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Acquisition of nevirapine (NVP)-resistant human immuno-
deficiency virus type 1 (HIV-1) by breast-feeding infants after
receipt of single-dose NVP to prevent mother-to-child trans-
mission is not well defined. A prospective observational study
of 307 infants evaluated the rate of breast milk transmission
of NVP-resistant HIV and the concentrations of mutants
over time. NVP resistance was detected in 9 of 24 infants
(37.5%; 95% confidence interval, 18.8%-59.4%) infected via
breast milk. Eight had a pure mutant HIV population at
the time infection was first detected, and majority mutant
populations persisted in all 6 infants with follow-up speci-
mens. Infection of breast-feeding infants with NVP-resistant
HIV resulted in mutants persisting as the dominant virus,
which may indefinitely compromise treatment with NVP-
based antiretroviral regimens.
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The World Health Organization (WHO) reports that approxi-
mately 330 000 children became infected with human immuno-
deficiency virus type 1 (HIV-1) in 2011 [1], with most
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infections in sub-Saharan Africa from mother-to-child trans-
mission (MTCT) and 5%-20% of these through breast milk.
To minimize infant morbidity and mortality, the WHO recom-
mends that HIV-infected mothers exclusively breast-feed their
infants through 6 months of life and then continue nursing with
supplemental foods.

Single-dose nevirapine (NVP) reduces MTCT in breast-
feeding populations but selects NVP-resistant HIV. To simplify
recommendations, further reduce MTCT, and improve maternal
health, single-dose NVP is no longer recommended by the
WHO [2], although its use continues in some communities.

In our prior observational study, the dynamics of NVP-
resistant HIV varied by the timing of infant infection, with in-
fants infected during the peripartum period frequently having
100% mutant virus populations that persisted over time [3].
The persistence of mutant viruses could explain the reduced ef-
ficacy of NVP-based antiretroviral treatment (ART) in children
switching to NVP-based ART after viral replication was sup-
pressed by lopinavir/ritonavir-based ART [4].

To improve our understanding of the transmission of NVP-
resistant HIV via breast milk after maternal single-dose NVP,
we determined the prevalence of NVP-resistant mutants
among infants infected via breast milk and quantified the con-
centration of mutant virus over time.

METHODS

Infants at risk of acquiring NVP-resistant HIV because of ma-
ternal ingestion of single-dose NVP during the peripartum pe-
riod were included in this analysis of an observational cohort
study of infants in Beira, Mozambique [3]. Mothers may also
have received other antiretroviral (ARV) medications, including
maternal short-course zidovudine (introduced in Beira in early
2006), beginning as early as gestational week 32 if CD4" T-cell
counts were >350 cells/pL, and/or maternal zidovudine and
lamivudine (introduced in Beira in early 2008) for 1 week
after delivery. All infants received single-dose NVP after birth
and may have received short-course zidovudine over the first
week of life. ARV medications were captured by mothers’
self-reports and confirmed by review of clinical registries.
Blood specimens were collected from infants on filter paper
(FTA; Whatman) at birth and every 2 weeks until 8 weeks of
age for detection of HIV by polymerase chain reaction (PCR).
If an infant was infected with HIV by 8 weeks of age, blood was
collected by venipuncture every 1-2 months through 12 months
of age, at 18 months of age, and at 24 months of age. If infants
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were PCR negative for HIV between 0 and 8 weeks of age, they
had additional blood samples collected on filter paper at 6, 12,
and 18 months of age. The study was approved by the institu-
tional review boards at Seattle Children’s Hospital and the Mo-
zambique Ministry of Health. Informed consent was obtained
from all mothers prior to enrollment.

HIV infection was diagnosed by PCR amplification of HIV
pol DNA [3]. Infants testing negative for HIV at 2 weeks of
age who subsequently tested positive at >4 weeks of age were
defined as “definitely” infected through breast milk. The time
of infection was estimated as the midpoint between the last neg-
ative and first positive PCR test result. Infants who tested neg-
ative for HIV at birth, who did not have a specimen collected at
2 weeks of age, but who tested positive at >4 weeks of age were
defined as “possibly” infected by breast milk.

NVP resistance was assessed in all virus-positive specimens,
using an oligonucleotide ligation assay (OLA) that quantified
the concentration of mutations K103N, V106M, Y181C, and
G190A in HIV subtype C encoding reverse transcriptase [3].
HIV DNA was quantified [3], and HIV DNA templates from
each specimen (goal, 100-200 HIV DNA templates; median,
132 templates; range, 9-874 templates) were used to generate
the amplicon evaluated by OLA. This allowed detection of mu-
tant concentrations generally as low at 2% of the HIV popula-
tion, but in the specimen containing only 9 copies, the lower
limit was 11% of the population. HIV pol amplification and
OLA testing of HIV DNA were similar for specimens collected
on filter paper or by venipuncture. Consensus sequencing of the
amplicon was performed on the first PCR-confirmed HIV-pos-
itive specimen from all HIV-infected infants, using Clinical
Laboratory Improvement Amendments—certified in-house
methods. If resistance was detected, a specimen obtained near
the end of follow-up was also sequenced.

The rate of HIV acquisition through breast milk was calculat-
ed using the Kaplan-Meier method. The timing of infection
was compared between those with and those without NVP re-
sistance, using the log-rank test. Risk factors for the presence of
NVP resistance were evaluated using Fisher exact tests for di-
chotomous variables and Wilcoxon rank sum tests for continu-
ous variables. Analyses were initially performed on data from all
infants and were repeated after excluding data from those with
“possible” infection via breast milk.

RESULTS

Between June 2005 and May 2008, 873 infants were enrolled
into the study. Of these, 566 were excluded from this analysis
because their mothers did not receive single-dose NVP or did
receive ART before delivery (n =268), they had HIV DNA de-
tected at <2 weeks of age (n =49), they were lost to follow-up
before 4 weeks of age (n=246), or they were missing samples
(n =3). Of the remaining 307 infants, mothers of 76 (24.8%)

received short-course zidovudine therapy for a median duration
of 42.5 days, and mothers of 3 also received zidovudine/lamivu-
dine for 1 week after delivery. Three mothers started ART 4
days, 7 weeks, and 8 months after delivery; one (subject 17)
transmitted HIV to her infant (Figure 1). Breast-feeding was re-
ported by 245 of 305 mothers (80.3%) with an available re-
sponse at the initial postpartum study visit. However, 5 of 60
infants (12%) whose mothers reported not breast-feeding at
study visits had definite (subjects 3 and 12) or possible (subjects
20, 21, and 24) transmission via breast milk.

Twenty-four of the 307 included infants acquired HIV infec-
tion at a median age of 1.25 months, including 18 infants with
definite and 6 with possible transmission via breast milk. The
Kaplan-Meier estimate of the rate of transmission via breast
milk through 12 months of life, accounting for censoring, was
11.6% (95% confidence interval [CI], 7.3%-18.2%). All HIV-
infected infants acquired subtype C virus, as confirmed by con-
sensus sequencing (GenBank accession KJ395315-K]395347).
NVP resistance mutations were detected by OLA in 9 of 24 in-
fants (37.5%; 95% CI, 18.8%-59.4%), including Y181C (in 4
[44%; 95% CI, 13.7%-78.8%]), G190A (in 3 [33%; 95% CI,
7.5%-70.1%]), and K103N (in 3 [33%; 95% CI, 7.5%-70.1%]);
no infant had the V106 M mutation. Among the 96 codons test-
ed across the 24 infants, only 5 codons (in 4 infants) had inde-
terminate OLA results, owing to polymorphisms near the
ligation site; all OLA-indeterminate codons were found to be
wild type by consensus sequencing. Consensus sequencing
also confirmed all NVP resistance mutations found via OLA.
Eight of the 9 infants with NVP resistance at the time of diag-
nosis had only 1 mutant codon, confirmed by consensus se-
quencing, at an OLA-determined mutant concentration of
100% of the virus population. Subsequently, a lesser concentra-
tion of the K103N mutation, 21% of the virus population, was
first detected in the month 2 specimen from subject 23 and per-
sisted, at a concentration of 35% of the virus population, in the
month 6 specimen. Consensus sequencing detected additional
mutations not included in the OLA in 3 subjects: Y188C/Y, in
the month 7 specimen but not the month 6 specimen from sub-
ject 18; M184V, in the month 12 specimen from subject 17; and
M41L, in the week 14 specimen from subject 14, which ap-
peared in the chromatogram to be a pure population of mutant
HIV. Subject 14 was the only infant identified with an ARV re-
sistance mutation (M41L) detected by consensus sequencing
who did not also have virus with a NVP resistance mutation de-
tected by OLA. The timing of HIV infection did not differ be-
tween those with and those without virus with NVP resistance
mutations (P = .43, by the log-rank test), and the detection of
NVP resistance mutations was not significantly related to infant
or maternal ARV (Table 1) or to maternal CD4" T-cell count
(P =.63, by the Wilcoxon rank sum test). Exclusion of infants
with possible transmission via breast milk did not substantially
alter these results (data not shown).
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Detection of HIV DNA and concentration of nevirapine-resistance mutations, by infant's age in months
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Figure 1. Timing of the diagnosis of human immunodeficiency virus type 1 (HIV-1) infection and the detection and concentration of NVP-resistant virus
among infants infected through breast milk following single-dose NVP dosing of mothers and infants. Infants’ specimens that were positive for HIV DNA by
polymerase chain reaction were tested for nevirapine resistance, using an oligonucleotide ligation assay (OLA) for detection of K103N, V106M, Y181C, and
G190A; the OLA had a sensitivity to detect mutants in 2% of the population. Transmission via breast milk was considered “definite” for infants with an HIV
DNA-negative PCR result at 2 weeks of age and a positive test result at >1 month of age. Transmission was considered “possible” for infants who tested
negative for HIV DNA by PCR at birth, had no specimens obtained at 2 weeks of age available for testing, and tested positive for HIV DNA by PCR at >4
weeks of age. Numbers in boxes represent the proportion of the HIV population with NVP-resistant DNA. Resistance detected by OLA is shown, and
additional mutations detected by consensus sequencing are as follows: MA41L, ®M184V (maternal ART started at about 7 weeks after delivery, and
°Y188C/Y (detected at 7 months). Abbreviation: WT, wild-type virus.

Among the 9 infants with NVP resistance, the virus popula- Figure 1) initially had a population of wild-type virus at 6
tion in the initial specimen from 8 (88.9%; 95% CI, 51.8%-— weeks of age, followed by population that was 56% mutant 2
99.7%) was 100% mutant; the remaining infant (subject 8; weeks later. Among the 6 infants with 100% mutant virus
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Table 1. Relationship Between Detection of Nevirapine (NVP)-
Resistant Human Immunodeficiency Virus Type 1 (HIV-1) and
Maternal and Infant Antiretroviral (ARV) Medication Among
Infants With Definite or Possible HIV Transmission via Breast Milk

Transmission Likelihood, Infants with NVP-Resistant HIV,

Medication Proportion (%) P
Definite or possible (n = 24)
Maternal ARV®
None 8/22 (36.4)
ZDV 0/1 (0) 1.00°
Postpartum ART 1/1 (100) .39¢
Infant ZDV
Yes 6/14 (42.9) .68
No 3/10 (30.0)
Definite (n=18)
Maternal ARV®
None 6/16 (37.5)
DV 0/1 (0) 1.00°
Postpartum ART¢ 1/1 (100) 41°
Infant ZDV
Yes 5/11 (45.5) .64
No 2/7 (28.6)

Transmission via breast milk was considered “definite” for infants with an HIV
DNA-negative PCR result at 2 weeks of age and a positive test result at >1
month of age. Transmission was considered “possible” for infants who
tested negative for HIV DNA by PCR at birth, had no specimens obtained at
2 weeks of age available for testing, and tested positive for HIV DNA by PCR
at >4 weeks of age.

Abbreviations: ART, antiretroviral treatment; PCR, polymerase chain reaction;
ZDV, zidovudine.

@ By the Fisher exact test.
© Other than single-dose NVP.
¢ Compared with no maternal ARV.

9 This mother started ART (stavudine, lamivudine, and NVP) approximately 7
weeks after delivery, shortly before collection of the last specimen from her
infant, at 8 weeks of age, that was positive for HIV DNA by PCR.

population in their initial specimen and who had at least one
subsequent specimen, all had virus populations that were
90%-100% mutant for the duration of their follow-up (median,
7 months; range, 3-13 months).

DISCUSSION

In this prospective observational study, over one-third of infants
infected with HIV via breast milk acquired NVP-resistant viruses,
and most of these had NVP resistance mutations in 100% of their
virus populations that persisted for the duration of follow-up. The
detection and persistence of mutant HIV in 100% of the virus
population parallels the dynamics of transmitted drug-resistant
virus when detected as majority populations in adults [5, 6] and
infants [7-9]. The single infant with wild-type HIV at the time of
diagnosis and NVP resistance in approximately 50% of the virus
population 2 weeks later (subject 8) may have been coinfected

with a mixture of wild-type and mutant strains or superinfected
with a mutant variant shortly after initial infection. Similarly,
the lesser concentrations of mutants detected during follow-up
(in subjects 18 and 23) may have come from superinfection
or selection of mutants. The apparently pure population of
zidovudine-resistant HIV in subject 14 demonstrates that the
OLA, as configured in this study, does not detect all infants
with resistant HIV transmitted via breast milk.

Most infants (approximately 75%) in our study acquired
HIV at or before 3 months of age, which is well within the
time frame that NVP-resistant mutants selected by maternal
single-dose NVP have been noted to persist in breast milk
[10, 11]. Our inclusion of only a few infants who acquired
HIV at later time points could explain our inability to detect
a significant difference in the timing of infection among infants
with and those without NVP resistance. Acquisition of NVP-
resistant HIV has been reported beyond 6 months [8] and 12
months [7] of age, suggesting persistence of NVP-resistant
virus in breast milk for prolonged periods. Two infants in our
study (subjects 15 and 17) were first HIV positive by PCR after 6
months of age, but missing specimens made the timing of infec-
tion uncertain. One of these infants (subject 17) had virus with
NVP resistance detected by OLA and lamivudine resistance de-
tected by consensus sequencing in the first HIV-positive speci-
men, obtained at 12 months of age. As their mother started
NVP-containing ART (stavudine, lamivudine, and NVP)
shortly before the infant’s last HIV-negative specimen, ob-
tained at 8 weeks of age, it is possible that the virus transmitted
to the infant was selected by a failing ART regimen.

Limitations of our study include the small number of HIV-
infected infants in our analyses and the high rate of loss to fol-
low-up, which limited our power to detect differences in the
rates of NVP resistance between various subgroups. Maternal
reception of ARV medications (other than single-dose NVP)
was sometimes difficult to verify because of inadequate infor-
mation to link to clinical charts, and adherence to ARV medi-
cations other than single-dose NVP was not assessed. Last, our
OLA tested for only 4 common mutations conferring high-level
NVP resistance. Although consideration of these 4 mutations
identified all infants with NVP resistance in our study population
(the one infant with virus containing Y188C/H, found via con-
sensus sequencing, also had K103N detected by OLA), it may not
be adequate in other populations where Y188C/H mutations pre-
dominate in late breast milk-mediated transmission [9].

In summary, a substantial proportion of infants participating
in this single-dose NVP-based MTCT prevention program ac-
quired NVP-resistant HIV apparently via breast milk. The ma-
jority of infants with NVP-resistant HIV had mutant virus
populations that persisted for the duration of the study. The
persistence of NVP resistance is unlike that observed in HIV-
infected mothers and in utero-infected infants exposed to
single-dose NVP, in which mutants decayed rapidly after
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delivery [3, 7]. Rather, the persistence of NVP resistance seems
similar to that of virus from adults with transmitted resistance-
mutations during primary infection [5, 6] and suggests that
ART containing nonnucleoside reverse transcriptase inhibitors
may be ineffective for the individual’s lifetime. Our findings pro-
vide additional support for MTCT prevention programs to adopt
ART, as recommended by the WHO [2]. While these guidelines
have dramatically reduced the exposure of mothers and infants to
single-dose NPV, many infants who received single-dose NVP
over the past years still remain in HIV care. In addition, given
the presence of resistance mutations in infants associated
with maternal ART [12] and the growing transmission of drug-
resistant virus in African and Asian communities [13], drug re-
sistance testing prior to ART initiation may be the best strategy to
ensure appropriate treatment in HIV-infected infants.
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