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Abstract

To screen for drug resistance and possible treatment with Dolutegravir (DTG) in treatment-naive patients and
those experiencing virologic failure during first-, second-, and third-line combined antiretroviral therapy
(cART) in Uganda. Samples from 417 patients in Uganda were analyzed for predicted drug resistance upon
failing a first- (N = 158), second- (N = 121), or third-line [all 51 involving Raltegravir (RAL)] treatment regi-
men. HIV-1 pol gene was amplified and sequenced from plasma samples. Drug susceptibility was interpreted
using the Stanford HIV database algorithm and SCUEAL was used for HIV-1 subtyping. Frequency of re-
sistance to nucleoside reverse transcriptase inhibitors (NRTIs) (95%) and non-NRTI (NNRTI, 96%) was high in
first-line treatment failures. Despite lack of NNRTI-based treatment for years, NNRTI resistance remained
stable in 55% of patients failing second-line or third-line treatment, and was also at 10% in treatment-naive
Ugandans. DTG resistance (n = 366) was not observed in treatment-naive individuals or individuals failing first-
and second-line cART, and only found in two patients failing third-line cART, while 47% of the latter had
RAL- and Elvitegravir-resistant HIV-1. Secondary mutations associated with DTG resistance were found in
2%–10% of patients failing third-line cART. Of 14 drugs currently available for cART in Uganda, resistance
was readily observed to all antiretroviral drugs (except for DTG) in Ugandan patients failing first-, second-, or
even third-line treatment regimens. The high NNRTI resistance in first-line treatment in Uganda even among
treatment-naive patients calls for the use of DTG to reach the UNAIDS 90:90:90 goals.
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Introduction

By 2016, there were 36.7 million people living with HIV-
1 infection worldwide and 1.8 million new infections

diagnosed in the same year.1 Uganda is among the countries
with the highest burden of HIV-1 infections, with *1.5 mil-
lion (7.1%) people living with HIV/AIDS and 57% of them
receiving combined antiretroviral therapy (cART).2 Unfor-
tunately, due to various sociological and economic factors,
HIV-1 drug resistance has been rapidly emerging in patients
receiving cART, such that HIV-1 drug-resistant variants are
now responsible for at least 9% of the new infections.3

In Uganda, as most of sub-Saharan Africa, over 57% of
patients have access to tenofovir- and efavirenz (EFV)-based
first-line regimen recommended by the World Health Orga-

nization (WHO),1 while <50% of patients are receiving the
dolutegravir (DTG)- and darunavir-based first-line regi-
mens recommended by the International Antiviral Society—
United States of America.4 However, rapid emergence of
HIV-1 drug resistance to first-line B1a rated treatment regi-
mens argues for increasing access to more effective cART,
which may lead to better treatment outcomes, lower adverse
events/drug toxicity, and higher barriers for drug resistance.
DTG, a second-generation integrase strand transfer inhibi-
tor (INSTI), Elvitegravir/cobicistat (EVG/cobi), or Ralte-
gravir (RAL) are three ‘‘backbone’’ INSTIs recommended
for first-line treatment regimens in combination with te-
nofovir disoproxil fumarate/emtricitabine (FTC) (or with
tenofovir alafenamide/FTC when combined with EVG/cobi).5

DTG/abacavir/lamivudine is also employed if the patients are
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screened to exclude those with an HLA B57 allele. Rilpivirine
along with the latter nucleoside reverse transcriptase inhibitors
(NRTIs) are used for new first-line treatment regimens. De-
spite these preferences for treatment in high income countries
(HICs), at the Joint Clinical Research Center ( JCRC) in
Uganda, currently <1% of the 60,000+ patients receive this
first-line cART recommended by the Centers for Disease
Control and Prevention (CDC) for HICs.

Equally important, in vivo DTG resistance has rarely been
observed even in those few patients showing virological failure
in NRTI-experienced, but INSTI-naive patients.6 In vitro studies
characterizing the DTG-associated R263K mutation in subtype
B, C, and CRF02_AG HIV-1 strains showed early emergence
of R263K in subtypes B and CRF02_AG, whereas the G118R
substitution was only observed in subtype C and CRF02_AG.7

It is possible that HIV-1 strains from different subtypes may
explore distinct paths, selecting for different mutations, to es-
cape DTG pressure. Moreover, while resistance to EVG and
RAL comes at high fitness cost,8 the DTG-resistant R263K
mutation is even slower to emerge and more debilitating to
HIV-1 replication. The R263K mutation observed in clinical
and in vitro studies, and secondary mutations such as H51Y,
M50I, and E138K observed in cell culture studies do emerge
during DTG treatment, but appear unable to restore replication
capacity of the virus.9–11 DTG can also inhibit most HIV-1
isolates resistant to RAL and EVG, which relates to its success
in RAL-experienced patients in the VIKING-3 study.12

Despite the strong safety profile and success of DTG in both
first- and second-line treatments, its use in low and middle income
countries (LMICs) has been minimal. DTG has been extensively
tested in patients infected with subtype B, with no difference on
DTG susceptibility been observed in non-B subtype HIV-1
strains in dose-escalating/selection experiments.13 However, lit-
tle is known about DTG treatment outcomes in patients infected
with subtype A and D HIV-1 primarily found in Uganda.14

In this study, we evaluated the possible treatment with DTG
in cART to treat HIV-1-infected Ugandan individuals based on
the current drug resistance profile in treatment-naive and
highly treatment-experienced patients. Drug susceptibility was
predicted in 417 plasma samples from treatment-naive indi-
viduals (N) (n = 87), first-line failures (FF) (n = 158), second-
line failures (SF) (n = 121), or third-line/RAL-based anti-
retroviral failures (RF) (n = 51). Our results did not predict
DTG resistance in HIV-1-infected treatment-naive patients,
nor from individuals failing different cART regimens, high-
lighting the suitability of DTG-based therapies to treat HIV-1-
infected patients in Uganda at any stage of the disease.

Materials and Methods

Samples for the study

This was a retrospective study that assessed the prevalence
and impact of DTG-associated mutations in patients failing on
different treatment regimens. Samples were collected from the
WHO, College of American Pathologist (CAP), and National
Institutes of Health-Virology Quality Assurance (NIH-VQA)-
accredited Center for AIDS Research (CFAR) Laboratory of the
JCRC in Kampala, Uganda. The JCRC is one of the first HIV
treatment centers in the country to roll out cART and currently,
the only site licensed to provide INSTIs in the country. The
patient database in the CFAR laboratory was used to access the
patient demographic, medical, and treatment history of the study

samples. A total of 440 plasma samples were collected from
patients receiving routine treatment care at the JCRC and with
virological failure, defined by a viral load above 1,000 copies/ml
and/or CD4+ T cell counts below 250 cells/mm3. These viro-
logical failures included plasma samples from 90 N, 165 FF, 125
SF, and 60 RF patients. Antiretroviral therapy (ART)-naive
samples came from the Pan-African Studies to Evaluate Re-
sistance network,15 the Monitoring Antiretroviral Resistance in
Children observational cohort study,16 and the Hormonal Con-
traception and HIV-1 Genital Shedding (GS) and Disease Pro-
gression among Women with Primary HIV Infection study.17

Forty-two of one hundred sixty-five FF samples came from the
Europe-Africa Research Network for Evaluation of Second-line
Therapy trial.18 The rest of the samples were patient samples
collected during routine Sanger genotyping testing at the JCRC.
Ethical clearance was obtained from the IRBs at the JCRC and
UHCMC/CWRU (EM-10-07 and 10-05-35).

RNA extraction and PCR amplification

Viral RNA was extracted from 440 plasma samples using a
QIAamp viral RNA Mini Kit (Qiagen) according to the
manufacturer’s instructions. Reverse transcription of the full-
length HIV-1 integrase (IN)-coding region from extracted viral
RNA and amplification was done with the sense primer
RTA9F (5¢-TATGGGGAAAGACTCCTAAATTTA-3¢) and
antisense primer 3Vif (5¢-AGCTAGTGTCCATTCATTG-3¢)
using a Superscript III single RT-PCR system with Platinum
Taq DNA polymerase kit (Thermo Fisher Scientific) as per the
manufacturer’s instructions. Nested PCR was done using the
sense primer INTFEXT1 (5¢-AGAAGTAAACATAGTAAC
AGACTCACA-3¢) and antisense Vif 3 reverse 1 primer (5¢-
GTCCTGCTTGATATTCACACC-3¢) using a Platinum Taq
kit (Thermo Fisher Scientific) as per the manufacturer’s in-
structions to generate amplicon of 1,433 base pairs. Amplifica-
tion of protease (PR) and reverse transcriptase (RT) regions was
done as previously described.3 The amplicon was purified using
ExoSAP-IT enzyme (Thermo Fisher Scientific) and quantified
using a Qubit fluorometer (Thermo Fisher Scientific).

Cycle sequencing and sequence analysis

The HIV-1 IN as well as the PR and RT coding regions were
amplified and analyzed on a Sanger sequencing platform.
Briefly, a quantified and purified PCR product was sequenced
with primers spanning the full length of the IN gene (1–288
amino acids): Vif 3 reverse1 (5¢-GTCCTGCTTGATATTCA
CACC-3¢), INTREXT (5¢-AATCCTCATCCTGTCTAC-3¢),
and INTFEXT1 (5¢-AGAAGTAAACATAGTAACAGACTC
ACA-3¢). PCR product was sequenced with ABI Big dye ter-
minator (v3.1) (Thermo Fisher Scientific) according to the man-
ufacturer’s instructions on ABI 3730xl sequencing platform (Life
Technologies, Carlsbad, CA). A total of 417 samples (N = 87,
FF = 158, SF = 121, and RF = 51) were amplified and sequenced
successfully for the IN gene (Fig. 1; Table 1). Sequences were
analyzed using RECall (beta v3.02) program as recommended by
the WHO.19 Stanford resistance predictions were obtained using
a Python client, SierraPy 0.1.2, to automate transactions with the
Stanford HIVdb Sierra web service algorithm v8.3.20

Subtype classification

The resulting JSON files were converted into CSV files
using an in-house R script. SCUEAL was used for HIV-1
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subtype classification and recombination detection.21 This al-
gorithm maps sequences to a phylogeny of subtype reference
sequences by maximum likelihood to classify subtypes and
detect recombination. Sequences with two or more recombi-
nation breakpoints with multiple subtype or sub-subtype (e.g.,
A1, A2) parents are labeled ‘‘complex’’ recombinants. Amino
acid polymorphisms were extracted by pairwise alignment of
the consensus sequence to the HXB2 reference integrase gene
sequence using an in-house Python script. Insertions relative to
this reference were discarded and the aligned sequences were
translated into amino acids with an HXB2 coordinate system.
We excluded circulating recombinant forms (CRFs) from the
phylogenetic analysis and aligned all the data using MAFFT
v7.305b,22 including the HIV-1 subtype reference sequences
of HIV-1 subtypes A1, A2, C, and D. We manually adjusted
the resulting alignment using AliView v1.19-beta-3.23 A
phylogenetic tree was reconstructed by maximum likelihood
using PHYML v20160207 with the default parametric boot-
strap support analysis.24 The general time-reversible model
incorporating invariant sites and a gamma distribution for rate
variation across sites (GTR + I + G) was selected using the
Akaike Information Criterion using jModeltest v2.1.10.25 The
tree was visualized and manually annotated in FigTree
(A. Rambaut, http://tree.bio.ed.ac.uk/software figtree) and
Archaeopteryx v0.9920 beta.26

Statistical analyses

Statistical analyses were performed using GraphPad Prism
7.03 (GraphPad Software, La Jolla, CA) using one-way
analysis of variance unless otherwise specified.

Results

Based on sequencing of the PR, RT, and IN-coding re-
gions, HIV-1 subtype distributions did not significantly differ
among the four groups (N, FF, SF, and RF). Subtype A virus
was the predominant subtype found in nearly half of patients
in each group followed by subtype D and C. Our observations

are consistent with our previous study on Uganda HIV-1
subtype distribution in the last 10 years3 (Fig. 2). As previ-
ously described,3 a higher proportion of patients failing
treatment appeared to be infected with subtype D, but this
was not statistically significant (Fig. 2). No subtype C in-
fections were identified in the RAL-treated group, most likely
due to the smaller sample size. AD recombinants were ob-
served at higher frequency in the naive than treatment-failure
populations, whereas complex recombinants/CRFs com-
prised the remaining 13%–19% (Fig. 2).

On average, 10% of the treatment-naive patients were in-
fected with HIV-1 variants harboring primary resistance
mutations to at least one NRTI or non-NRTI (NNRTI)
(Figs. 3 and 4). This treatment-naive group was recruited
from 2007 to 2011 during chronic disease and tested for HIV-1
drug resistance genotype.15,16,18 A 10% incidence of drug
resistance in chronically infected patients from 2007 to 2011
is likely an underestimate of current rates of transmitted drug-
resistant HIV-1 in the treatment-naive population. Recruit-
ment of these patients during chronic disease likely resulted
in a loss of drug resistance and reversion to wild-type HIV-1
following initial infections with a drug-resistant HIV-1 var-
iant. A recent WHO report 2017 shows pretreatment HIV-1
drug resistance to EFV/nevirapine (NVP) in 15.4% of the
HIV-positive population in Uganda.27 A slightly higher fre-
quency of NNRTI over NRTI resistance was observed in our
treatment-naive population, which may be due to higher fit-
ness costs of NRTI-resistant over NNRTI-resistant mutations
and faster reversion to wild-type HIV-1.28,29 Finally, no
protease inhibitor (PI) or INSTI resistance was observed in
the naive patients from 2007 to 2011, which reflects very
limited use of these treatments in Uganda during this time
period.

Following first-and second-line treatment failures, 97.8%
and 81.9% of the HIV-1 sequences showed resistance to at
least one ART drug, respectively (Fig. 3). Resistance and
presence of drug-resistant mutations were mainly observed in
the NRTI and NNRTI drug classes following first-line

FIG. 1. The work flow chart
of the patient numbers and
their respective groups. FF
consisted of patients who were
on NNRTI-based combination
therapy, SF had PI-based
combination, RF had RAL
backbone and N had not been
exposed to ART. INSTI, in-
tegrase strand transfer inhibitor;
RT, reverse transcriptase; PR,
protease; INT, integrase;
NNRTI, nonnucleoside reverse
transcriptase inhibitor; FF, first-
line failures; SF, second-line
failures; PI, protease inhibitor;
RAL, raltegravir; RF, anti-
retroviral failures; ART, anti-
retroviral therapy.
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treatment failures due to exclusive use of these drug classes on
cART initiation (Fig. 3; Table 2). Due to complete absence of
PI treatment in the first-line treatment regimens, the PR coding
region was not sequenced upon treatment failure. However,
previous studies in Uganda have confirmed the near absence of
PR-resistant mutations in first-line treatment regimens in-
volving two NRTIs and an NNRTI.30 PIs, typically lopinavir/
ritonavir or atazanavir/ritonavir, were prescribed in nearly all
second-line treatments, hence the appearance of PI resistance
upon failure. Despite the absence of NNRTIs in second- or
third-line treatment with RAL, NNRTI resistance remained
and was still the most common in these patients, found in

75.5% and 49.0% patients, respectively. Once PIs are admin-
istered, PIs are typically retained in the regimen even upon
treatment failure and emergence of PI-resistant mutations. As a
consequence, we have little to no data on the potential loss or
reversion of PI-resistant mutations, except that PI resistance is
still less frequent than NNRTI or NRTI resistance in newly
infected or treatment-naive patients.

Unlike NNRTI, NRTI, and PI resistance, major drug re-
sistance mutations (DRMs) to INSTIs were noticeably absent
in N, FF, and SF, that is, Y143R/C/H, Q148R/K/H/N,
N155H, E92Q, E138A/K/T, G140S/A/C, S147G, T66A/I/K,
and R263K, conferring resistance to RAL, EVG, and/or

Table 1. Clinical and Virological Characteristics of the Patients in the Study

Subtype no. (%)

Group of patientsa
cART regimen
(no. patients)b

Mean HIV-1
RNA log10 c/mlc A D C A/D Otherd

cART naive (n = 87) None 4.64 42 (47.1) 17 (19.5) 3 (3.4) 9 (10.3) 17 (19.5)
Failing first-line

cART (n = 158)
AZT, 3TC, NVP (38) 0.54 14 (36.9) 11 (28.9) 4 (10.5) 2 (5.3) 7 (18.4)

TDF, 3TC, EFV (34) 1.21 14 (41.2) 10 (29.4) 2 (5.9) 1 (2.9) 7 (20.6)
AZT, 3TC, EFV (18) 1.31 18 (44.4) 6 (33.3) 1 (5.6) 1 (5.6) 2 (11.1)
TDF, 3TC, FTC (15) 0.43 1 (20) 1 (20) 1 (20) 0 (0.0) 2 (40)
Other (14) 7.5 5 (35.7) 5 (35.7) 2 (14.3) 2 (14.3) 0 (0.0)
3TC, D4T, NVP (13) 2.2 8 (61.5) 1 (7.7) 0 (0.0) 1 (7.7) 3 (23.1)
ABC, 3TC, NVP (10) 2.56 4 (40) 1 (10) 1 (10) 1 (10) 3 (30)
ABC, 3TC, EFV (7) 0.64 7 (100) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
TDF, 3TC, NVP (6) 0.97 0 (0.0) 3 (50) 0 (0.0) 1 (16.7) 2 (33.3)
3TC, AZT, NVP (4) 2.22 0 (0.0) 1 (25) 1 (25) 1 (25) 1 (25)
d4T, 3TC, NVP (3) 0.97 0 (0.0) 3 (100) 0 (0.0) 0 (0.0) 0 (0.0)
AZT, 3TC, ABC (2) ND 0 (0.0) 1 (50) 0 (0.0) 0 (0.0) 1 (50)
FTC, TDF, EFV (2) 0.7 1 (50) 0 (0.0) 0 (0.0) 0 (0.0) 1 (50)
TDF, ABC, AZT (2) ND 1 (50) 0 (0.0) 0 (0.0) 0 (0.0) 1 (50)

Failing second-line
cART (n = 121)

TDF, 3TC, LPVr (30) 1.22 13 (43.3) 4 (13.3) 2 (6.7) 2 (6.7) 9 (30)

TDF, 3TC, ATVr (30) 2.2 14 (46.7) 7 (23.3) 1 (3.3) 2 (6.7) 6 (20)
ABC, 3TC, LPVr (25) 2.13 12 (48) 8 (32) 1 (4) 0 (0.0) 4 (16)
ABC, 3TC, ATVr (25) 3.64 3 (60) 0 (0.0) 0 (0.0) 0 (0.0) 2 (40)
AZT, 3TC, LPVr (13) 7.82 4 (30.7) 3 (23.1) 0 (0.0) 3 (23.1) 3 (23.1)
LPVr (7) 0.05 3 (42.9) 4 (57.1) 0 (0.0) 0 (0.0) 0 (0.0)
AZT, 3TC, ATVr (6) 2.53 4 (66.7) 2 (33.3) 0 (0.0) 0 (0.0) 0 (0.0)
Other (5) 0.7 1 (20) 1 (20) 0 (0.0) 1 (20) 2 (40)

Failing RAL-based
cART (n = 51)

RAL, LPVr (28) 3.1 15 (53.5) 7 (25.0) 1 (3.5) 3 (10.7) 2 (7.1)

Other (3) 0.3 2 (67.0) 1 (33.0) 0 (0.0) 0 (0.0) 0 (0.0)
RAL, DRVr (6) 6.4 5 (83.3) 0 (0.0) 0 (0.0) 0 (0.0) 1 (16.6)
RAL, ATVr (2) 8.5 1 (50) 1 (50) 0 (0.0) 0 (0.0) 0 (0.0)
RAL, TDF, 3TC, LPVr (3) 2.7 3 (100) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)
TDF, 3TC, RAL, DRVr (7) 1.6 5 (71.4) 2 (28.5) 0 (0.0) 0 (0.0) 0 (0.0)
RAL, ETR, DRVr (2) 1.1 2 (100) 0 (0.0) 0 (0.0) 0 (0.0) 0 (0.0)

The HIV subtype was predicted using SCUEAL subtype classification algorithm. Viral loads were assayed using Abbott m2000sp/rt or
Roche COBAS Amplicor Monitor ultrasensitive tests, v1.5.

aThe total number of patients tested for INSTI resistance in each patient group.
bDescription of the ART combinations in the study, and the number of patients taking that combination. Other, the number of ART

combinations, which were less prescribed, that is, only one patient for each of these ART drug combinations: (3TC, TDF, NVP) (AZT,
D4T, 3TC, NVP) (3TC, EFV, LPVr) (3TC, EFV, ATVr) (ABC, DDI, LPVr) (TDF, 3TC, ATVr) (EFV, DDI, LPVr) (EFV, RAL, DRVr)
(TDF,3TC, RAL, ETR) (TDF, FTC, RAL, DRVr) (RAL, ETR, LPVr).

cThe average number of patient viral loads (copies/ml · 105).
dThe percentage of patients with HIV-1 unique circulating recombinant forms (CRFs); A1/C, A1/AE, D/U, J/A1,C/G, AE/D, A1/U, A3/U,

and CRF35. Until the time ATVr was available and incorporated into national treatment guidelines, LPVr was infrequently provided as
second-line monotherapy if resistance patient had drug resistance to 3TC and AZT.

cART, combined antiretroviral therapy; ND, not determined; INSTI, integrase strand transfer inhibitor; ART, antiretroviral therapy; ABC,
abacavir; AZT, zidovudine; D4T, stavudine; DDI, didanosine; FTC, emtricitabine; 3TC, lamivudine; TDF, tenofovir; EFV, efavirenz; ETR,
etravirine; NVP, nevirapine; RPV, rilpivirine; ATVr, atazanavir/r; DRVr, darunavir/r; FPVr, fosamprenavir/r; IDVr, indinavir/r;
LPVr, lopinavir/r; NFV, nelfinavir; SQVr, saquinavir/r; TPVr, tipranavir /r; DTG, dolutegravir; EVG, elvitegravir; RAL, raltegravir.
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DTG. Nevertheless, we detected some minor IN mutations
described as secondary or compensatory mutations: T97A/T
(9.6%), M50I (6.7%), L74M/I (3.1%), E157Q (1.43%),
V151I/A (2.0%), and G163R (2.0%) (Fig. 3; Table 3). L74M
was observed in 0.8% of INSTI-naive patients (N, FF, and
SF) and 9.8% of RF patients. It is a polymorphic accessory
mutation selected by RAL and EVG,31 and selected by DTG
in previously RAL-treated patients with DTG primary mu-
tations.32 The M50I polymorphism was observed in 6.2% of
INSTI-naive patients and 9.8% of RF patients, and increases
resistance to DTG in combination with R263K to 5.6-fold in
cell culture, although it does not increase the replication ca-
pacity of the virus.10 E157Q was found in 0.8% of INSTI-
naive and 5.8% of RF patients. It has been identified as a
compensatory mutation for the N115H mutation,33 but also
tends to increase susceptibility to DTG.34 T97A was found
in 6.5% of INSTI-naive and 29.4% of RF patients. T97A has
been shown to preexist in 5%–10% of INSTI-naive patients
infected with subtype A virus.35 In addition, T97A was pre-
viously coselected in the presence of primary INSTI DRMs by
RAL in many clinical studies,36,37 and by DTG in treatment-
experienced patients with preexisting RAL-associated resis-
tance mutations.32 As expected, the lack of INSTI resistance is
attributable to the absence of INSTI treatment in Uganda and
most of sub-Saharan Africa. However, previous reports and
data presented herein also indicate that natural polymorphisms
conferring resistance to INSTIs are extremely rare in these
subtype A and D isolates, also reported as rare in subtype B.38

Predicted DTG resistance was also absent in HIV-1 variants
from 366 treatment-naive or treatment-experienced patients
(FF and SF treatment failures) (Figs. 3 and 4).

INSTI resistance major mutations Y143R/S (0.9%),
Q148K/R (0.47%), N155H (2.1%), E138A/K (0.7%), G140A
(0.47%), T66A/TAIV (0.47%), and S147G (0.25%) (Fig. 3;
Table 3) were only observed in RF. However, only two pa-
tients (DR-206-12, DR-1059-17) in RF had genotypes with
potential resistance to DTG (i.e., G140A, S147G, Q148K, and
E138K, and G140A, Q148R, E138A, and G163R, respec-
tively). In addition, R263K, the mutation most commonly
associated with DTG resistance, was not observed. Over 47%
RF had RAL and EVG resistance, but only 23.5% were pre-
dicted to have weak and moderate resistance to DTG.

Discussion

The Ministry of Health in Uganda has implemented the
WHO ‘‘Treat All’’ recommendation, which states that every
person tested HIV-1 positive be started on treatment irre-
spective of his/her virological and immunological status.
With increasing emergence of drug resistance in treatment-
naive population in lower income countries (LICs)27,29,39,40

and the number of patients on cART increasing, HIV-1 drug
resistance prevalence will inevitably also rise. More potent
antiretroviral drugs, such as DTG, have shown to be active
in treatment-experienced patients. More importantly, resis-
tance to DTG seems to be infrequent in cART-naive indi-
viduals treated with this integrase inhibitor.41 The purpose
of the study was to screen for drug resistance and possi-
ble treatment with DTG in treatment-naive patients, and
those experiencing virologic failure during first-, second-,
and third-line cART in Uganda. To our knowledge, this is the
first study to look at INSTI-associated drug resistance in both

FIG. 2. HIV-1 subtype
classification of RT, protease,
and IN regions. (A) The bar
graph (right) and phylogenetic
tree (left) describe the HIV
subtype classification of the IN
gene (percentages) of ART-
naive patients, FF, SF and RF.
(B) The bar graph (right) and
phylogenetic tree (left) of HIV
subtype classification of RT,
and PR regions of N, FF, SF,
and RF. Subtype descriptions
are embedded in the figure. An
in-house Python script was
used to label tips with subtype
classifications from SCUEAL.
A maximum likelihood phy-
logenetic tree was recons-
tructed from the alignment
using PHYML v20160207
with the default parametric
bootstrap estimation of branch
supports given the data. The
tree was visualized and man-
ually annotated in FigTree
(available at: http://tree.bio.
ed.ac.uk/software/figtree) and
Archaeopteryx v0.9920 beta.
IN, integrase. Color images
available online at www
.liebertpub.com/aid

408 NDASHIMYE ET AL.



cART-naive and cART-experienced patients in Uganda and
most other countries in sub-Saharan Africa.

Among minor INSTI resistance mutations, T97A mutation
was observed in both INSTIs-naive and RF patients and has
been shown to reduce sensitivity of virus to INSTIs and/or
rescue viral fitness in combination with Y143C/R,
Q148+G140S, or N155H. However, a previous study shows
that T97A does not significantly reduce susceptibility to
INSTI with up to 94% and 97% viral suppression achievable
in HIV-1 patients with preexisting and emerging T97A, re-
spectively.35 The prevalence of the M50I polymorphism
observed in INSTI-naive patients is lower compared to the
10% found in patients infected with HIV-1 subtype B virus,
which shows variation in the evolution of INSTI-associated
mutations in different viral subtype populations. A relatively

small number of patients were infected with viruses carrying
the E157Q mutation, which has shown to increase suscepti-
bility to DTG.34 However, the combination of E157Q and
R263K increases DTG resistance by 10-fold.34

We found that neither of the two rare mutations associated
with DTG resistance, R263K and G118R. R263K has been
identified in both clinical samples and cell culture assays6,7

and G118R in cell culture tests.7 The major mutation path-
ways for RAL, Y143R/C, Q148R/K/H, and N155H42 were
not found in INSTI-naive patients in agreement with previous
study done in treatment-naive patients in South Africa.43 In
RF, 18 (35%) of patients had Y143R/S, Q148R/K, G140A,
E138A, S147G, T66A/TAIV, and N155H INSTI major mu-
tations, which could explain the virological failure observed
in these patients.

FIG. 3. Drug resistance
predictions based on pol se-
quences of treatment-naive
patients, first- and second-
line treatment failures, or in
patients receiving RAL. Gen-
otypic resistance/drug sus-
ceptibility prediction was
performed on 417 HIV pol
sequences from Uganda using
the HIVdb genotypic resis-
tance interpretation algorithm
from Stanford University.
(A–D) Show the level of drug
resistance in N, FF, SF, and
RF, respectively. The first bar
in each patient group repre-
sents total drug resistance in
that group, and the first bar in
each drug class represent, to-
tal drug resistance in that re-
spective drug class. The rest
of description of level of drug
resistance is embedded in the
figure. Color images avail-
able online at www.liebertpub
.com/aid
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This study shows that the accumulation of INSTI DRMs
at positions G140, S147, Q148, and E138 after RAL failure
can potentially predict the potential loss of susceptibility of
the virus to DTG as seen previously.44 For example, we
found two individuals infected with a virus carrying the
Q148K/R resistant mutation, which when present alone,
moderately reduces RAL and EVG susceptibility, while
having a minimal effect on DTG susceptibility; however, in
combination with G140S/A/C and/or E138K/A, it may re-
duce DTG susceptibility up to 10-fold.20,45 In RF, N155H
had highest frequency 9 (17.6%) compared to other major
INSTI DRMs, which may be due to early selection of this
resistant mutation under RAL pressure as observed previ-
ously in a phase II study looking at long-term efficacy and
safety of RAL in patients with limited treatment options.46

Among the six major mutations, which reduce susceptibility
to EVG, T66I, E92Q, T97A, S147G, Q148K, and N155H,47

only substitution E92Q was not selected by the virus in the

study patients, which could be due to cross-resistance as
EVG is currently unavailable in the country.

Based on our analyses of 417 Ugandan HIV-1 pol se-
quences, DTG would possibly be effective at any stage of
cART treatment in sub-Saharan Africa. DTG has become the
preferred drug for the majority of new FL or salvage treat-
ments in HICs. In our Ugandan cohort, we did not observe a
higher frequency of mutations conferring DTG or any other
primary INSTI resistance mutations. We observed a high
frequency of NNRTI resistance in FF (96.4%), and in patients
who remain on treatment, but who have not received NNRTI
for years, SF (75.5%) and RF (49.0%). This observation
complements the fact that over 50% of treatment failures in
Uganda retain NNRTI-resistant virus, and often for years
following the last dose of NVP or EFV. In contrast, the fre-
quency of NRTI and PI resistance is lower in all of these HIV-
1-infected groups in Uganda. With the UNAIDS/WHO
90:90:90 goals, continued use of NNRTIs (EFV or NVP) may

FIG. 4. HIV-1 genotypic
resistance interpretation based
on Sanger sequencing. Amino
acid substitutions was used
with HIVdb program Geno-
typic resistance interpreta-
tion algorithm from Stanford
university HIV drug resis-
tance database (https://hivdb.
stanford.edu) to predict the
levels of susceptibility to PR,
RT, and INSTIs. A suscep-
tible genotype is shown in
green, intermediate- and high-
level resistance is shown in
yellow and red, respectively.
ABC, abacavir; AZT, zido-
vudine; D4T, stavudine;
DDI, didanosine; FTC, em-
tricitabine; 3TC, lamivu-
dine; TDF, tenofovir; EFV,
efavirenz; ETR, etravirine;
NVP, nevirapine; RPV, ril-
pivirine; ATVr, atazanavir/r;
DRVr, darunavir/r; FPVr,
fosamprenavir/r; IDVr, in-
dinavir/r; LPVr, lopinavir/r;
NFV, nelfinavir; SQVr, sa-
quinavir/r TPVr, tipranavir/
r; DTG, dolutegravir; EVG,
elvitegravir. Color images
available online at www.
liebertpub.com/aid
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Table 2. Frequency of Mutations Associated with Reduced Susceptibility to Protease,

Reverse Transcriptase, and Integrase Strand Transfer Inhibitors

PI (n)a NRTIs (n)b NNRTIs (n)c INSTIs (n)d

ART naive None E44D (4) G190A (3) M50I/L (29)
T69D (5) E138A (7) L74I/M (5)
K70R (7) Y181C (6) T97A/T (7)
M184V (11) K101E (3) Others (1)
M41L (3) K238T (2)
L210W (2) K103N (4)
D67N/G (6) A98G (5)
K219Q/E (5) V108I (2)
T215Y/I/F (7) Others (7)
Others (5)

First-line failures n.d. E44D/E (16) Y181V (5) M50I/L (46)
T69D/N (10) E138A (3) L74I/M (6)
K70R (32) K238T (6) T97A/T (8)
M41L (47) H221Y (18) E157Q (2)
L210W (31) V108I/V (40) Others (1)
K70KR (4) H221HY (11)
V75V/I/M (45) V179D/T (6)
A62AV (6) P225H/P (8)
F77FL (2) A98G/A (26)
K70KE (3) M230L (6)
L210LW (4) F227L (4)
M184V/M/I (131) L100I (7)
D67/N/G (46) Y188L (6)
L74V/L/I (18) Y181C/V (49)
Y115F/Y (15) E138E/A/G (5)
K65R/K (27) K101P/H/E (37)
T215I/F/Y/T (71) G190A/G/Q/S (52)
K219N/K/E/Q (42) K103N/K/S (58)
Others (19) Others (10)

Second-line failures M46M/K/L (4) K65R (5) E138A (7) M50I/L (34)
I47A (5) Y115F/Y (12) Y181C (17) L74I/M (9)
V82A/F (19) E44D (12) K103N/K (28) T97A/T (9)
I84V (6) T69D (6) K101E (9)
L76V (5) K70R (12) K238T (4)
I54V (12) M184V/M/I (57) P225H (6)
L90M (2) M41L/M (20) A98G/A (14)
N88S 92) L210W (10) V108I/V (23)
V82S/C (2) T215F/Y/I/T/S (62) H221H/Y (7)
Others (1) D67N/D (18) M230L (3)

K219Q (9) G190S/A/G (23)
T215I (3) Y188L (5)
K219E (9) H221HY (3)
Y115Y/F (11) V179I/T/A (5)
F116Y (3) K101E/H (16)
Q151M (4) Others (9)
V75M/I (11)
K70K/R/E (8)
F77L (3)
L210LW (3)
L74I (7)
Others (11)

RAL failures I54V/L/I (12) M184V/M (18) Y181C (9) M50I/L/M (10)
M46M/I/L (11) K219E/Q (6) G190A (4) L74I/M (8)
V82F/A/V (8) M41L/M (4) K103N/S/K/D (13) T97A/T (16)
L76V/L (4) E44D (4) E138Q/EA (4) E138K/A (3)
I84V (5) T69G/D (2) Y188L (4) E157Q (3)
I47A/I/V (2) K70R (4) K101H/P/Q/E (3) G163R (7)
V82A/V (6) T215I/V/TFS (5) M230M/I (2) Y143R/S (4)
L90M/L (2) A62A/V (2) L100LI (3) N155H (9)
V32I/V (2) L74V/I (3) Others (14) G140A (2)

(continued)
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help increase access to treatment since these drugs are readily
available in this setting, but may not impact treatment out-
comes due to associated high drug resistance, high pill bur-
den, and poor tolerability profiles. However, to achieve
continued viral suppression in 90% of treated individuals, we
should abandon the continued use of NNRTIs (NVP or EFV)

in first-line treatment and strongly advocate for the use of
second-generation INSTIs, such as DTG or even Bictegravir,
in first-line treatment regimens in LICs, such as Uganda and
other East African countries.
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Table 2. (Continued)

PI (n)a NRTIs (n)b NNRTIs (n)c INSTIs (n)d

I50IV (2) V75I/M/V (5) Q148K/R (2)
Others (6) Y155F/Y (2) T66A/IV (2)

Q151M/Q (2) Others (1)
D67N (4)
Others (16)

aThe number of primary resistance mutations in protease region of HIV found in the study patients.
bPrimary resistant mutations, which confer resistance to NRTIs.
cPrimary resistant mutations, which result in resistance to NNRTIs.
dPrimary resistant mutations, which confer resistance to INSTIs. n.d., drug-resistant mutations not determined. Others, drug-resistant

mutations with one frequency in each patient group.
PI, protease inhibitor; NRTI, nucleoside reverse transcriptase inhibitor; NNRTI, nonnucleoside reverse transcriptase inhibitor.

Table 3. HIV-1-Infected Patients Failing on

Raltegravir-Based Regimen with Primary and/or

Secondary (Compensatory) Integrase Strand

Transfer Inhibitor Mutations

INSTI
susceptibility

Primary/secondary mutations n (%) DTG RAL EVG

M50I 1 (2.0) S S S
M50IM 1 (2.0) S S S
M50I, L74I 1 (2.0) S S S
T97A 1 (2.0) S P P
T97A, G163R, L74M 3 (5.8) S L L
N155H 2 (4.0) P H H
N155H, M50I 1 (2.0) P H H
N155H, T97A 1 (2.0) P H H
N155H, T97AT 1 (2.0) P H H
N155NH, T97AT, M50L 1 (2.0) P H H
N155H, T97A, E157Q, L74I 1 (2.0) P H H
N155H, E157Q, G163R,

M50L, L74I
1 (2.0) P H H

Y143S, T97A 1 (2.0) S H H
Y143R, T97A 2 (4.0) S H L
Y143R, T97AT, G163R 1 (2.0) P H I
Y143R, T97A, M50I, L74LM 1 (2.0) P H I
E138A, T97A, V151A 1 (2.0) P I I
E138A, G140A, Q148R,

G163R
1 (2.0) H H H

E138K, G140A, S147G,
Q148K

1 (2.0) H H H

T66AIV, T97A 1 (2.0) S L H
T66A, T97A, G163R, L74M 1 (2.0) S I H

Secondary mutations (not included in the table) found in N, FF,
and SF, were classified as follows; M50I was found in 12 (7.5%) of
FF, 4 (3.3%) of SF, and 7 (8.0%) of N. L74M found in 1 (0.8%) of
SF and 1 (1.1%) of N. T97A was found in 8 (5.0%) of FF, 9 (7.4%)
of SF, and 7 (8.0%) of N. E157Q was found in 2(1.2%) of FF and 1
(1.1%) of N. In bold, the major INSTI primary resistance mutations,
which confer resistance to INSTIs.

FF, first-line failures; SF, second-line failures; H, high-level
resistance; I, intermediate-level resistance; L, low-level resistance;
S, susceptible genotype.
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