasispecies of NVP-
treated mothers and their infected infants.!429-28 However, these
previous studies did not compare the NVP-resistant mutation
frequencies in NVP-treated as compared to untreated HIV-in-
fected mother—infant pairs. We found that regardless of treat-
ment, over 35% of HIV-infected mothers and infants harbored
K103N at a frequency of 0.6-5% in their quasispecies (20/48
untreated, 5/15 AZT treated, 13/44 NVP treated). NVP-treated
as compared to untreated mothers—infants were more likely to
have quasispecies with >5% K103N HIV-1 clones, but this was
a relatively small percentage of NVP-treated patients (5/44 or
11.4% of the treated patients). The remaining 69 HIV-infected
mothers and infants (regardless of treatment) had less than 0.6%
K103N in their HIV-1 quasispecies. Y181C, the other domi-
nant NVP-resistant mutation, was rarer in the quasispecies.
Only one patient from the untreated group harbored low level
Y181C (0.6-5%) as well as one patient from the AZT-treated
group and four patients from the NVP-treated group. Sixteen
percent (7/44) of NVP-treated patients had moderate levels of
Y 181C-containing clones in the quasispecies (>5%). Finally,
none of the AZT-treated or untreated HIV-infected mothers and
their infected infants harbored any K70R clones in their quasi-
species. As described earlier, K70R is typically the first resis-
tance mutation that emerges during AZT monotherapy.

The OLA results provide some insight into the genetic sta-
bility of drug resistance mutations in the quasispecies of HIV-
1 subtype A and D isolates. Genetic stability may be related to
a genetic resistance barrier (number of transition and transver-
sion mutations required for the nonsynonymous codon change)
as well as the fitness of HIV-1 subtype A or D clones with these
mutations. In the untreated HIV-1-infected population, the
K70R appears to be the least genetically stable followed by the
Y181C and K103N mutations. The AZT-resistant K70R muta-
tion significantly reduces the in vitro replicative fitness of sub-
type B HIV-1 isolates®'>? whereas the K103N appears to have
a minimal replicative fitness cost.>>>* Considering the fitness
cost of Y181C is likely somewhere between that of K70R and
K103N,325%35 the prevalence of these mutations in the un-
treated subtype A and D HIV-1 population (K70R < Y181C <
K103N) reflects the in vitro replicative fitness/capacity of
HIV-1 clones harboring these mutations (K70R < Y181C <
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K103N). These fitness analyses were based on an HIV-1 sub-
type B backbone, but recent studies by our group suggest that
subtype A and D isolates harboring these resistance mutations
show a similar order in replicative capacity (Nankya and E.J.
Arts, unpublished data). Finally, a genetic barrier to resistance
based on differential mutational pathways is unlikely since the
A to G hypermutations observed with HIV-1°¢ would favor the
appearance of K70R or Y181C (both requiring an A to G tran-
sition mutation) over the appearance of the transversion muta-
tions required for K103N change.

In this study, we classified 137 HIV-1 RT sequences into
subtype A (59%), C (3%), and D (29%). Another 9% were in-
tersubtype A/D, A/D/A, or C/D/C recombinants in the RT gene.
As observed previously,’” NVP resistance mutations were iden-
tified more frequently in subtype D- than in subtype A-infected
Ugandans. Studies have been recently initiated in Uganda to
determine if NVP resistance emerges more rapidly in subtype
D- than in subtype A-infected individuals treated with NVP-
containing regimens.3® Interestingly, we observed a higher
background level of K103N clones in the quasispecies of sub-
type A- as compared to subtype D-infected, untreated partici-
pants. Although K103N emerges in subtype A- and D-infected
patients treated with NVP,3%38 the rate of emergence during
treatment has not been investigated. It is possible that the
K103N mutation is more stable and fit in the RT of subtype A
HIV-1 isolates than of subtype D isolates. Studies to analyze
the fitness impact of K103N and Y181C mutations in subtype
A, C, and D HIV-1 backbones are currently underway.

In summary, NVP treatment of HIV-1-infected mothers dur-
ing labor and their infants 72 h after birth selects for NVP re-
sistance mutations, which can be identified at 6 weeks post-
treatment/delivery in both mothers (43%) and infected infants
(33%). Resistance selection due to NVP treatment does not ap-
pear to be associated with transmission considering the lack of
congruency with the K103N and/or Y181C in the mothers and
their infected infants. However, the most significant finding of
this study was that the background levels of K103N and Y181C
in HIV-1 quasispecies of untreated patients were surprisingly
high, i.e., 41.7% of the untreated mothers and infants had ei-
ther K103N or Y181C in their HIV-1 population at greater than
0.6%. These results suggest that the “selected” NVP resistance
mutations in the quasispecies of NVP-treated mother—infant
pairs may have been overestimated in previous studies.
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