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Most patients failing antiretroviral treatment in Uganda continue to fail their treatment regimen even if a dominant drug-resis-
tant HIV-1 genotype is not detected. In a recent retrospective study, we observed that approximately 30% of HIV-infected indi-
viduals in the Joint Clinical Research Centre (Kampala, Uganda) experienced virologic failure with a susceptible HIV-1 genotype
based on standard Sanger sequencing. Selection of minority drug-resistant HIV-1 variants (not detectable by Sanger sequencing)
under antiretroviral therapy pressure can lead to a shift in the viral quasispecies distribution, becoming dominant members of
the virus population and eventually causing treatment failure. Here, we used a novel HIV-1 genotyping assay based on deep se-
quencing (DeepGen) to quantify low-level drug-resistant HIV-1 variants in 33 patients failing a first-line antiretroviral treat-
ment regimen in the absence of drug-resistant mutations, as screened by standard population-based Sanger sequencing. Using
this sensitive assay, we observed that 64% (21/33) of these individuals had low-frequency (or minority) drug-resistant variants in
the intrapatient HIV-1 population, which correlated with treatment failure. Moreover, the presence of these minority HIV-1
variants was associated with higher intrapatient HIV-1 diversity, suggesting a dynamic selection or fading of drug-resistant
HIV-1 variants from the viral quasispecies in the presence or absence of drug pressure, respectively. This study identified low-
frequency HIV drug resistance mutations by deep sequencing in Ugandan patients failing antiretroviral treatment but lacking
dominant drug resistance mutations as determined by Sanger sequencing methods. We showed that these low-abundance drug-
resistant viruses could have significant consequences for clinical outcomes, especially if treatment is not modified based on a
susceptible HIV-1 genotype by Sanger sequencing. Therefore, we propose to make clinical decisions using more sensitive meth-
ods to detect minority HIV-1 variants.

To date, 28 antiretroviral drugs from six drug classes have been
approved for treatment of individuals infected with human

immunodeficiency virus type 1 (HIV-1). Combinations of specific
antiretroviral drugs are the basis for an effective therapy that sup-
presses viral replication, leading to partial immune reconstitution
and considerable reduction in morbidity and mortality (1, 2). To-
gether with prevention and educational efforts, antiretroviral
treatment (ART) has been responsible for a worldwide reduction
in AIDS-related deaths, as well as a 4-fold reduction in mother-
to-child HIV-1 transmissions compared to the pretreatment era
in Africa (3). Unfortunately, use of antiretroviral drugs in high-
income countries (HICs) has also led to the emergence of HIV-1
drug resistance in many treated individuals (1). With high preva-
lence of HIV-1 drug resistance in the late 1990s/early 2000s, at
least 10% of new infections were established by drug-resistant
HIV-1 strains in HICs (4–6). In low- to middle-income countries
(LMICs), poor access to clinical care, intermittent supply of anti-
retroviral drugs, and costs of travel to reach care providers result
in suboptimal ART adherence, so that treatment failures and
emergence of HIV-1 drug resistance have doubled in the last 10
years (6). With increased treatment access and high frequencies of
treatment failures, HIV-1 with primary drug resistance is already
found in 2% to 10% of treatment-naive individuals in Uganda, an
increase of less than 1% to as high as 6.5% over the past 10 years
(7–11).

Similar to other sub-Saharan countries, Uganda still has a high
prevalence of people living with HIV-1 (approximately 2.1 mil-

lion) (3), with over 750,000 HIV-infected adults receiving combi-
nation antiretroviral therapy (cART) in 2014 (12). Ugandan pa-
tients have access to first-line cART, consisting of a combination
of two nucleoside/nucleotide reverse transcriptase (RT) inhibitors
(NRTIs) and one nonnucleoside reverse transcriptase inhibitor
(NNRTI), commonly tenofovir (TDF) or zidovudine (AZT) plus
lamivudine (3TC) or emtricitabine (FTC) and efavirenz (EFV) or
nevirapine (NVP) (13). Individuals experiencing virologic failure
may have limited access to second- and third-line cART regimens
due to limited drug availability and high costs (14), highlighting
the need to identify the reason(s) for treatment failure. Unfortu-
nately, treatment monitoring using plasma HIV RNA (viral) load
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measurements is limited in resource-limited settings, and regimen
switching is typically guided by CD4� T-cell counts and various
clinical criteria. Access to HIV-1 genotyping to detect drug resis-
tance is increasing but is often reserved for clinical studies and is
rarely used as the standard of care (11, 15).

HIV-1 genotypic (antiretroviral) testing based on population
(Sanger) sequencing is currently the most common method to
manage patients infected with HIV-1 (1, 16–18); however, Sanger
sequencing can detect only HIV-1 variants present at frequencies
above 15% to 20% of the viral quasispecies (19–23) and thus fails
to quantify low levels of HIV-1 drug-resistant variants (18, 24).
These variants are usually present as minority members of the
virus population, which can be selected to dominate over drug-
susceptible variants under drug pressure (25–27). For this reason,
a series of ultrasensitive HIV-1-genotyping assays, based on deep
sequencing (next-generation sequencing [NGS]), have been de-
veloped to detect drug-resistant HIV-1 variants at levels below
20% of the viral population in an infected individual (24, 28–31).
Several studies have associated early detection of these minority
HIV-1 drug-resistant variants with subsequent treatment failure
(32–37); however, with the advent of single-pill once-a-day (QD)
cART regimens, treatment failures in HICs are rare, and the rele-
vance of minority members of the viral population to the ART
outcome is still under debate (32, 38–41).

Aside from differences in socioeconomic status between
LMICs and HICs, patients in most LMICs in sub-Saharan Africa
are infected with subtype A, C, D, and CRF02_AG HIV-1 strains
that differ up to 10% in the Pol amino acid sequence, i.e., the target
of most antiretroviral drugs. Infection with different HIV-1 sub-
types can impact the treatment outcome (9, 42), due in part to
differences in the pattern and frequency of drug-resistant muta-
tions and/or difference in virus fitness and evolutionary rates (43,
44). For example, the frequencies of treatment failure and drug
resistance were significantly greater in patients infected with the
more pathogenic subtype D than in patients infected with subtype
A HIV-1 strains (9). Similarly, the TDF resistance K65R mutation
and the NNRTI resistance V106M mutation are more common in
patients infected with subtype C HIV-1 strains than in individuals
infected with other subtypes (45, 46). Despite extensive studies on
HIV-1 drug resistance in sub-Saharan Africa, few studies have
screened for minority drug-resistant variants in treatment-naive
or -experienced patients. However, minority NNRTI-resistant
variants appeared to feature prominently in treatment failures for
women in Africa who had received an NVP-based treatment reg-
imen following single-dose NVP treatment to prevent mother-to-
child transmission (47, 48). Interestingly, NVP selective pressure,
rather than the natural occurrence of K103N and Y181C at low
frequencies (�1%) in the intrapatient HIV-1 population, was re-
lated to failure of NNRTI-based treatment regimens (49).

In our 10-year retrospective study (9), genotypic HIV-1 drug
resistance was observed in approximately 70% of treatment fail-
ures at the Joint Clinical Research Centre (JCRC) in Kampala,
Uganda (based on �3,000 HIV-1-genotyping tests). Thus, as the
standard of care, physicians are informed of infection with fully
drug-susceptible HIV-1 for over 30% of treatment failures (9, 50).
In settings like this, with limited availability of salvage therapies,
cART regimens are rarely switched in patients infected with drug-
susceptible HIV-1. In this study, we used a novel HIV-1-genotyp-
ing assay based on deep sequencing (DeepGen) (24) to detect and
quantify low-level drug-resistant HIV-1 variants in patients fail-

ing a first-line treatment regimen in the absence of drug-resistant
mutations, as screened by standard population-based Sanger se-
quencing in a WHO-certified regional drug resistance test site in
Kampala, Uganda. We then determined the treatment outcomes
of patients failing treatment without HIV-1 drug resistance (by
Sanger sequencing) but with minority drug-resistant HIV-1 vari-
ants detected by DeepGen.

(This research was presented in part at the 8th International
AIDS Conference on HIV Pathogenesis, Treatment, and Preven-
tion, Vancouver, Canada, 19 to 22 July 2015.)

MATERIALS AND METHODS
Cohort analyses. Anonymized patient databases containing clinical de-
mographics and laboratory values were merged with HIV-1 drug resis-
tance databases without patient identifiers by an offsite data manager
according to the stipulations of the institutional review board (IRB; Joint
Clinical Research Centre, Kampala, Uganda) approval (EM10-07). A total
of 1,967 plasma HIV-1 RNA loads (viral load) and 3,468 CD4� T-cell
counts, prior to and after HIV-1 drug resistance testing, were analyzed to
determine treatment outcomes in a cohort of 423 HIV-infected individ-
uals.

Clinical samples. RNA specimens from 65 (n � 65) plasma samples
were retested using our deep-sequencing-based HIV-1-genotyping assay
(DeepGen; see below). These samples are collected for routine drug resis-
tance testing as the standard of care for HIV-infected individuals failing
treatment at the JCRC (Kampala, Uganda). Clinical and virological data
were obtained from the patient care database at the JCRC under IRB
approval (EM10-07) for HIV-1 drug resistance testing. Four groups of
patient samples were selected from a repository based on virologic failure
during treatment with an RTI-based (2 NRTIs plus an NNRTI) regimen,
i.e., defined as a viral load above 2,000 copies/ml and/or CD4� T-cell
counts below 250 cells/mm3. A Sanger sequencing-based HIV-1-genotyp-
ing test had been performed on all patient samples at the time of treatment
failure (9). Group I (n � 27) consisted of patients who failed treatment in
the presence of RTI resistance mutations detected by Sanger sequencing,
group II (n � 21) comprised patients who failed treatment in the absence
of RTI resistance mutations using Sanger sequencing, group III (n � 12)
included patients who failed treatment in the absence of RTI resistance
mutations based on Sanger and deep sequencing, and group IV (n � 5)
consisted of patients who did not fail antiretroviral treatment (Table 1). It
is important to note that samples in groups II and III were defined only
following DeepGen analysis, where group III consisted of patients expe-
riencing treatment failure in the absence of drug resistance mutations,
detected by Sanger or deep sequencing, associated with their respective
RTI-based therapy.

HIV-1 genotyping based on Sanger sequencing. RT-PCR products,
corresponding to the HIV-1 protease (PR)- and reverse-transcriptase-
coding regions of HIV-1, were sequenced in the Case Western Reserve
University/Center for AIDS Research Uganda Laboratory at the JCRC as
part of regular HIV-1 drug resistance testing (9). HIV-1 sequences were
interpreted and drug resistance profiles were generated based on the
HIVdb Program Genotypic Resistance Interpretation Algorithm from the
Stanford University HIV Drug Resistance Database (http://hivdb
.stanford.edu). Phylogenetic analysis was used to predict the HIV-1 sub-
type as described previously (9).

HIV-1 genotyping based on deep sequencing of the gag-p2/NCp7/
p1/p6/pol-PR/RT/IN-coding region. Two overlapping RT-PCR products
corresponding to the gag-p2/NCp7/p1/p6/pol-PR/RT/IN (1,657-nucleo-
tide [nt] and 2,002-nt fragments)-coding region of HIV-1 were sequenced
using DeepGen (24). Briefly, the two amplicons were purified (Agencourt
AMPure XP; Beckman Coulter) and quantified (2100 Bioanalyzer DNA
7500; Agilent Technologies) prior to using the Ion Xpress Fragment Li-
brary kit (Life Technologies, Carlsbad, CA) to construct a multiplexed
library for shotgun sequencing on the Ion Personal Genome Machine
(PGM) (Life Technologies). For that purpose, a mixture of the purified
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TABLE 1 Clinical and virological parameters

Group no. (description)a Patient identifier Ageb Sexc

HIV-1
RNAd

HIV-1
subtypee Treatment historyf

I (treatment failure in the presence of drug
resistance mutations detected by Sanger
sequencing [n � 27])

0113-13 35 M ND A 3TC, EFV, AZT
135-13 15 F ND A TDF, 3TC, LPV, AZT, EFV
137-13 56 M 5.08 D TDF, 3TC, LPV, FTC, AZT, FTC, d4T
dr-83-13 Infant Unk 3.37 A TDF, 3TC, LPV
dr-92-13 Adult Unk ND D Unk
96-13 9 F 4.88 D AZT, 3TC, LPV, NVP, d4T,
223-13 20 F 4.71 D TDF, 3TC, LPV, ABC, EFV, AZT
176-13 35 M 6.09 A Unk
200-13 40 M 5.52 D TDF, 3TC, EFV, AZT, d4T, NVP
EN-7-13 Adult Unk ND D Unk
42-13 32 F 4.13 D AZT, 3TC, NVP
143-12 18 F 3.03 D AZT, 3TC, EFV
186-12 75 F ND A Unk
65-12 Adult M 6.15 A AZT, ETR, ATV, RAL, LPV, TDF, 3TC, NVP
70-12 32 F 4.23 A TDF, 3TC, LPV, RAL, DRV, ETV, FTC, d4T, NVP
106-12 33 F 3.69 A ABC, NVP, LPV, ddI, NVP, AZT, 3TC, TDF
109-12 Adult M 4.60 A FTC, TDF, LPV, AZT, 3TC
123-12 42 F 3.10 D ATV, AZT, ABC, AZT, NVP, 3TC, TDF
124-12 52 F ND A Unk
134-12 43 M ND D Unk
193-12 38 F 5.98 D TDF, 3TC, LPV, d4T, 3TC, NVP
207-12 Unk F 6.10 A TDF, 3TC, EFV
DR-31-11 50 M ND A TDF, 3TC, LPV, FTC
DR-18-11 16 M 3.75 A AZT, 3TC, NVP
DR-286-08 Adult F ND A FTC, TDF, LPV, AZT, 3TC, NVP
DR-371-08 Adult F ND A ABC, ddI, LPV, 3TC, ABC, ddI, d4T, TDF, AZT
DR-30-11 Adult M ND A AZT, 3TC, TDF

II (treatment failure in the absence of drug
resistance mutations detected by Sanger
sequencing [n � 21])

109-13 Adult M 6.16 D EFV, FTC, TDF, LPV, AZT, 3TC, NVP
89-13 Adult Unk 4.21 A Unk
106-13 46 F 5.52 D AZT, 3TC, EFV
156-13 59 Unk ND D Unk
214-13 54 Unk 3.44 D ABC, 3TC, LPV
218-13 30 M 5.99 D TDF, 3TC, LPV, DRV, EFV, NVP
81-13 18 M 3.83 A TDF, 3TC, LPV
177-13 30 M 5.21 D TDF, 3TC, LPV, AZT, FTC,
EN-10-13 Adult Unk 4.80 A/D LPV, RAL, TDF, 3TC, NVP, AZT
72-12 35 M 5.29 A Unk
dr-82-12 Unk Unk 4.10 A TDF, 3TC, LPV
110-12 40 F 4.98 D TDF, 3TC, LPV
111-12 44 M 1.76 A TDF, 3TC, LPV, AZT, EFV, FTC
135-12 22 F 5.45 A AZT, 3TC, TDF, LPV, d4T, NVP
170-12 45 M 5.19 D Unk
172-12 Adult M 5.23 A ABC, ddI, LPV, NVP, AZT, 3TC
dr-0036-08 Unk Unk ND D Unk
DR-0115-11 14 F ND A 3TC, EFV, TDF, AZT
DR-193-11 Adult M 5.55 A AZT, 3TC, EFV
DR-269-08 Adult M ND D TDF, 3TC, LPV, AZT, NVP
DR-50-11 16 M ND C AZT, 3TC, NVP

III (treatment failure in the absence of
drug resistance mutations detected by
Sanger or deep sequencing [n � 12])

216-13 42 F ND A AZT, LPV, 3TC, EFV, TDF
38-13 21 Unk 4.44 A TDF, 3TC, LPV, d4T, NVP,
66-13 21 F 4.63 A RAL, EFV, DRV, TDF, 3TC, LPV, NVP
130-12 50 F 5.01 A 3TC, TDF, ATV, IDV
30-12 Adult Unk ND D Unk
22-12 Adult Unk ND D 3TC, AZT, NVP, TDF, FTC
14-12 Unk F ND A Unk
64-12 9 F 4.36 A AZT, 3TC, NVP, ABC, ddI, LPV,
205-12 16 M 4.53 A AZT, 3TC, ATV, LPV, ddI
dr-0043-11 11 M ND A AZT, 3TC, NVP, ddI, DLV
DR-212-11 34 F 5.12 D TDF, 3TC, NVP, LPV, d4T
DR-001-09 42 M ND D TDF, 3TC, LPV

(Continued on following page)
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DNA amplicons was randomly fragmented, and blunt ends were repaired
using the Ion Shear Plus reagent (Life Technologies), followed by DNA
purification (Agencourt AMPure XP; Beckman Coulter). The P1 adapter
and one of 65 barcodes were ligated to the repaired fragment ends prior to
DNA purification (Agencourt AMPure XP; Beckman Coulter). The DNA
fragments were then selected by size (i.e., 280 to 320 bp; Pippin Prep;
Life Technologies), and each barcoded library was purified (Agencourt
AMPure XP; Beckman Coulter) and normalized using the Ion Library
Equalizer kit (Life Technologies). Barcoded DNA libraries, correspond-
ing to 65 patient-derived amplicons plus the HIV-1NL4-3 control, were
pooled in equimolar concentrations, and templates were prepared and
enriched for sequencing on the Ion sphere particles (ISPs) using the Ion
OneTouch 200 template kit v2 (Life Technologies) in the Ion OneTouch 2
system (Life Technologies). The templated ISPs were quantified (Qubit
2.0; Life Technologies) and loaded into two Ion 318 chips (Life Technol-
ogies) to be sequenced on the Ion PGM using the Ion PGM Sequencing
200 kit v2 (Life Technologies). Signal processing and base calling were
performed with Torrent Analysis Suite version 3.4.2.

Read mapping, variant calling, and phylogenetic analysis. Reads
were mapped and aligned against sample-specific reference sequences
constructed for the gag-p2/NCp7/p1/p6/pol-PR/RT/IN genomic region
using the DeepGen Software Tool Suite as described previously (24). The
frequency of each amino acid present in each HIV-1 genomic position was
calculated and summarized in a graphical interface. A list of the amino
acids at these positions and their frequencies was exported as a tabulated
text file and used with the HIVdb program genotypic resistance interpre-
tation algorithm from the Stanford University HIV Drug Resistance Da-
tabase (http://hivdb.stanford.edu) to infer the levels of susceptibility to
protease, reverse transcriptase, and integrase (INT) inhibitors. In addi-
tion, for each data set, reads spanning amino acid positions (i) 50 to 85 in
the protease (HIV-1 strain HXB2 2400 to 2508), (ii) 180 to 215 in the RT
(HXB2 3087 to 3195), and (iii) 130 to 165 in the integrase (HXB2 4617 to
4725) were extracted, truncated, and translated for phylogenetic analysis.
Within each data set, only one representative of any identical variants was
maintained, but the overall frequency was stored. All variants with a fre-
quency of �10 within the population were aligned using ClustalW (51),
and the phylogeny was reconstructed using the neighbor-joining statisti-
cal method as implemented within MEGA 6.06 (52). In this study, minor-
ity variants were defined as amino acid substitutions detected in �1%
(based on the intrinsic error rate of the system, as described previously
[24]) and �20% of the virus population, corresponding to the mutations
that could not be determined using population sequencing (19–23).

Statistical analyses. Descriptive results are expressed as median val-
ues, standard deviations, and confidence intervals. The nonparametric
Kruskal-Wallis one-way analysis of variance (ANOVA) test was used to
compare the mutations detected in the four different groups. A paired t
test was used to compare longitudinal measurements of plasma viral loads

and CD4� T-cell counts. All differences with a P value of �0.05 were
considered statistically significant. All statistical analyses were performed
using GraphPad Prism v.6.0b (GraphPad Software, La Jolla, CA) unless
otherwise specified.

Nucleotide sequence accession numbers. gag-p2/NCp7/p1/p6/pol-
PR/RT/IN nucleotide sequences obtained by deep sequencing in this
study have been submitted to the Los Alamos National Laboratory
HIV-DB Next Generation Sequence Archive (http://www.hiv.lanl.gov
/content/sequence/HIV/NextGenArchive/Kyeyune2016.html).

RESULTS
Antiretroviral treatment outcomes following Sanger sequenc-
ing-based HIV-1 drug resistance testing in Uganda. We have
previously reported on 937 of more than 3,000 drug resistance
tests performed on HIV-infected individuals experiencing cART
failures at the JCRC (Kampala, Uganda) from 1999 to 2009 (9).
Upon treatment failure, these tests were offered to approximately
20,000 HIV patients receiving treatment at the JCRC through the
PEPFAR and WHO/UNAIDS treatment programs. In contrast to
those observed in HICs, HIV-1 drug resistance genotypes were
observed in roughly 70% of Ugandans failing cART (�85% treat-
ment success in HICs). Thus, drug-susceptible HIV-1 genotypes
were reported to physicians for approximately 30% of patients
failing cART with viral loads of �2,000 copies/ml and/or CD4�

counts of �250 cells/mm3 on two consecutive visits. As described
above, due to various socioeconomic pressures, clinic visits four
times per year are common in Uganda, with laboratory tests often
performed semiannually; however, patients still miss some of
these visits. Between these widely spaced visits, a small fraction of
patients usually stop cART (�2% of patients/year), leading to
rebounds in viral loads and loss of CD4� T-cell counts. Thus,
patients with “typical” treatment failures, which occur at a rate of
approximately 10% per year (9, 53, 54), are mixed with patients
with defined cessations of cART. Both groups would have the
laboratory parameters to trigger a request for HIV-1 drug resis-
tance testing. As described below, both types of treatment failures
may have dominant or minority drug-resistant variants in their
HIV-1 populations, but only the dominant drug resistance would
be reported and influence future treatment decisions.

In Fig. 1, we show the treatment outcomes for patients with or
without dominant drug-resistant HIV-1 genotypes. The vast ma-
jority of patients with drug resistance detected by Sanger sequenc-
ing switched treatment, whereas identification of a drug-suscep-

TABLE 1 (Continued)

Group no. (description)a Patient identifier Ageb Sexc

HIV-1
RNAd

HIV-1
subtypee Treatment historyf

IV (treatment success [n � 5]) 62-12 33 F �20 A 3TC, AZT, NVP
27-12 42 M �20 A AZT, 3TC, NVP
23-12 Adult Unk �20 D AZT, 3TC, EFV
197-12 47 M �20 A d4T, 3TC, EFV
215-12 35 F �20 D AZT, 3TC, NVP

a Group of patients clustered by their response to treatment with antiretroviral drugs in the presence or absence of drug resistance mutations detected using HIV-1 genotyping
assays based on Sanger or deep sequencing (DeepGen [24]).
b Age in years when known; in some cases, patients were classified as infant or adult.
c M, male; F, female; Unk, unknown.
d Plasma viral load (log10 copies per milliliter); ND, not determined.
e HIV-1 subtype determined using HIV-1 reverse transcriptase (Sanger) sequencing, as described previously (9).
f Antiretroviral treatment history: AZT, zidovudine; ddI, didanosine; d4T, stavudine; 3TC, lamivudine; ABC, abacavir; TDF, tenofovir; FTC, emtricitabine; NVP, nevirapine; DLV,
delavirdine; EFV, efavirenz; ETR, etravirine; IDV, indinavir; LPV, lopinavir; ATV, atazanavir; DRV, darunavir; RAL, raltegravir; Unk, unknown.
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tible virus led to at least a 3-month continuation of the ART
regimen. Based on the criteria for drug resistance testing, CD4�

T-cell counts were at a mean of 259 � 318 cells/mm3 of blood,
with viral loads of 5.43 � 5.92 RNA log10 copies/ml in plasma
prior to drug resistance testing (data not shown). In patients with
HIV-1 drug resistance, prior CD4� T-cell counts (269 cells/mm3)
and viral loads (5.38 log10 copies/ml) within the 0- to �90-day
period analyses were not significantly different from those from all
patients receiving drug resistance tests (resistant or susceptible).
However, a significant gain of a mean of 83 CD4� T cells/mm3

(P � 0.01; ANOVA and unpaired t tests) and a 5.5-fold drop in the
mean viral load (P � 0.0001) were observed within a 3-month to
1-year window following detection of drug resistance and a switch
in therapy (Fig. 1A and B).

CD4� T-cell and viral-load levels fluctuated but were not sig-
nificantly different for the first year (Fig. 1C and D) following the
report of a susceptible virus despite earlier evidence of treatment
failure (�250 CD4� T cells/mm3 and viral loads of �1,000 cop-
ies/ml at the time of testing). Interestingly, over the first year fol-

lowing an HIV-1 drug resistance genotype test, patients who
maintained their current ART regimen with a susceptible virus
had poor prognostic outcomes (with increasing viral loads and
decreasing CD4� T-cell counts), whereas patients with drug-re-
sistant viruses who switched treatment regimens fared much bet-
ter over the first year (Fig. 1). Most patients had 2 or 3 visits in the
first year following drug resistance testing, but like every patient
clinic (especially in Uganda and other African countries), patient
visits did not follow a set monthly calendar, which is the reason for
the �90 to 365 days required to determine treatment outcomes
following drug resistance testing.

In paired analyses of plasma viral loads and CD4� T-cell
counts within 1 month before versus 6 months after HIV-1 drug
resistance testing, a significant viral-load decrease and CD4� T-
cell count increase was observed only in the patients with a drug
resistance genotype that led to a switch in treatment regimens
(P � 0.005 and � 0.05, respectively; paired one-tailed t test). A
3-fold difference in plasma viral loads reflects the typical sensitiv-
ity and error in the Roche Amplicor 1.5 assay in our JCRC labo-
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FIG 1 CD4 cell counts and viral loads prior to and following antiretroviral drug resistance tests in Kampala, Uganda. (A to D) CD4� T-cell counts (CD4) (A and
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ratory based on over 20,000 plasma viral-load determinations.
The increase of �50 CD4 cells/ml was also determined to be sig-
nificant by numerous clinical studies. Approximately 60% of the
patients with drug-resistant genotypes had a 3-fold or greater
drop in the viral load (Fig. 2B) compared to only 40% of the
patients with this viral load drop (Fig. 2D) following a report of
HIV-1 that was susceptible to the current cART. A �50-cell/mm3

increase in CD4� T-cell counts (considered statistically significant
in Fig. 1) was observed in 52% of the patients with a drug-resistant
genotype (Fig. 2A) and only 23% of the patients with a drug-
susceptible genotype (Fig. 2C). Based on viral-load decreases and
CD4� T-cell count decreases, a “better” response to cART in pa-
tients with a drug-resistant genotype versus a susceptible genotype
was not significant based on Fisher’s exact test. Based on these
differences, we would require at least 200 patients with paired
samples 1 month before and 6 months after drug resistance test-
ing, which is difficult to control in an observational analysis in-
volving over 12,000 treated patients with a treatment failure rate
of approximately 5 to 10% per year and with highly variable pa-
tient visit schedules. These issues were the basis of the larger co-
hort analyses shown in Fig. 1, with reduced stringency on the
timing of viral-load and CD4� T-cell count testing. Based on our
analysis of these clinical outcomes, we propose that low-frequency
drug-resistant HIV-1 variants are present in the intrapatient viral
quasispecies population that are not detected by Sanger sequenc-
ing methods and that they may impact antiretroviral treatment
outcomes.

Antiretroviral drug susceptibility determined using a stan-
dard HIV-1-genotyping assay based on Sanger sequencing.
Plasma samples were obtained from 60 HIV-infected individuals
experiencing virologic failure and 5 patients responding to treat-
ment while on a first-line RTI-based treatment regimen (2 NRTIs
plus an NNRTI). The HIV-1 drug resistance genotypes of the viral
RNA from these plasma samples were previously determined us-
ing standard (Sanger) population sequencing (9) (Table 1). Our
Sanger sequencing-based drug resistance genotyping assay was
performed in a facility and with an assay certified by the World
Health Organization (WHO). Based on WHO (55) and European
(56) guidelines, any nucleotide substitution (from the wild-type
reference HIV-1 sequence) at a drug resistance-associated posi-
tion that is identified on the chromatogram at a 15% to 20% or
higher frequency over the background is reported as a drug resis-
tance mutation that confers reduced susceptibility to a specific
drug. However, this sequencing/genotyping cutoff was deter-
mined for a HIV-1 subtype B-infected population (19–23). Our
experience in Sanger sequencing thousands of highly diverse
non-B HIV-1 sequences leads us to believe that the threshold for
detection of mixed nucleotides at drug resistance sites in the pol
gene is approximately 30% in non-B HIV-1 strains.

Twenty-seven patients (group I) failed cART with viruses har-
boring multiple mutations in resistance to NRTIs (mean, 1.1
[range, 0 to 4] NRTI resistance mutations) and/or NNRTIs
(mean, 1.6; [range, 0 to 6]). M184V and K103N were the most
common NRTI and NNRTI resistance mutations, respectively.
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FIG 2 Paired analyses of viral-load and CD4� T-cell count changes before and after drug resistance testing. We performed paired analyses with CD4� T-cell
counts (A and C) and viral-RNA loads (B and D) and with samples taken prior to but closest to the drug resistance test date (within 1 month) and with the paired
samples from the patients closest to 6 months after drug resistance testing. (A and B) A total of 46 patients were analyzed for CD4� T-cell count pairs before and
after detection of drug resistance by Sanger sequencing (A) and 42 patients for plasma viral-RNA loads before and after detection of drug resistance by Sanger
sequencing (B). (C and D) Paired samples 1 month before and 6 months after drug resistance testing were also analyzed for patients with no detectable HIV drug
resistance by Sanger sequencing, i.e., 13 patients/paired samples for CD4� T-cell counts (C) and 15 patients/paired samples for plasma viral loads (D). The P
values were calculated using paired one-tailed t tests.
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Based on Sanger sequencing, 33 subjects failed treatment in the
absence of any primary mutations conferring resistance to reverse
transcriptase inhibitors (groups II and III). It is important to note
that groups II and III were defined following deep-sequencing
analyses. For this study, we also obtained 20 samples from JCRC
patients who responded to cART and who had undetectable
plasma viral loads (�50 copies/ml), but we were successful in
amplifying the p2-INT regions of only 5 patient samples, which
were used as control group IV. A complete list of all amino acid
substitutions in the RT-coding region, determined directly from
plasma-derived amplicons using Sanger sequencing, is included in
Table S1 in the supplemental material. No significant difference
was observed in the distributions of age (9 to 75 years old), sex,
plasma HIV-1 RNA load (�20 to 6.15 log10 copies/ml), HIV-1
subtype (37 subtype A, 27 D, and 1 C), or treatment history among
patients in all four groups (Table 1).

Antiretroviral drug susceptibility determined using an HIV-
1-genotyping assay based on deep sequencing. Using our deep-
sequencing method (DeepGen), all 65 patient samples were geno-
typed to obtain an average sequencing coverage of 10,795 reads at
each nucleotide position, which varied with each sample and
HIV-1 genomic region analyzed, i.e., protease (mean, 11,678;
range, 3,603 to 15,314), reverse transcriptase (mean, 10,929;
range, 1,108 to 20,792), and integrase (mean, 9,716; range, 3,589
to 13,847). Based on this sequencing depth, we detected 288 mu-
tations at a frequency of 1% or greater associated with reduced
susceptibility to antiretroviral drugs, i.e., 146 primary and 142
secondary or compensatory drug resistance mutations as de-
fined by the Stanford University HIV Drug Resistance Database
(http://hivdb.stanford.edu). As described below, most of these
drug resistance mutations were detected by DeepGen in patients
failing cART. In contrast to the results from Sanger sequencing,
more than half of these drug resistance mutations (156/288) were
detected at frequencies below our 20% limit of detection for the
Sanger-based HIV-1-genotyping assay.

As described above, we split our 60 patients failing cART into
27 individuals who were failing treatment with drug resistance
(group I) and 33 who were failing in the absence of drug resistance
as determined by Sanger sequencing (groups II and III). A total of
75 mutations in positions associated with resistance to NRTIs or
NNRTIs were detected by Sanger sequencing in the 27 patients
from group I (see Table S1 in the supplemental material). HIV-1
variants from individuals failing treatment showed a high number
of primary NRTI (45/60 [75%]) and NNRTI (45/76 [59.2%]) re-
sistance mutations (group I), most of them as majority members
of the intrapatient HIV-1 population, i.e., 87 of the 136 drug re-
sistance mutations were detected at frequencies above 20%.
M41L, D67N, K70R, M184V/I, and K219Q were among the most
common primary NRTI resistance mutations, while K103N,
Y181C, G190A, and P225H were the most common amino acid
substitutions associated with resistance to NNRTIs in group I (Fig.
3). As expected, all the mutations identified by Sanger sequencing
in group I were also detected by deep sequencing (DeepGen);
however, 49 additional drug resistance mutations were identified
only using DeepGen, and most at a low frequency (Fig. 3). The
number of drug resistance mutations in the PR-, RT-, and INT-
coding regions not only reflected the antiretroviral treatment his-
tory of each patient, but also correlated with the RTI-based ther-
apy regimen at the time the plasma samples were collected. For
example, few mutations associated with resistance to protease in-

hibitors (PIs) or integrase strand transfer inhibitors (INSTIs) were
identified in the four groups, with most corresponding to com-
pensatory mutations (40/52 [76.9%] and 23/27 [85.2%] in PR and
IN, respectively), and many of these were detected as minority
mutations, i.e., 59.6% (31/52) in PR and 59.3% (16/27) in IN (Fig.
3). A V82A mutation found at a 59% frequency and I54V at a 54%
frequency in the HIV-1 populations of two different patients in
group I may reflect initial transmission with PI-resistant virus or,
more likely, treatment with a PI that was not recorded or was
provided by another clinic. The L33F mutation was found at 99%
in the HIV-1 population of a patient from group II infected with a
subtype C virus; however, this mutation confers PI resistance only
when combined with other primary mutations (57). Although
some primary PI resistance mutations were detected at high fre-
quency within the population, all primary INSTI resistance mu-
tations were detected as minority members of the quasispecies,
e.g., Y143H (1.6%) or Q148R (1.1%), and likely reflect natural
polymorphisms at these IN sites.

Groups II and III comprised 33 patients experiencing virologic
failure with a susceptible HIV-1 genotype based on Sanger se-
quencing who were genotyped using DeepGen. Interestingly, in
group II, we identified minority HIV-1 variants resistant to NRTIs
(29/33 [87.9%]) and/or NNRTIs (29/34 [85.3%]), with many pri-
mary mutations associated with resistance to NRTIs (24/29) or
NNRTIs (13/29). For example, M41L was identified in two pa-
tients (at frequencies of 2.6% and 5.8% of the intrapatient HIV-1
population), D67N in four individuals (ranging from 1.1% to
2.5%), K103N in two patients (1.1% and 11.2%), Y181C in two
patients (2.5% and 11.3%), M184I in five individuals (ranging
from 1.6% to 16.8%), and M184V in six patients (ranging from
2.1% to 11.1%) (Fig. 3). Conversely, viruses from patients in
groups III and IV had very limited numbers of RTI resistance
mutations, even using the most sensitive DeepGen test, i.e., only
five (two of them minority HIV-1 variants) and one, respectively
(Fig. 3). Moreover, the few minority (primary or compensatory)
mutations (�20% frequency) detected in group III were not
linked to reduced susceptibility to the antiretroviral drugs in-
cluded in the RTI-based treatment of any of the individuals in the
group. Therefore, group II was defined as patients failing cART
with a susceptible HIV-1 genotype as determined by Sanger se-
quencing but having low-frequency drug resistance mutations in
the intrapatient HIV-1 population as determined by DeepGen. It
is important to note the 20 HIV-1 RNA copies was likely the max-
imum number of RNA templates derived from patients in group
IV, i.e., cART-treated patients with undetectable viral loads. Thus,
only mutations detected above a 5% frequency in group IV sam-
ples should be considered. The IRB approvals did not permit col-
lection of large blood volumes (�200 ml) to increase the sensitiv-
ity of the assay to as low as 1% drug resistance mutations in this
group of patients. A complete list of all amino acid substitutions in
the protease-, RT-, and integrase-coding regions, determined di-
rectly from plasma-derived amplicons using deep sequencing, is
included in Table S2 in the supplemental material.

As described above, the drug resistance mutational patterns in
the entire PR and RT sequences were analyzed with the HIVdb
Program Genotypic Resistance Interpretation Algorithm to com-
pare the results obtained by deep sequencing with standard
(Sanger) HIV-1-genotyping data. When assuming equal impacts
of �1% (by DeepGen) and �20% (by Sanger) mutation frequen-
cies on predicted drug resistance, all 27 patients in group I showed
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intermediate to high-level resistance to several NRTIs or NNRTIs,
which correlated with the drugs employed in the current RTI-
based treatment regimen (Fig. 4). For example, many viruses were
highly resistant to 3TC and FTC (16/27) and/or to NNRTIs, such
as NVP (24/27), EFV (21/27), rilpivirine (RPV) (5/7), or etravirine
(ETR) (1/27). On the other hand, the Sanger HIV-1 genotype for
samples in groups II, III, and IV was essentially susceptible to all
antiretroviral drugs, with a few minor exceptions of intermediate

resistance associated with the presence of secondary or compen-
satory drug resistance mutations (Fig. 4). Interestingly, some of
these drug resistance profiles changed when the minority HIV-1
variants detected by DeepGen were taken into account, e.g., more
viruses in group I were now resistant to 3TC and FTC (20/27), as
well as to additional NRTIs or NNRTIs. More importantly, al-
though the resistance pattern was not considerably modified by using
deep-sequencing-based HIV-1 genotyping in patients from groups
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III and IV, all 21 viruses from patients failing treatment in the absence
of RTI resistance mutations using Sanger sequencing (group II) now
showed an intermediate to high-level reduction in susceptibility to
NRTIs (12/21) or NNRTIs (17/21) when minority HIV-1 variants
were used in the genotypic resistance interpretation (Fig. 4). In sum-
mary, in this study, 55% (33/60) of the Ugandan patients failing treat-
ment at the JCRC in Kampala, Uganda, were infected with drug-
susceptible HIV-1 as determined by Sanger sequencing (groups II
and III) (Table 1). Our more sensitive DeepGen assay revealed that 21
(group II) of the 33 patients harbored drug-resistant viruses at low
frequency (1% to 18%), leaving only 12 of the patients experiencing
treatment failure in the absence of drug-resistant HIV-1 variants
(group III). That is, 80% (48/60) of the HIV-infected Ugandans fail-
ing cART in this study (groups I and II) harbored some proportion of
drug-resistant HIV-1, which may be prognostic of their future treat-
ment success.

Phylogenetic and diversity analysis using deep sequencing.
As described above, our HIV-1-genotyping and coreceptor tro-
pism assay (DeepGen) is based on deep sequencing of viral RNA
extracted from plasma samples and optimized to accurately detect
minority HIV-1 variants above a 1% level in the HIV-1 population
(24). In addition to identifying low-level drug-resistant viruses
otherwise not detected by Sanger sequencing, this methodology is
capable of generating over 10,000 HIV-1 sequences (reads) per
patient to analyze intra- and interpatient HIV-1 genetic diversity
(58, 59). All 65 patient samples were genotyped, generating a total
of 7,979,986 quality reads with an average read length of 171 bp.
The high viral loads in most of these patients (ranging from 3.03 to
6.16 log10 copies/ml) and average sequencing coverage (a mini-
mum of 1,000 reads per nucleotide position) ensured accurate
detection of minor variants present at a 1% or higher level in the
intrapatient HIV-1 population (60).

Deep-sequencing reads corresponding to 105-nt fragments in
the protease-, RT-, and integrase-coding regions and present at a
frequency of �10% of the overall intrapatient HIV-1 population
were aligned and used to construct neighbor-joining phylogenetic
trees and to calculate intra- and interpatient genetic diversity (Fig.
5). A total of 358 unique protease (mean, 5.1 [range, 1 to 24] per
patient sample), 422 unique reverse transcriptase (5.9 [1 to 28]),
and 211 unique integrase (3.1 [1 to 16]) sequence reads were in-
cluded in each phylogenetic analysis. “Twigs,” or branch points
(shown as colored dots in Fig. 5), on a single branch represent the
unique reads within a patient sample. As expected, multiple
unique reads were identified per patient, which branched together
in each of the three HIV-1 genomic regions and clustered based on
the HIV-1 subtype identification, i.e., A, C, or D (Fig. 5).

Although not statistically significant, the mean interpatient ge-
netic distances in the two groups failing treatment with HIV-1
drug-resistant viruses (groups I and II) were higher than the ge-
netic distances in groups III and IV, with susceptible viruses (in all
three HIV-1 genomic regions) (data not shown). Intrapatient
HIV-1 diversity, based on the number of unique PR, RT, or IN
reads per patient, was significantly higher in patients from group
II than in subjects in groups I, III, and IV, i.e., mean numbers of
unique reads of 7.6 versus 4.7, 4.3, and 3.6, respectively, in PR (P
value range, 0.022 to 0.046; unpaired t test); 9.2 versus 5.3, 5.6, and
3.6 in RT (0.011 to 0.045); and 4.95 versus 3.0, 2.1, and 2.2 in IN
(0.025 to 0.047) (Fig. 6). Increased numbers of unique reads cor-
responded to higher numbers of overall mutations across the pol
gene, particularly in the RT-coding region, which were also signif-

icantly higher in viruses from group II patients than in group I, II,
and IV patients, i.e., a mean number of pol mutations of 127.8
versus 114.1, 101.3, and 88.8, respectively (P value range, 0.018 to
0.041; unpaired t test) and a mean number of RT mutations of
72.3 versus 68, 55.3, and 52, respectively (P value range, 0.024 to
0.043; unpaired t test) (Fig. 7). Finally, the number of minority
HIV-1 variants was significantly higher in patients from group II
versus group I, III, and IV patients based on an overall mutation
frequency of 25.4% versus 84.9%, 97.3%, and 96.4%, respectively,
in the pol gene (P � 0.001; Kruskal-Wallis ANOVA test) (Fig. 7A).
Similar results were observed when the PR-, RT-, and INT-coding
regions were individually analyzed (Fig. 7B, C, and D).

Clinical outcome and association with HIV-1 drug suscepti-
bility by DeepGen. Group I patients were infected with drug-
resistant HIV-1 variants that dominate the intrapatient HIV-1
population as detected by Sanger sequencing (and by DeepGen);
however, minority HIV-1 drug-resistant variants in group II pa-
tients were detected only by DeepGen. The cumulative findings
shown in Fig. 6 and 7 suggest that group II patients have an in-
creased number of unique HIV-1 sequence reads (i.e., variants)
bearing drug-resistant HIV-1 mutations that either are in the pro-
cess of selection due to ongoing treatment or have faded in the
intrapatient HIV-1 population due to intermittent treatment.
HIV-1-genotyping reports (based on Sanger sequencing) were
provided to the physicians treating all 60 patients from groups I,
II, and III at the JCRC in Kampala, Uganda. To evaluate the po-
tential contribution of minority HIV-1 drug-resistant variants, we
examined the clinical outcomes for 38 (of 65) patients up to 3
years following the HIV-1-genotyping reports. As expected, anti-
retroviral drugs were switched in the ART regimens of the 27
patients from group I upon detection of drug resistance by Sanger
sequencing. Patients in group I (as in the larger population shown
in Fig. 1A and B) with a drug-resistant genotype and a switch in
treatment had better treatment outcomes based on increased
CD4� T-cell counts and decreasing viral loads (data not shown).
However, no significant change was observed in CD4� T-cell
counts and viral loads in the first year for individuals in group II (a
subset of the JCRC patient population in Fig. 1E and F), who
remained on the same antiretroviral treatment with a drug-sus-
ceptible HIV-1 genotype based on Sanger sequencing. After 1
year, the outcomes for the group II subset improved, with increas-
ing CD4� T-cell counts and lower viral loads in these patients due
to an eventual switch in antiretroviral treatment (Fig. 1F). Figure
2C shows significant decreases in CD4� T-cell counts and in-
creases in viral loads for the paired patient analyses of the subset.
In Fig. 8A, we provide specific examples of patients in group I
where evidence of drug resistance by Sanger sequencing led to a
change in cART, a subsequent drop to undetectable viral loads,
and slow increases in CD4� T-cell counts. Three of four patients
in group II who were “susceptible” to the ongoing cART (109-13,
172-12, and 110-12) showed no decline in viral loads and no ap-
preciable increases in CD4� T-cell counts while remaining under
the same treatment regimens (Fig. 8B). In Fig. 8C, we show that
these patients from group II (109-13, 172-12, 110-12, and DR-
269-08) had low-frequency HIV-1 drug resistance mutations con-
ferring resistance to RTIs. Patient 109-13 continued on ATRIPLA
(TDF plus FTC plus EFV) despite having a series of mutations
associated with resistance to this cART, e.g., K65R (2.5%), M814V
(6.2%), and K130N (11%), undetected by the standard HIV-1
genotype test. Patients 172-12 and 110-12 remained on abacavir
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(ABC) plus didanosine (ddI) plus NVP and TDF plus 3TC plus
NVP, respectively. Due to issues with drug tolerance, patient
110-12 switched 3TC for FTC but retained TDF and NVP in the
regimen. A drop in the viral load was then observed over a 200-day
period. Finally, patient DR-269-08 carried viral variants with thy-
midine analog mutations at low frequency, e.g., M41L (2.6%),
D67N (2.5%), K70R (2.4%), and T215F (2.3%), in addition to
Y181C (2.7%) and M184V (2.8%), associated with reduced sus-
ceptibility to NVP and 3TC, respectively (Fig. 8C). Fortunately,
this patient switched to TDF plus 3TC plus NVP shortly after the

drug-resistant-genotype test, which resulted in a drop to unde-
tectable viral loads within 150 days, most likely due to the potent
activity of TDF.

Observation of clinical management following HIV drug re-
sistance testing. As discussed below and highlighted throughout,
this observational and retrospective study could analyze only the
clinical data from patient visits that did not follow a routine sched-
ule (typical in a clinical trial). Furthermore, we did not or could
not randomize patients to maintain or switch treatment regimens
in cases of treatment failure in the absence of HIV drug resistance
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detected by Sanger sequencing. Although we cannot produce ex-
act numbers, the majority of physicians treating patients with
cART failure in Uganda usually request an HIV drug resistance
test, which is relatively inexpensive by HIC standards (i.e., ap-
proximately $100 per test) but still costly for patient management
in Uganda. We typically report HIV drug resistance by Sanger
sequencing in over 75% to 80% of patients failing treatment (i.e.,
with plasma viral loads of �2,000 copies/ml and/or CD4� T-cell
counts of �250 cells/mm3 on two consecutive visits). In cases of
clear HIV drug resistance, patients are started on a new cART
regimen. However, we fail to detect HIV drug resistance in ap-
proximately 20% of these patients. Due in part to stipulations by
the various international funding groups, these patients are usu-
ally maintained or restarted on the same treatment regimen. From
the cohort analyses, patients failing treatment without HIV drug

resistance by Sanger sequencing and maintaining the same treat-
ment regimen fare significantly worse than those who had HIV
drug resistance detected by Sanger sequencing. However, with
observational studies and without randomization, our physicians
have the patients’ well-being in mind, and all patients are eventu-
ally switched to salvage treatment within the first 1 to 2 years of
experiencing continued treatment failure (as illustrated in Fig. 8).
Due to the cost, this switch rarely involves a second HIV drug
resistance test. From our subset analyses, we know that the major-
ity of the treatment failures in Uganda, without HIV drug resis-
tance detected by Sanger sequencing, will have drug resistance
mutations detected by deep sequencing. As discussed below, the
significant observation of continued treatment failure 1 year fol-
lowing detection of drug-susceptible virus by Sanger sequencing
(i.e., approximately 20% of the cART failures in Uganda) and the
significant detection of low-frequency drug-resistant virus in a
subset of these patients (64%) have prompted the immediate
adoption of DeepGen for HIV drug resistance genotyping at the
JCRC. Further studies from our group will compare the treatment
outcomes of patients who switched to a salvage regimen based on
dominant HIV drug resistance with those of individuals carrying
low-frequency drug-resistant viruses and those with a lack of drug
resistance.

DISCUSSION

Over 40% of HIV-1-infected patients around the world are now
receiving treatment compared to less than 1% in 2000 (http:
//www.unaids.org/en/resources/documents/2015/AIDS_by_the
_numbers_2015). Initiating cART earlier in disease is obviously
beneficial to patient outcome, but only if the patient remains ad-
herent to the cART with full viral suppression (61). Full viral sup-
pression on first-line cART is achieved in �85% of treatment-
naive HIV-infected individuals/year in HICs (62–64), but in
LMICs, these rates are less than 80% per year (64–66). Antiretro-
viral treatment failure is largely due to poor adherence in sub-
Saharan Africa, but purely behavior-based decisions to stop med-
ications are rare, and with access to medication, adherence rates
are similar to those in HICs (64, 66). Thus, poor adherence in
LMICs is generally related to limited access to clinical centers, high
travel costs, intermittent antiretroviral drug supply, and interrup-
tions of funding programs that provide cART (67). In Uganda, it is
not uncommon for treating physicians to have limited knowledge
of patient-specific adherence issues, and poor adherence is rarely
noted in patient charts.

At the Joint Clinical Research Centre in Uganda, we provide
HIV-1 drug resistance genotype testing for any patient with a viral
loads of �1,000 copies/ml and/or CD4� T-cell counts below 250
cells/mm3 on two consecutive visits. Since 1999, over 5,000 HIV-1
drug resistance genotype tests (based on Sanger sequencing) have
been performed in the JCRC’s WHO-designed laboratory. At the
JCRC, a HIV-1 drug-resistant genotype with mutations in pri-
mary resistance to at least one antiretroviral drug is observed in
approximately 76% of patients failing treatment (9). In a prospec-
tive study of over 2,000 patients, Hamers et al. (65) found a 10%
failure rate after 1 year on first-line cART, and approximately 70%
of these treatment failures harbored drug-resistant genotypes. De-
spite similar drug resistance rates (70% to 76%) for first-line treat-
ment failures in these prospective (65) and cross-sectional (9)
cohort analyses, several smaller cross-sectional clinical studies in
Uganda have indicated that nearly all first-line treatment failures
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were associated with the appearance of HIV-1 drug-resistant ge-
notypes (68, 69). The concordance between first-line treatment
failures and drug resistance in HICs is generally greater than 95%
(65). Hamers et al. (65) suggested that close monitoring of viral
loads and CD4� T-cell counts over the first year identified treat-
ment failures prior to the emergence of dominant HIV-1 drug
resistance. In contrast, Kyeyune et al. (9) reported that treatment
failures in this cross-sectional cohort were frequently identified in
patients with prolonged times between clinic visits. Unlike many
clinics in HICs, where samples are stored during viral-load testing
and where drug resistance testing is performed on the same sam-
ple with a detectable plasma viral load, the JCRC requests HIV
drug resistance testing only when the previous visit (commonly 3
months earlier) showed a high viral load or the patient had re-
peated CD4� T-cell counts below 200 cells/mm3. Many patients
stop taking their cART during the intervening period between a
positive viral load and subsequent drug resistance testing, which
likely accounts for the low-level HIV drug resistance being unde-
tectable by Sanger sequencing. As described below, we suspect that

both studies are correct in their assumptions, in that (i) primary
HIV-1 drug resistance mutations can contribute to treatment fail-
ures prior to the dominance of drug-resistant HIV-1 variants in
the intrapatient population and (ii) drug-resistant HIV-1 strains
quickly fade in the intrapatient HIV-1 population in the absence
of drug pressure (i.e., poor adherence).

Based on the hypotheses of Hamer et al. (65) and Kyeyune et al.
(9), we proposed that Uganda HIV patients failing first-line anti-
retroviral treatment were likely to carry drug-resistant HIV-1 as
minority variants in their intrapatient virus population. Further-
more, if the same treatment regimens (as the first line) were re-
sumed, we proposed that treatment failure would arise or worsen
if the minority drug-resistant HIV-1 variants were present. Coun-
ter to our hypothesis, Gupta et al. (70) reported that 27% of all
first-line treatment failures (n � 70) in the Development of Anti-
Retroviral Therapy in Africa (DART) study showed resuppression
of the viral load when the same first-line regimen was continued.
Resuppression was even observed in 7 of 10 patients failing treat-
ment in the presence of a drug-resistant genotype (70). In our
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study, we observed resuppression based on a drop in the viral load
in only 40% of the patients failing treatment but lacking Sanger-
detected drug resistance. Our standard-of-care HIV-1 genotype
testing in the JCRC clinic led to a switch to second-line ART reg-
imens if resistance to the first-line treatment was detected. Here,
we analyzed 33 patients (groups II and III) experiencing treatment
failure in the absence of HIV-1 drug resistance detected by Sanger
sequencing. These patients resumed their treatment, and there
was no significant change in their viral loads or CD4� T-cell
counts 6 months before and 6 months after drug resistance testing.
Despite being a “susceptible virus” in our Sanger-based HIV-1
drug resistance report, resumption of the first-line treatment reg-
imen led to only 40% of patients having a 3-fold or greater de-
crease in the viral load over the next 6 months. In contrast, detec-
tion of a virus resistant to the first-line treatment and
“susceptible” to the second-line treatment led to over 60% of the
patients having significant drops in the viral load over the first 6
months of the second-line treatment. With a second-line treat-
ment regimen, over 20% reached complete viral suppression in 6
months and another 24% in 12 months. Thus, our data suggest
that despite a “drug-susceptible” HIV-1 genotype (based on
Sanger sequencing) and intense adherence counseling, resump-
tion of the first-line treatment regimen provides only a weak viro-
logic response (in 40% of the patients), suggesting that low-fre-
quency HIV-1 drug resistance could be responsible for the
continued treatment failure.

Emergence of a dominant drug-resistant virus from the low-
frequency variant during continued treatment failure would pro-
vide absolute proof of the impact of low-frequency HIV drug re-
sistance on treatment outcomes in Uganda. However, physicians
typically switch to a salvage treatment regimen if treatment failure
continues and HIV drug resistance was not detected by the
Sanger-based test on the previous visit sample. Based on (i) the
strong correlations between the detection of low-frequency HIV
drug resistance mutations and continued treatment failure (here)
and (ii) previous studies in Ugandan women showing that low-
frequency NVP mutations led to failure of NNRTI-containing
cART (49, 71), our ethics committee decided against a study in
which the same cART was continued when low-frequency HIV
drug resistance mutations were detected at �5%. More impor-
tantly, we have also adopted DeepGen as the preferred HIV drug
resistance genotyping test in the JCRC.

The impact of low-frequency drug-resistant HIV-1 variants on
treatment outcomes in patients is a matter of great debate (32, 34,
38–41, 72). Several studies suggest that preexisting minority drug-
resistant variants in treatment-naive patients have minimal to no
effect on the treatment outcome even if the treatment involves
drugs associated with the drug resistance pattern (e.g., treatment
with NVP when a patient has 3% NVP-resistant variants) (32, 49).
However, the impact of these drug-resistant minority variants in
treatment-naive patients is also highly dependent on the level of
resistance conferred by the specific mutation, cross-resistance to
other drugs in the regimen, and the replicative fitness of the HIV-
1-resistant strain. Unfortunately, there have been few research
studies examining the impact of low-frequency drug-resistant
HIV-1 variants in treatment-experienced patients due to the cur-
rent success of cART in HICs; very low failure rates; and, so far,
limited availability of clinical tests aimed at quantifying low-fre-
quency HIV-1 variants (24, 73). The OCTANE/A5208 study by
the AIDS Clinical Trial Group provides our best indication that

low-frequency mutations can impact treatment outcomes (49, 71,
74, 75). Women who had previously received a single-dose of
NVP to prevent mother-to-child transmission had a 30% rate of
treatment failure if randomized to receive an NVP-containing
regimen versus a �10% failure rate with a ritonavir-boosted lopi-
navir (LPV/r)-containing regimen of FTC plus TDF. Preexisting
dominant NVP mutations were a major risk factor for failure.
Subsequent studies also showed that a high risk of treatment fail-
ure was also observed in women who had received single-dose
NVP and had NVP-resistant HIV-1 variants at low frequency (49,
71).

Most studies on the impact of low-frequency drug-resistant
viruses have been limited by clinical-trial design and patient num-
bers. With the accumulation of over 3,000 drug-resistant geno-
types from treatment failures in Uganda, we used a deep-se-
quencing-based HIV-1-genotyping assay (DeepGen) on 21 (of
approximately 900) and 27 (of approximately 2,100) patients
failing treatment without (group II) or with (group I) HIV-1 drug
resistance as determined by Sanger sequencing. In 27 patients
from group I, we obtained strong concordance between the dom-
inant mutations detected by both sequencing methods, but our
DeepGen test identified 66 additional drug-resistant mutations at
a low frequency. Despite the lack of drug resistance by Sanger
sequencing, all 21 patients in group II had drug resistance muta-
tions detected in between 1% and 20% of the intrapatient HIV-1
population. These findings suggest that new drug-resistant HIV-1
variants were about to emerge in these patients or that high-fre-
quency HIV-1 drug-resistant variants had been replaced by more
fit wild-type variants with higher replicative capacity due to poor
treatment adherence. Interestingly, the presence of drug-resistant
minority variants was also related to higher genetic diversity in the
patient’s virus, whereas dominant drug-resistant HIV-1 had low
diversity in treatment failures. Since the physicians received a re-
port of drug-susceptible HIV-1 based on Sanger sequencing, the
treatment regimen was continued, and treatment failure per-
sisted. This continued treatment failure correlated with the pres-
ence of the minority drug-resistant HIV-1 variants in the patient
samples (tested retrospectively with DeepGen). In contrast, viral
suppression was achieved when the treatment regimen was
switched to drugs that lacked any patterns of cross-resistance to
previous treatment drugs.

In summary, we have shown that most patients failing cART in
Uganda would continue to fail their treatment regimen even if a
dominant drug-resistant HIV-1 variant was not detected. At least
25% to 30% of treatment failure cases in Uganda occur in the
absence of dominant HIV-1 drug resistance (9, 65). Unfortu-
nately, when informed of a drug-susceptible HIV-1 genotype,
treating physicians typically maintained the existing treatment
regimen and only switched cART upon retesting for HIV-1 drug
resistance or after observing continued virologic failure at the next
visit (typically 4 to 12 months later). Our analyses of a subset of
samples using the more sensitive DeepGen assay revealed that
most patients with treatment failure had low-frequency (or mi-
nority) drug-resistant variants in the intrapatient HIV-1 popula-
tion, which correlated with the continued treatment failure. For
that reason, we have now adopted the DeepGen assay in place of a
Sanger sequencing-based HIV-1-genotyping assay to report
HIV-1 drug resistance at a dominant (�20%) or subdominant
(1% to 20%) level for patients failing treatment at the JCRC in
Kampala, Uganda. Implementing DeepGen or another deep-se-
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quencing-based HIV-1-genotyping assay as the standard of care in
Uganda (and possibly in the rest of sub-Saharan Africa) is related
to a higher likelihood that drug resistance exists as a minority
variant in patients in LMICs than in patients in HICs. As described
above, patients in LMICs—specifically in Uganda— have irregu-
lar and infrequent clinic visits; incomplete clinical data related to
viral-RNA loads and CD4� T-cell counts; and, perhaps more rel-
evant, poor adherence. Again, it is important to stress that breaks
in drug treatment or poor adherence are more related to socioeco-
nomic factors, such as drug shortages, costs of both drugs and
travel to obtain drugs, and stigma than to various behavioral fac-
tors. Due to the rapid selection and/or decline of drug-resistant
HIV-1 variants from the complex intrapatient HIV-1 population,
we should not base clinical decisions on an arbitrary detection of
drug-resistant HIV-1 set to 20% in the virus population (i.e., the
empirical limits of Sanger sequencing) but should use more sen-
sitive methods to detect these HIV-1 variants at low levels.
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