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Abstract

Data on the development of antiretroviral drug resistance in HIV-1-infected children receiving protease inhibitor
(PI)-based antiretroviral therapy (ART) are limited. We examined antiretroviral resistance among a cohort of 323
South African HIV-infected children < 2 years old exposed to nevirapine for prevention of mother-to-child
transmission. Ritonavir (RTV) was used initially for 138 children who were < 6 months old or receiving anti-
mycobacterial therapy; otherwise children received lopinavir/ritonavir (LPV/r)-based ART. HIV-1 population
sequencing of the pol gene was conducted on all pretreatment samples and on posttreatment samples for
children who did not achieve HIV-1 plasma RNA < 400 copies/ml by 52 weeks. Among children in the cohort,
38 died, 22 had < 24 weeks follow-up, 209 achieved virologic suppression, and 54 did not. Of 41 children without
virologic suppression with posttreatment HIV genotype data available, major resistance mutations were found
in 32 (78%): 14 (36%) had PI mutations including V82A, M46I, and L90M; 29 (71%) had M184V/I; and three had
NNRTI mutations (K103N, Y181C, and G190A). Among the children who did not achieve virologic suppression,
none of the seven children treated exclusively with LPV/r developed PI-related mutations, compared with 14
of 32 (44%) who received RTV-based regimens ( p = 0.036); PI genotypes were unavailable for two children.
Seventy-eight percent of children without virologic suppression developed resistance mutations that impact
second-line ART options. Only children who received RTV-based ART developed major PI-related resistance
mutations, and use of this regimen should be avoided.

Introduction

Despite the dramatic expansion in access to anti-
retroviral therapy in resource-limited settings over

the past decade, HIV-infected children have relatively few
antiretroviral treatment (ART) options. Children are one-third
as likely to receive ART as adults,1 and treatment selections

are limited by a lack of pediatric formulations, the instability
of some liquid formulations at room temperature, and drug
interactions during treatment for tuberculosis and bacilli
Calmette-Guérin (BCG) coinfections.2–5 HIV-infected infants
in resource-limited settings are also more likely to have been
exposed to short-course or single-dose nevirapine (sdNVP)
for prevention of mother-to-child transmission (PMTCT). This
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exposure may lead to poor virologic outcomes in infants ini-
tiating ART with NVP-based regimens, the most common
first-line ART regimen in resource-limited settings, as a result
of persistent nevirapine-associated resistance mutations.6–8

Initiation of ART prior to 12 weeks of age is shown to sig-
nificantly reduce early infant mortality.9 NVP-exposed infants
are less likely to achieve viral suppression when receiving
NVP-based therapy, the most common first-line ART regimen
in resource-limited settings, compared with those receiving
boosted protease inhibitor (PI)-based ART.10,11 These data
have led to recommendations to treat all HIV-infected infants
with ART regardless of clinical or immunologic status, and to
treat HIV-1-infected infants exposed to NVP during PMTCT
with regimens that use a ritonavir (RTV)-boosted PI plus two
nucleoside reverse transcriptase inhibitors (NRTIs).12 The
combination of these two treatment recommendations leads
to widespread use of PI-based treatment regimens, particu-
larly lopinavir/ritonavir (LPV/r), for HIV-infected infants.

Data on response to boosted PI-based ART in children ex-
posed to sdNVP are limited. In adults, despite a high barrier
to the development of resistance to LPV/r, the response to
LPV/r-based salvage regimens is directly related to the
number of preexisting PI-related resistance mutations.13,14 In
children, virologic response to LPV/r-based regimens is
excellent, with up to 88% of antiretroviral-naive children
achieving HIV-1 plasma RNA levels below 400 copies/ml by
48 weeks.15 However, studies from both resource-rich and
resource-limited settings suggest that antiretroviral-related
resistance mutations develop in 44–94% of children failing PI-
based ART, and many children develop multiclass drug re-
sistance.16–20 Antiretroviral resistance mutations that develop
while on PI-based ART may lead to decreased susceptibility
across many other PIs and limit future treatment options.17,21

Historically, RTV-based regimens have been associated
with suboptimal treatment responses, with only 36% of chil-
dren achieving sustained virologic suppression in an early
study.22 Pediatric AIDS Clinical Trials Group investigations
have shown that response to ritonavir-based therapy in NTRI-
experienced but PI-naive children was robust initially, with
55% achieving virologic suppression by 12 weeks, but only
32% maintained virologic suppression at 48 weeks. The
presence of NRTI-associated resistance mutations did not af-
fect rates of virologic failure.23 Recently published data sug-
gest that RTV-based regimens given to children under
6 months of age or receiving concomitant mycobacterial
treatment are associated with lack of virologic suppression
and increased rates of PI resistance mutations.24,25

This investigation examines this association and the de-
velopment of antiretroviral-associated resistance mutations in
a large cohort of sdNVP-exposed infants and children under
2 years of age initiating PI-based regimens in Johannesburg,
South Africa.

Materials and Methods

Study design

We conducted a secondary analysis of response to PI-based
ART among NVP-exposed children at a single site in Jo-
hannesburg, South Africa. An ART strategies trial enrolled
HIV-infected children between 6 and 104 weeks of age who
were exposed to NVP for PMTCT and were either eligible for
ART based on immunologic or clinical criteria (n = 254) or

currently receiving a stable PI-based ART regimen (n = 69).26–28

The study protocol was approved by the Columbia University
Medical Center and University of the Witwatersrand Institu-
tional Review Boards, and each participant’s guardian pro-
vided signed informed consent. This analysis makes use of data
from the observational prerandomization phase of the study
only.

Study enrollment and ART regimens

Criteria for study enrollment included: HIV-1 infection, age
less than 24 months, exposure to nevirapine for PMTCT (de-
termined by clear and consistent caregiver reports of NVP use
as PMTCT interventions are not routinely recorded on health
records in South Africa), and eligibility for ART based on
South African treatment guidelines in place at the time.
Children who met study enrollment criteria were enrolled
either prior to ART start or after ART start if they had recently
initiated ART, were receiving a first-line PI-based regimen,
and had not had any changes to this first-line regimen.

During the prerandomization observational phase used for
this analysis, children over 6 months of age were treated with
LPV/r (230 mg/m2), lamivudine (3TC, 4 mg/kg), and stavu-
dine (d4T, 1 mg/kg). Children younger than 6 months of age
and those receiving rifampin-based regimens for tuberculosis
or BCG disease received antiretroviral therapy with ritonavir
(RTV 400–450 mg/m2) instead of LPV/r plus the NRTIs
above. Children who started therapy below the age of 6
months were switched to LPV/r once they aged past 6
months, as were children who completed TB therapy. At the
time of the study, recommendations regarding doubling of
LPV/r doses or super-RTV boosted LPV for children receiv-
ing rifampin were not yet widely practiced in South Africa.29

Study measurements and outcome determination

Routine study visits occurred at enrollment, 2, 4, 8, 16, 24,
36, and 52 weeks post-ART initiation. At each study visit, a
history and physical examination determined the child’s
height, weight, and antiretroviral and antimycobacterial reg-
imens. All caregivers were given education about HIV treat-
ment and adherence counseling at each visit. Adherence was
assessed using a questionnaire to the caregivers, and phar-
macists weighed the medication bottles to reconcile the
amount returned with expected quantities used since the prior
visit. For the purposes of this analysis, nonadherence was
defined as returning 20% more than expected of any anti-
retroviral medication at any study visit. A second non-
adherence parameter based on the adherence assessment only
at the time of the virologic endpoint was also examined and
found to be similar to the adherence measure used. Weight-
and height-for-age z-scores were calculated using software
from the World Health Organization.30

The virologic outcome of antiretroviral therapy was de-
termined only for those children with at least 24 weeks of
follow-up; those not known to have died who were lost to
follow-up prior to the 24 week study visit were excluded from
the analysis. Children were classified as achieving virologic
suppression if they had achieved a plasma HIV-1 RNA level
< 400 copies/ml by 52 weeks of follow-up. A cut-off of < 400
copies/ml for virologic suppression was selected for this
analysis as this was one of the criteria used for randomization
into the subsequent phase of the ART strategies trial.28 Chil-
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dren who never achieved plasma HIV-1 RNA levels < 400
copies/ml or had levels below 400 copies/ml that then rose to
over 400 copies/ml by 52 weeks of follow-up were classified
as not achieving virologic suppression.

Laboratory methods

Blood samples were drawn at the enrollment visit to deter-
mine baseline CD4 + cell counts, CD4 + percentages, and HIV-1
plasma RNA levels in those children initiating ART under su-
pervision of the study team, but were not routinely available
for those children who enrolled in the study already receiving
first-line ART. Further blood samples were taken from all
children at each study visit to determine CD4+ cell count and
percentage and HIV-1 plasma RNA level while on therapy.
CD4 + cell count and percentage were determined using pan-
leukogating. HIV-1 plasma RNA levels were determined using
the Roche Amplicor assay (standard assay, version 1.5, quan-
tification range 400–750,000 copies/ml or ultrasensitive test
quantification range 50–150,000 copies/ml, Branchburg, NJ).

HIV-1 genotype testing for antiretroviral resistance-
associated mutations was conducted on samples collected
pretreatment for 244 children who enrolled prior to ART ini-
tiation. Pretreatment samples were not available for the chil-
dren who enrolled in the study already receiving ART.
Posttreatment samples for genotyping were sought for all
participants if and when they met criteria for the endpoint of
lack of virologic suppression on ART. HIV-1 genotype results
were unlinked from personal identifiers and were tested for
mutations in the reverse transcriptase and protease genes
using population sequencing. Plasma samples were used to
isolate viral RNA using MagNa Pure LC Total Nucleic Acid
Isolation kits on the MagNa Pure Automated System (Roche
Diagnostics, Indianapolis, IN). An in-house nested polymer-
ase chain reaction (PCR) to amplify the pol region was per-
formed as described previously.31,32 For samples where no
product was obtained, two separate PCRs for reverse tran-
scriptase and protease were performed.33,34 All PCR products
were sequenced using BigDye Terminators v3.1 on an
ABI3100 Genetic Analyzer (Applied Biosystems, Foster City,
CA). All sequences were submitted to the Stanford University
HIV drug resistance database,35 and the 2009 International
AIDS Society-USA (IAS-USA) guidelines were used to define
antiretroviral resistance-associated mutations for NRTIs,
nonnucleoside reverse transcriptase inhibitors (NNRTIs), and
PIs.36

Statistical methods

All analyses presented are limited to the prerandomization
phase of the larger ART strategies trial. For all analyses,
means are reported for normally distributed continuous var-
iables and medians for those not normally distributed. Sta-
tistical significance of continuous variables was tested using
two-sided t-tests for normally distributed variables and Wil-
coxon rank-sum tests for nonnormally distributed variables.
Categorical variables were examined using two-sided chi-
squared or Fisher’s exact tests. p-values less than or equal to
0.05 were considered significant.

The first analysis was limited to infants and children who
enrolled in the study prior to ART initiation, and compared the
presence of pretreatment major resistance mutations by three
outcome groups: virologically suppressed, not virologically

suppressed, and death. Associations found to be statistically
significant in this univariate analysis ( p < 0.05) were included in
multivariate logistic regression models to allow adjustment for
possible confounding. Secondary univariate analyses were also
conducted on demographic and clinical parameters of the co-
hort at enrollment by the same outcome groups.

For children who did not achieve virologic suppression, the
profile of drug resistance mutations in posttreatment samples
collected at the time of endpoint was determined. Among
children who met criteria for lack of virologic suppression and
had HIV genotype results, those with and without post-
treatment PI-associated resistance mutations were compared.
Odds ratios and 95% confidence intervals (CI) were calculated
using logistic regression for the significant bivariate associa-
tions. STATA 11.0 (College Station, TX) was used to conduct
2 · 3 two-sided Fisher’s exact tests; all other analyses were
performed using PASW Statistics 10.9.2 (Chicago, IL).

Results

Study population

Of 341 children who were either treatment naive (80%) or
on a stable PI-based regimen (20%) enrolled in the study, 323
initiated ART, nine discontinued the study prior to their first
visit, and nine died prior to their first visit. Of those who
initiated study visits, 244/323 (76%) had a pretreatment HIV-
1 genotype prior to treatment initiation; 69 (21%) enrolled in
the study while on ART and thus did not have a pretreatment
sample collected, and 10 (3%) who had a pretreatment sample
collected did not have sufficient volume stored for genotype
testing. Of the children initiating study visits, 54 (17%) did not
achieve HIV-1 plasma RNA levels below 400 copies/ml by
their final study visit, 209 (65%) achieved levels below 400
copies/ml by 52 weeks of follow-up, 38 (12%) died while on
ART, and 22 (7%) left the study prior to 24 weeks of follow up
(Fig. 1).

Pretreatment profile of resistance mutations
and treatment outcomes

Overall, 226 children who met criteria for the three treat-
ment outcomes of interest, virologic suppression, lack of
suppression, or death, had a pretreatment HIV-1 genotype
to assess for antiretroviral-associated resistance mutations
(Table 1a). Sixty-eight children (30%) carried virus with at
least one major resistance mutation: 39/155 (25%) of children
who suppressed, 13/38 (34%) of those who did not achieve
virologic suppression, and 16/33 (49%) of children who died.
Eleven children had major resistance mutations in more
than one of the three drug classes tested. The specific major
mutations present at baseline were distributed as follows:
three had PI-related mutations (one I47V and two M46L),
seven had NRTI-related mutations (one D67N, three K70E,
seven L74V, one L210W, and eight K219E/Q), and 58 had
NNRTI-related mutations (10 K103N, 45 Y181C, two Y188C, and
two G190A). One child had both K103N and Y188C at baseline.

We were surprised to observe that the presence of a major
drug-associated resistance mutation pretreatment was a sta-
tistically significant predictor of death within the cohort
( p = 0.013). This association was strongest, though not statis-
tically significant, in children with pretreatment NNRTI mu-
tations ( p = 0.051). Pretreatment resistance mutations did not

RITONAVIR-INDUCED RESISTANCE IN HIV1 CHILDREN 947



predict lack of virologic suppression, likely because all chil-
dren were treated with PI-based ART and the majority of
baseline resistance was to NNRTIs (Table 1a). Resistance
mutations were more common among younger children,
likely due to the resurgence of wild-type virus over time after
sdNVP exposure,37,38 and after adjustment for both age and
pretreatment HIV-1 plasma RNA level the association was
no longer significant. A final model incorporating baseline
major drug-associated mutations, age, pretreatment HIV-1
plasma RNA level, pretreatment CD4 + cell count, and pre-
treatment weight-for-age z-score showed that only HIV-1
plasma RNA level, CD4 + cell count, and the weight-for-
age z-score were significantly associated with death in
the cohort. Results of this multivariate analysis are shown
in Table 2.

Other predictors of treatment outcome before 52 weeks

Additional characteristics of the cohort stratified into the
three outcome groups are shown in Table 1b. This analysis
was limited to children who enrolled prior to ART initiation
for whom pretreatment data were available. Significant pre-
dictors for lack of virologic suppression were lower pre-
treatment weight and height-for-age z-scores, nonadherence,
and concomitant treatment for mycobacterial disease. Pre-
dictors of mortality included lower pretreatment weight and
height-for-age z-scores, lower pretreatment CD4% and CD4
cell count, CDC immunologic stage,39 and higher pretreat-
ment plasma HIV-1 RNA level.

Posttreatment genotype results in children with lack
of virologic suppression by 52 weeks

Of the 54 children meeting criteria for lack of virologic
suppression, 41 had HIV genotype testing and 13 did not,
either because samples were unavailable or did not amplify.
Two of the 41 genotypes gave results only for the reverse
transcriptase gene, so protease resistance mutations after
treatment were available for 39 children. Comparing those
children without genotype testing at time of lack of virologic
suppression to those for whom genotype testing was avail-
able, children without genotype testing at the endpoint had
lower HIV-1 plasma RNA levels at time of failure, but oth-
erwise did not significantly differ from children with geno-
type data available (data not shown).

Of the 41 children with lack of virologic suppression
and posttreatment genotype results at the time of virologic
endpoint, 37 (90%) had at least one antiretroviral resistance-
associated mutation, and 32 (78%) had a major resistance
mutation. Over a third of those with resistance mutations at
virologic endpoint also had major drug resistance mutations
pretreatment (nine of 24 with baseline tests). Fourteen (36%)
had major PI-related resistance mutations posttreatment at
the time of virologic endpoint. These included V82A (n = 14),
M46I (n = 4), and L90M (n = 1) and 29 (71%) children had
M184V/I. None of the major PI or NRTI mutations found
posttreatment was present pretreatment. Of the five children
with NNRTI mutations posttreatment, two had major NNRTI
mutations persisting from baseline, two had new mutations,

Total Enrolled:
341

ART Naïve:
254 (75%)

Recently Initiated 
1st Line ART:

69 (20%)
(pretreatment data not 

available)

Left Study Prior to
First Visit:

9 (3%)

Deceased Prior to
First Visit:

9 (3%)

Followed on ART:
323

(244 with pretreatment 
genotype available)

Virologic Suppression 
by 52 wks:

209 (65%)

ART Regimens:
108 on LPV/r
70 on RTV for TbRx
31 on RTV for age<6mos

No Virologic Suppression
by 52 wks:

54 (17%)

ART Regimens:
7 on LPV/r
15 on RTV for TbRx
7 on RTV for age<6mos

Deceased while on ART:

38 (12%)

Left study 
prior to 24 weeks

22 (7%)

41 of 54 (76%) with 
genotype testing at 

endpoint

FIG. 1. Participant disposi-
tion tree for all children en-
rolled in the NEVEREST
cohort. Antiretroviral therapy
(ART) regimens include
‘‘LPV/r’’: lopinavir-ritonavir-
based therapy throughout the
observation period; ‘‘RTV for
TbRx’’: RTV-based therapy
at some point during the
observation period due to
cotreatment for mycobacterial
infection; ‘‘RTV for age < 6
months’’: RTV-based therapy
at some point during the ob-
servation period due to age
< 6 months. Percentages in the
second tier are of the total 341
enrolled. Percentages below
323 ‘‘Followed on ART’’ are of
that total.
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one had a minor mutation persisting from baseline, and two
did not have pretreatment results. The antiretroviral-associ-
ated resistance mutations found in each sample are listed in
Table 3.

Predictors of drug resistance-associated mutations
at time of lack of virologic suppression

None of the pretreatment characteristics found to be asso-
ciated with lack of virologic suppression or death was asso-
ciated with resistance mutations posttreatment at time of lack
of virologic suppression (data not shown). However, treat-
ment regimen, adherence, and pretreatment major mutations
were found to be associated with PI resistance-associated
mutations in children who did not achieve virologic sup-
pression (Table 4). As all children with major PI resistance-
associated mutations had a V82A, restricting the analysis to
LPV/r- or RTV-associated resistance mutations did not
change the outcome.

Ritonavir-based therapy and antimycobacterial treatment.
Of the children included in this analysis, 38 (15%) received
RTV-based therapy during follow up because they were < 6
months of age, 95 (39%) received RTV-based therapy because
of cotreatment for mycobacterial disease, and 115 (46%) were
maintained on LPV/r-based therapy throughout the observa-
tion period (Fig. 1). All 14 of the children who developed major
PI mutations received RTV-based ART at some point during
the study period, compared with none of the seven children
who were maintained exclusively on LPV/r-based regimens
( p = 0.036) (Table 4, Row: ‘‘ART regimen at endpoint’’).

Overall, examining the 257 children with 52-week outcome
data, children who received RTV-based regimens were more
likely to have an unsuppressed plasma HIV-1 RNA level at
endpoint (28%) than those maintained on LPV/r (10%,
p < 0.001). Relatively few children (38) received RTV-based
ART because they were < 6 months of age, making it difficult
to determine if RTV alone, without concomitant treatment
for mycobacterial disease, was associated with PI mutations.
The association of treatment for mycobacterial disease (which
required RTV-based regimens) with the development of
PI mutations did not reach statistical significance ( p = 0.06)
(Table 4, Row: ‘‘TB/BCG Rx’’).

HIV-1 plasma RNA level at endpoint. Median HIV-1
plasma RNA at resistance testing was higher, though not
statistically significantly so, in children who had lack of vi-
rologic suppression with PI mutations compared to those
without. When stratified by quartiles of HIV-1 plasma RNA
levels at the time of resistance testing, the presence of PI
mutations was highest in those children in the second and
third quartiles. No children with levels < 6331 copies/ml (in
the first quartile) had PI mutations, and the difference, by
HIV-1 plasma RNA level quartile, for prevalence of PI mu-
tations was statistically significant ( p = 0.007).

Adherence to ART. Overall, the children who did not
achieve virologic suppression were more likely to have poor
adherence, defined as returning 20% more than expected of
any antiretroviral medication at any study visit, than those
who suppressed (OR 4.10, 95% CI: 2.05, 8.24). In contrast,
restricting to those children who did not achieve virologic
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suppression, major PI-related mutations were less common if
they also had poor adherence (OR 0.22, 95% CI: 0.05, 0.93).

Pretreatment major resistance mutations. The presence
of PI mutations after treatment was more likely in children

with pretreatment major resistance mutations, an association
primarily driven by the presence of pretreatment NNRTI
mutations (Table 4, Row ‘‘Baseline major mutations.’’) The
odds for the presence of pretreatment NNRTI mutations in
children with PI mutations at the endpoint were 6.5 (95% CI:

Table 3. Genotypic Resistance Profiles, Pretreatment and Posttreatment by Antiretroviral

Regimen, Lopinavir/Ritonavir-Based (LPV/r) Compared with Ritonavir-Based

(RTV-Based), of 41 Children Who Were Not Virologically Suppressed

Number
Pretreatment

PI
Pretreatment

NNRTI
Pretreatment

NRTI Endpoint PI
Endpoint
NNRTI

Endpoint
NRTI

Maintained on LPV/r-based regimen throughout study period
1 M184V
2 K103N K103N M184V
3 M184V
4 M184V
5 K70E
6
7
8 (protease did not

amplify)

Received RTV-based regimen during study period
9 K103N,

Y188C
I54V, V82A M184V

10 Y181C K219E V82A, L90M M184V
11 Y181C V82A M184I
12 V82A M184V
13 V82A M184V
14 V82A M184V
15 Y181C L10F, M46I, I54V,

V82A
M184V

16 Y181C K219E L10F, M46I, I54V,
V82A

M184V

17 V179D M46I, F53L, I54V,
V82A

D67N,
M184V

18 M46I, I54V, V82A A62V,
M184V

19 Y181C L33F, I54V, V82A M184V
20 L10R, I54V, V82A A62V,

M184V
21 L10I L10I, V82A M184V
22 L10F, I54V, Q58E,

V82A
D67N,

M184V
23 E138A I54V E138A M184V
24 L24I, I54V E138A M184V
25 L10V M184V
26 A71T A71T
27 Y181C
28 G190A G190A
29 Y181C M184V
30 M184V
31 M184V
32 M184V
33 M184V
34 (protease did not

amplify)
M184V

35 M184V
36 M184V
37
38
39
40
41

Gray shading, data not available; italics, major mutations maintained from baseline; bold, major mutations defined by 2009 IAS-USA list.
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1.09, 38.6) higher than those without PI mutations at the
endpoint. Only two children who lacked virologic suppres-
sion had pretreatment major NRTI-related resistance muta-
tions, and none had pretreatment PI-related resistance
mutations, so the statistical analysis was inconclusive for
these antiretroviral classes.

Of interest, the T74S protease polymorphism/mutation,
which is not included on the IAS-USA mutation list, but has
been shown to resensitize subtype B and C virus to ritonavir
in vitro,40 was found in 22% of the children who did not to
achieve virologic suppression (data not shown). The presence
of T74S in the endpoint specimen was significantly associated
with the presence of major PI mutations (OR 5.5, 95% CI: 1.10,
27.4). The odds ratio for the presence of T74S in those children
who were always maintained on a RTV-based regimen was
5.0 (95% CI: 1.02, 24.5) compared with those who were on a
LPV-r-based regimen at least part of the time.

There were no statistically significant predictors for NRTI-
or NNRTI-related resistance mutations posttreatment among
those who did not suppress. The presence of an M184V muta-
tion was statistically associated with weight-for-age z-score
only at time of lack of virologic suppression; 25% of children
with M184V and 58% without M184V had median weight-for-
age z-scores higher than the group median of - 0.845 ( p = 0.043).

Discussion

The data presented are unique in describing treatment
outcomes and patterns of antiretroviral resistance in a large
cohort within a relatively understudied population: HIV-
infected infants and young children on ART in a resource-
limited setting. The results are concerning in terms of the
percentage of children who developed major antiretroviral
resistance mutations within 52 weeks (78%) when not vir-
ologically suppressed and in the limitations that this resis-
tance places on future ART options for these children.

In this cohort, 17% of children on PI-based ART did not
achieve virologic suppression by 52 weeks, and 78% of these
had major antiretroviral-associated resistance mutations at
the time of virologic endpoint posttreatment. The majority
of children with resistance mutations had the lamivudine-
associated resistance mutation M184V, which does not sig-
nificantly limit future ARV regimen options. However, 36%
developed major PI-associated resistance mutations, all of
whom had a V82A, a mutation known to be associated
with RTV.41 The high proportion of children with major PI-
associated resistance mutations differs from findings in adults
and children treated with RTV-boosted PI-based ART, where
the development of major PI-associated resistance mutations
is uncommon.13,19,42–44 The prevalence of major PI-associated
resistance mutations in this cohort is likely a result of RTV-
based ART, as seen in earlier adult cohorts prior to the advent
of RTV-boosted PI-based ART.45,46

Supporting this assertion, the children who received
RTV-based regimens at any point were less likely to achieve
virologic suppression and more likely to develop major PI-
associated resistance mutations, in contrast to those exclu-
sively treated with a LPV/r-based regimen. None of the
children treated solely with LPV/r developed major PI mu-
tations, confirming the findings in other cohorts that virologic
failure on LPV/r or other ritonavir-boosted PI-based regi-
mens does not usually lead to the development of major PI-

associated resistance mutations.13,14,19,44 As only a small
number of children treated exclusively with LPV/r-based
therapy did not achieve virologic suppression in our cohort,
further investigation is needed to determine the profile of
resistance mutations that are selected in a group unsuccess-
fully treated with a LPV/r-based regimen.

Our findings strongly support avoidance of RTV-only
based ART for children who are being treated for mycobac-
terial infections or who are less than 6 months of age. Known
drug–drug interactions, particularly with antimycobacterial
therapy, the poor palatability of ritonavir, and the inferior
efficacy of RTV-only regimens to RTV-boosted PI-based reg-
imens may all have contributed to these findings.5,22,47,48

Fortunately, appropriate dosing of LPV/r for younger chil-
dren is now available.48 This was not available at the time the
study was conducted. Superboosting of LPV/r is also now
recommended in South Africa for children requiring myco-
bacterial infection cotreatment.47,49

Other findings that merit attention include the effect of
adherence to ART on treatment outcome and the develop-
ment of resistance. Poor adherence was strongly associated
with lack of virologic suppression in the cohort. In contrast,
among the subgroup of children without virologic suppres-
sion, rates of nonadherence were highest (64%) in the children
who did not develop major PI mutations compared with 29%
in those who did develop major PI mutations. This is likely
caused by a lack of drug-selective pressure on the virus in
children with poor adherence. The link between higher levels
of adherence and increased development of resistance muta-
tions is described in adult studies of RTV-boosted and un-
boosted PI-based ART. Several investigations have shown
that adherence levels over 75–85% were associated with de-
velopment of resistance mutations, and lower levels of ad-
herence led to ART failure without resistance.45,46,50 The
adherence measure used in this study likely distinguished
between children with less than or equal to 75% true adher-
ence and those with more than 75% adherence, but was not
likely to distinguish children with 75–85% adherence and
those with > 85% adherence. As such, adherence was corre-
lated with virologic suppression, but nonadherence did not
predict resistance. However, this is a speculation, and further
studies with more rigorous adherence monitoring would be
necessary in this population to determine the true cause of this
parodoxical finding.

The data presented here also demonstrate an association
between pretreatment major resistance mutations, most of
which are mutations affecting the viral reverse transcriptase,
and the development of PI-associated resistance mutations on
treatment. Interaction between resistance-associated muta-
tions has been seen for NRTI-related mutations, particularly
in the sequence of thymidine analogue resistance-associated
mutations.51,52 In viral protease, minor mutations frequently
emerge after major mutations arise, and may have variable
effects on antiretroviral efficacy and viral fitness.36 To our
knowledge, an interaction between NNRTI- or NRTI-related
resistance mutations and the development of subsequent PI-
related resistance mutations has not been described. The
possibility that the presence of resistance mutations in one
enzyme would predispose HIV to develop resistance muta-
tions in another enzyme is a finding that merits further
exploration. However, small numbers precluded valid mul-
tivariate investigation in our study and we cannot rule out
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that the association may be due to confounding. For example,
maternal viral load is related both to the presence of NNRTI-
related resistance mutations at baseline and with poor treat-
ment outcomes in children, so it is also plausible that high
maternal viral load may explain the association.53

The limitations to this analysis include that the fact that it
was conducted at a single site and findings may not be ap-
plicable to other settings. The size of the cohort is relatively
small, although for pediatric cohorts it represents one of the
largest in which the development of resistance has been
monitored over time using HIV-1 genotypes. Resistance mu-
tation profiles were not available for 24% of the children at
baseline and at the study endpoint for 26% of the children
who did not achieve virologic suppression, but the results
were not significantly affected by stratification of the analysis
by availability of HIV-1 genotype testing. The analyses in-
volving plasma HIV-1 RNA level were limited due to the
inability of the assay to detect levels over 750,000 copies/ml,
which led to the need for categorization of this variable.

Despite these limitations, the clinical implications of the
patterns of resistance observed in this cohort are of particular
concern. The children participating in this study were well-
monitored at regular study visits; the study team provided
adherence counseling to caregivers at each encounter, and
all children had access to HIV-1 plasma RNA level monitor-
ing that enabled researchers to rapidly identify poor out-
comes. These conditions are not currently replicated in most
resource-limited settings.

The international community has begun to recognize the
importance of virologic monitoring and resistance surveil-
lance in adults as a tool to prevent the emergence of drug
resistance and achieve success on first- and second-line ther-
apy.54 The data presented here suggest that even in the setting
of frequent virologic monitoring and adherence counseling,
resistance can develop rapidly on RTV-based regimens. This
is of concern for HIV-infected children, for whom second-line
treatment options are more limited, and issues of exposure to
nevirapine and cotreatment for mycobacterial disease are
more prevalent than in HIV-infected adults.4 There is an ur-
gent need for further research to determine the outcomes of
second-line ART in children, to provide expanded options for
second-line ART regimens, and to better understand the de-
velopment of resistance to LPV/r-based regimens.
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