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Background: Increasing first-line treatment failures in low- and middle-income countries (LMICs) have led to
increased use of integrase strand transfer inhibitors (INSTIs) such as dolutegravir. However, HIV-1 susceptibility
to INSTIs in LMICs, especially with previous raltegravir exposure, is poorly understood due to infrequent reporting
of INSTI failures and testing for INSTI drug resistance mutations (DRMs).

Methods: A total of 51 non-subtype B HIV-1 infected patients failing third-line (raltegravir-based) therapy in
Uganda were initially selected for the study. DRMs were detected using Sanger and deep sequencing. HIV
integrase genes of 13 patients were cloned and replication capacities (RCs) and phenotypic susceptibilities to
dolutegravir, raltegravir and elvitegravir were determined with TZM-bl cells. Spearman’s correlation coefficient
was used to determine cross-resistance between INSTIs.

Results: INSTI DRMs were detected in 47% of patients. HIV integrase-recombinant virus carrying one primary
INSTI DRM (N155H or Y143R/S) was susceptible to dolutegravir but highly resistant to raltegravir and elvitegravir
(>50-fold change). Two patients, one with E138A/G140A/Q148R/G163R and one with E138K/G140A/S147G/
Q148K, displayed the highest reported resistance to raltegravir, elvitegravir and even dolutegravir. The former
multi-DRM virus had WT RC whereas the latter had lower RCs than WT.

Conclusions: In HIV-1 subtype A- and D-infected patients failing raltegravir and harbouring INSTI DRMs, there is
high-level resistance to elvitegravir and raltegravir. More routine monitoring of INSTI treatment may be advised
in LMICs, considering that multiple INSTI DRMs may have accumulated during prolonged exposure to raltegravir
during virological failure, leading to high-level INSTI resistance, including dolutegravir resistance.

Introduction

HIV-1 integrase strand transfer inhibitors (INSTIs), the latest class
of ART, have changed the HIV-1 treatment landscape around the
world. The second-generation INSTI dolutegravir has a higher gen-
etic barrier to resistance and has proved to be an effective INSTI
when used in combination therapy for treatment-naive patients
as well as individuals harbouring viruses resistant to raltegravir or
elvitegravir.1,2 Under 2018 WHO guidelines, a dolutegravir-based
regimen is preferred for first-line ART for all adults and adolescents
except for those women of childbearing age who wish to become
pregnant. Dolutegravir is also the preferred second-line drug of

choice for those failing NNRTI-containing treatment regimens.3

For children >4 weeks of age, dolutegravir is favoured for second-
line treatments following failure of NNRTIs or PI-containing ART.3

Following FDA approval in 2013, and prior to 2014, dolutegravir
was rarely administered in low- and middle-income countries
(LMICs) but with the roll-out of tenofovir disoproxil fumarate/lam-
ivudine/dolutegravir (TDF/3TC/DTG) at a cost of US $75 annually
per patient-year,4 over 4 million patients are now receiving a
dolutegravir-containing regimen,5 eclipsing the number of
patients receiving dolutegravir in high-income countries (HICs).
In Uganda, the focus site of this study, generic dolutegravir is
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now part of the preferred first-line regimen (TDF/3TC/DTG) in
all adults.6

Raltegravir performs a pivotal role as salvage and paediatric
treatment and elvitegravir can be used in ART-naive patients in
Uganda and other LMICs. However, raltegravir and elvitegravir
resistance has been reported but mostly in HIV subtype B due to
early use of INSTIs.7 In addition, there is infrequent reporting of
INSTI failures and testing for INSTI drug resistance mutations
(DRMs) in non-B subtypes, especially subtypes A and D. Switching
patients to salvage treatment in Uganda is done under the
discretion of a committee by the Ministry of Health, which relies on
resistance predictions from HIV drug resistance databases.6

However, there appears to be subtype specificity associated with
resistance to INSTIs with some mutations. For example, substitu-
tions at Q148 of HIV integrase (IN), which confer resistance to ral-
tegravir, elvitegravir and cross-resistance to dolutegravir, appear
more frequently in subtype B than in non-B subtypes.8 Thus, it
becomes imperative to assess the impact of raltegravir and
elvitegravir-associated mutations in vitro to further elucidate the
impact of these mutations in subtype A and D INs.

Despite the rapid and large scale roll-out of dolutegravir
in LMICs, there are very limited data on the susceptibility of non-
subtype B HIV-1 to INSTIs,8,9 including cross-resistance to dolute-
gravir conferred by raltegravir-resistant HIV-1 variants emerging in
non-B HIV-1 subtype-infected patients failing raltegravir-based
regimens.8 In addition, increasing spread of HIV-1 non-B subtypes
in regions where subtype B previously predominated, such as
Europe and America,10–12 calls for the urgent need for more geno-
typic drug susceptibility testing for INSTI resistance.

Even with the use of generic dolutegravir for first-line ART in
LMICs, treatment failures with the NNRTI-based and subsequent
boosted PI-based regimens are still followed by raltegravir-based
ART. Failure of this third-line treatment in LMICs leaves patients
with few options since entry inhibitors, i.e. enfuvirtide and mara-
viroc, are not readily available. In our previous study, we found
that over 50% of patients failing raltegravir-based therapy in
Uganda harboured raltegravir-associated DRMs.13

In this study, non-B HIV-1 IN chimeric viruses derived from
11 Ugandan patients failing a raltegravir-based third-line regimen
showed significant resistance to raltegravir and elvitegravir
but remained susceptible to dolutegravir when the ‘common’ ral-
tegravir DRMs were present: N155H and Y143R/S. However, viruses
harbouring three or four of E138K/A, G140A, S147G, Q148K/R and
G163R DRMs showed high-level resistance to all INSTIs and only
one had significantly impaired replicative rates.

Materials and methods

Samples for the study

Samples were collected from WHO, the College of American Pathologists
and the NIH Virology Quality Assurance-accredited Center for AIDS
Research (CFAR) laboratory of the Joint Clinical Research Centre (JCRC) in
Kampala, Uganda. The patient database in the CFAR laboratory was used
to retrieve the patient demographic, medical and treatment histories.
A total of 60 plasma samples were collected from patients failing
raltegravir-based third-line regimens. Virological failure was defined as a
viral load >1000 copies/mL and immunological failure was defined as a
CD4! T cell count <250 cells/mm3. Written consent was obtained from all
patients prior to sample storage. Ethical clearance was obtained from the

Institutional Review Boards at the JCRC and University Hospitals Cleveland
Medical Center/Case Western Reserve University (EM-10-07 and 10-05-35).

RNA extraction and PCR amplification
HIV-1 viral RNA was extracted from plasma using a QIAamp viral RNA Mini
Kit (QIAGEN) and the HIV-1 IN-coding region was amplified using a
Superscript III single RT–PCR system (Thermo Fisher Scientific) as previously
described13 (Table S1, available as Supplementary data at JAC Online).

Sanger sequencing and sequence analysis
The HIV-1 IN-coding regions were amplified and analysed using Sanger
sequencing as previously described.13 Briefly, a quantified and purified PCR
product was sequenced to cover the full length of the HIV-1 IN (1–288
amino acids) (Table S1). Sequences were exported and analysed in RECall
(beta v3.02) as recommended by WHO.14 The Stanford HIV-1db Sierra web
service algorithm v8.3 was used to predict resistance phenotypes.15

Library preparation and deep sequencing
An amplicon-based deep sequencing method was used to detect variants
and confirm the presence of DRMs originally identified by Sanger sequenc-
ing (Table S1). Briefly, two overlapping PCR products spanning the full length
of HIV-1 IN were purified using Agencourt AMPure XP (Beckman Coulter)
and quantified using a Quant-iT PicoGreen dsDNA Assay Kit (Thermo Fisher
Scientific). The barcodes were added using a Nextera XT Index Kit v2
(Illumina) (Table S1) and paired-end sequencing done on a MiSeq instru-
ment (Illumina). Analysis was performed with MiSeq Reporter analysis soft-
ware v2.6 (Illumina) and drug resistance interpretation was done using
Stanford HIV-1db Sierra web service algorithm v8.3.15 Samples confirmed
by deep sequencing to harbour INSTI-associated DRMs (n = 11) or having
no known INSTI-associated DRMs (n = 2) were selected for phenotypic test-
ing for dolutegravir, raltegravir and elvitegravir (Table 1 and Table S2). HIV-
1 subtype classification and detection of recombination forms was done
using SCUEAL.16

Cells and antiviral compounds
TZM-bl, U87.CD4.CXCR4 and HEK293T cell lines were obtained through
the NIH AIDS Research and Reference Reagent Program (Division of
AIDS, NIAID, NIH). TZM-bl and HEK293T cells were maintained in DMEM
supplemented with 10% FBS and 100 mg/L penicillin/streptomycin.
U87.CD4.CXCR4 cells were maintained in DMEM supplemented with 10%
FBS, 100 mg/L penicillin/streptomycin, 300 mg/L G418 and 1 mg/L puro-
mycin (Invitrogen, Carlsbad, CA, USA). All cell lines were subcultured every
3–4 days at 37�C under 5% CO2. The TZM-bl cells had reporter luciferase
and b-galactosidase reporter genes that can be activated by expression of
HIV-1 Tat. Elvitegravir was obtained from Gilead Sciences Inc. (Foster City,
CA, USA) and raltegravir and dolutegravir from NIH.

Construction of HIV-1 in chimeric viruses
HIV-1 full-length IN PCR products were recombined into a near full-length
HIV-1 (pREC_NFL_IN/URA3) vector using transfected Saccharomyces cerevi-
siae MYA-906 cells (ATCC) based on the yeast homologous recombination/
gap repair system.17 Plasmids were extracted from the yeast cells using
phenol/chloroform (Thermo Fisher Scientific) and transformed into electro-
competent Escherichia coli Stbl4 cells (Thermo Fisher Scientific). Plasmids
were extracted from the bacteria using QIAGEN Miniprep Kits (Hilden,
Germany). The presence of mutation(s) in the generated plasmid was con-
firmed by Sanger sequencing. pREC_NFL_INT plasmids were co-transfected
into recombination/gap repair system HEK 293T cells (3%104 cells/well)
along with the complementing plasmid pCMV_cplt using Fugene 6 reagent
(Promega, Madison, WI, USA).17 The produced heterodiploid virus particles
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containing one copy of the pREC_NFL_INT and cplt HIV-1 RNAs were further
propagated in U87.CD4.CXCR4 cells to produce a complete HIV-1 genome.
Following virus propagation, viral RNA was resequenced to confirm the
presence of the various DRMs.

INSTI resistance assays in TZM-bl cells
The susceptibility of patient-derived viruses to dolutegravir, raltegravir and
elvitegravir was determined using short-term resistance assays with TZM-
bl cells. Briefly, 20 000 cells were seeded into each well of a 96-well plate
and infected with the controls NL4-3, UG14, UG98 and mutant viruses in
the presence of 10-fold dilutions of dolutegravir, raltegravir or elvitegravir
(100 lM to 10#8lM) and diethylaminoethyl (DEAE)-dextran (1 mg/mL).
The amount of virus added to each well was normalized to 0.01 moi based
on infectious titre. After 48 h incubation at 37�C and 5% CO2, the infectivity
of viruses was quantified using X-gal (5-bromo-4-chloro-3-indolyl-b-D-gal-
actopyranoside) as previously described.18 The stained colonies were
counted using a Cytation 5 plate reader (BioTek, USA) and confirmed by
manual counting using a fluorescence microscope. Drug susceptibility
curves were generated using non-linear regression curve-fitting features of
GraphPad Prism 8.0 software (GraphPad Software Inc., San Diego, CA, USA).
Drug resistance was expressed as fold change (FC) in EC50 between controls
and mutant viruses based on at least two sets of experiments, each per-
formed in quadruplicate.

X-gal staining assay
The X-gal (40 mg/mL) substrate was used to detect b-galactosidase en-
zyme expression from infected cells.18 The TZM-bl cells infected for 48 h
were fixed with glutaraldehyde (0.2%) and formaldehyde (0.8%). The cells
were sequentially stained with potassium ferrocyanide (0.2 M), potassium
ferricyanide (0.2 M), magnesium chloride (2 M) and X-gal substrate, and
then incubated for 2 h at 37�C.

Infectivity assay in TZM-bl cells
Infectivity of HIV-1 IN chimeric mutant viruses was determined using a
short-term infectivity assay in TZM-bl cells. Briefly, 20 000 TZM-bl cells in the

presence of DEAE-dextran (1 mg/mL) were infected with increasing con-
centrations of either mutants or controls. Cells were fixed and stained, and
b-galactosidase expression was measured using the X-gal protocol as
described above. The fold decreases in infectivity were expressed as a per-
centage of relative decrease in AUC, the amount of virus needed for TZM-bl
cells to produce the maximal level of b- galactosidase in an infection.

Statistical analyses
Statistical analyses were performed using non-linear regression in
GraphPad Prism 8.1.2. The level of cross-resistance was analysed using
Spearman’s rank order test.

Results

Samples and patient demographics

Samples were obtained from 60 patients failing a third-line ralte-
gravir-based regimen in Uganda. Of them, 51 (85%) were success-
fully amplified and sequenced by Sanger and deep
sequencing.13INSTI-associated DRMs were detected in 24/51
(47%) patient samples. Eleven samples with INSTI DRMs were sub-
sequently selected for phenotypic assays. Of the 11 samples
selected for phenotypic studies, 8 were obtained from individuals
on dual therapy (PI! raltegravir) while the other 3 were treated
with triple therapy (i.e. NRTI! PI! raltegravir). The average viral
load count was 454 669 copies/mL (range 850–2 293 840)
(Table 1). Seven of 11 (64%) viruses were classified as HIV-1 sub-
type A, 27% subtype D (3/11) and 1 sample had a subtype A/D re-
combinant (Table 1 and Table S2). Two patient INs with no INSTI-
associated DRMs [UG98 (subtype D) and UG14 (subtype A)] and
NL4-3 HIV-1 (subtype B) were included in the phenotypic assays as
reference strains (Table 1).

As previously published,13 nearly 4% (2/51) of the patients
failing a raltegravir-containing therapy harboured a virus with
multiple DRMs to INSTIs, i.e. the subtype A sample UG1059 with

Table 1. Virological and clinical characteristics of patients with INSTI-associated mutations in the study

Sample ID cART Viral load (copies/mL) Predicted subtype DRMs detected

UG1179 LPVr/RAL ND A N155H

UG11 ATVr/RAL ND D N155H

UG537 LPVr/RAL 255 641 A/D N155H

UG138 DRVr/RAL 275 059 A N155H, T97A, L74I

UG42 LPVr/RAL 155 982 D N155H, E157Q, G163R, M50L, L74I, V151I

UG35 DRVr/RAL 2 293 840 A Y143R, T97A, M50I, L74IM

UG1044 TDF/3TC/DRVr/RAL 29 200 A Y143S, T97A

UG481 TDF/FTC/DRVr/RAL 3914 A Y143R, TA97AT, G163R

UG23 LPVr/RAL 850 A E138A, T97A, V151A

UG1059 TDF/3TC/LPVr/RAL 14 200 A E138A, G140A, Q148R, G163R

UG206 LPVr/RAL 1 515 000 D E138K, G140A, Q148K, S147G

UG14 ART naive 3008 A none

UG98 ART naive ND D none

The HIV subtype was predicted using the SCUEAL subtype classification algorithm. Viral loads were assayed using Abbott m2000sp/rt or Roche COBAS
Amplicor Monitor ultrasensitive tests, v1.5.
Major INSTI DRMs are shown in bold.
cART, combined ART; ND, not determined; ATVr, atazanavir/ritonavir; DRVr, darunavir/ritonavir; LPVr, lopinavir/ritonavir; RAL, raltegravir; FTC,
emtricitabine.
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E138A/G140A/G163R/Q148R and the subtype D sample UG206
with E138K/G140A/S147G/Q148K. These were selected for cloning
and phenotypic assays along with the other nine samples with
INSTI DRMs. Whereas Q148H only emerged in the context of
G140S mutants in subtype B, the Q148R/K mutation appeared to
be associated with G140A in non-B subtypes. Overall, N155H was
the predominant INSTI DRM, found in 9 of 51 patients. For this
study, three IN regions with N155H only (UG1179, UG11 and
UG537) and two patients’ INs containing N155H plus the second-
ary mutations L74I/T97A or M50L/L74I/V151I/E157Q/G163R
(UG138 and UG42) were cloned for phenotypic analyses (Table 1
and Table S2). Another three had Y143R plus secondary mutations
M50I/L74IM/T97A (UG35) or T97AT/G163R (UG481) or Y143S plus
T97A (UG1044). One patient (UG23) had E138A, T97A and V15IA
mutations (Table 1 and Table S2).

N155H and Y143R/S emergence during raltegravir
treatment in subtype A and D confer high-level
resistance to raltegravir and elvitegravir but not to
dolutegravir

The N155H mutation in HIV-1 subtype B confers a significant level
of resistance to both raltegravir and elvitegravir. In drug suscepti-
bility assays, the three subtype D and circulating recombinant
form A/D patient-derived recombinant viruses (UG11, UG537 and
UG1179) carrying only N155H had a 10- to 19-fold decrease in sus-
ceptibility to raltegravir and 63- to 78-fold to elvitegravir, but only
a 1.3-fold change in dolutegravir susceptibility when compared
with the susceptibility of WT NL4-3 (Figures 1 and 2 and Figure S1).
Slightly higher levels of resistance were observed with these
N155H viruses when compared with the WT subtype D or A IN

Figure 1. The susceptibility of viruses with INSTI DRMs. The log values of drug concentrations were plotted against percentage of infections in TZM-bl
cells detected by the X-gal assay. The colonies were counted using ELISpot and they were from 2–3 independent experiments, each run in quadrupli-
cate. The change in EC50 relative to WT (NL4-3) is shown. RAL, raltegravir; EVG, elvitegravir; DTG, dolutegravir. This figure appears in colour in the on-
line version of JAC and in black and white in the print version of JAC.
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Figure 2. The susceptibility of mutants by subtype. The FC in EC50 values of dolutegravir, raltegravir and elvitegravir relative to each subtype was
determined by short-term infection assay in TZM-bl cells. Each value represents the mean FC of EC50 from 2–3 independent experiments, each done
in quadruplicate. DTG, dolutegravir; RAL, raltegravir; EVG, elvitegravir. This figure appears in colour in the online version of JAC and in black and white
in the print version of JAC.
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cloned into NL4-3. When L74I and T97A was found in addition to
N155H in a subtype A IN, there was no effect on susceptibility to
dolutegravir (FC 1.57) but increased resistance to raltegravir (FC
39) and elvitegravir (FC 48) was evident (when compared with the
WT NL4-3). Presence of the secondary mutations E157Q, G163R,
M50L, L74I and V151I in addition to N155H in the subtype D IN
resulted in a low 2.8-fold resistance to dolutegravir but high-level
resistance to elvitegravir (FC 70) and raltegravir (FC 56).

The Y143R/S mutation only emerged in HIV-1 subtype
A-infected patients and conferred slightly higher levels of resist-
ance to raltegravir than to elvitegravir in subtype A HIV-1. The
T97A, M50I and L74I/M secondary mutations had minimal or no
impact on INSTI resistance. Susceptibility to dolutegravir was not
affected by Y143R/S with the other secondary mutations (Figures 1
and 2 and Figure S1).

Multiple INSTI DRMs with secondary mutations confer
high-level resistance to dolutegravir, raltegravir and
elvitegravir

Q148H/K/R alone typically has minimal effect on dolutegravir
susceptibility. In patients failing a raltegravir-based treatment in
Uganda, the Q148R mutation in subtype A HIV-1 was found in
combination with the primary INSTI DRMs E138A and G140A and,
in subtype D, a Q148K mutation with E138K, G140A and S147G.
With the IN from both patients, the chimeric viruses were highly
resistant to elvitegravir, raltegravir (both >1000-fold) and dolute-
gravir (>100-fold) (Figure 2, Table 2 and Figure S1).

Finally, the chimeric virus from an HIV-1 subtype A-infected
patient with the secondary mutations T97A, V151A and E138A
had resistance to elvitegravir (45-fold) and low-level resistance to
raltegravir (12-fold) but WT susceptibility to dolutegravir (Figures 1
and 2 and Figure S1).

For all the chimeric viruses studied for drug susceptibility, the IN
genes of HIV-1 subtype A- and D-infected patients containing
INSTI DRMs were cloned into a subtype B backbone. Despite the
concerns with complementation compatibility, the same level
of resistance with these IN chimeric viruses was observed when
compared with WT NL4-3 or the NL4-3 containing the WT subtype
A and D IN-coding regions (Figure S2).

INSTI DRMs can impair RC regardless of subtype

Using TZM-bl cells, the RCs of these IN chimeric HIV-1 (all with an
NL4-3 backbone) were compared with WT NL4-3, UG14 and UG98
references. All the IN chimeric HIV-1 with INSTI DRMs had signifi-
cantly reduced RC compared with the reference WT strains.
Reduced RC exhibited by the viruses was not simply due to poor
complementation, considering the IN of subtype A and D in a NL4-
3 backbone had slightly higher replication rates than WT NL4-3.
Viruses UG138-A (N155H; secondary mutations, T97A/L74I)
and UG481-A (Y143R; secondary mutations, T97A/G163R) had the
lowest RCs at �30% of NL4-3 and <30% of the subtype A and D
references. UG206-D, with four primary DRMs (E138K, G140A,
S147G and Q148K) also had a low RC (29%). However, there was
no clear pattern of reduced replication rates based on any of the
primary or secondary DRMs (Figure 3). UG23-A, UG1044-A and
UG35-A replicated at 40% to 45% of the references, while
UG1179-A, UG537-A/D, UG42-D and UG11-D were at 50% to 60%
of WT HIV-1. The other chimeric HIV-1 with three primary DRMs
in IN (E138A, G140A and Q148R) and G163R as a secondary muta-
tion had the highest RC (>80% of WT).

Cross-resistance observed between dolutegravir and
elvitegravir

Correlation coefficients of FC values for dolutegravir,
raltegravir and elvitegravir were assessed to determine the level

Table 2. The mean EC50 of different HIV INSTIs for recombinant viruses in the study

DRMs

DTG RAL EVG

EC50 (nM) 95% CI (nM) EC50 (nM) 95% CI (nM) EC50 (nM) 95% CI (nM)

WT 0.34 0.11–0.34 0.48 0.32–0.59 0.00 0.003–0.005

N155H, T97A, L74I 0.40 0.17–0.54 13.8 6.42–43.5 0.27 0.003–0.008

N155H 0.44 0.14–1.38 8.91 4.93–28.9 0.37 0.08–0.92

N155H 0.40 0.16–0.55 4.96 2.70–5.49 0.12 0.09–0.23

N155H 0.49 0.18–0.87 4.84 2.76–7.93 0.30 0.12–0.53

Y143S, T97A 0.39 0.19–0.54 39.6 17.7–71.01 0.35 0.15–0.64

Y143R, T97AT, G163R 0.28 0.14–0.43 183.7 99.8–262.4 0.75 0.48–1.28

E138A, T97A, V151A 0.27 0.03–0.22 6.02 3.60–8.12 0.22 0.09–0.34

Y143R, T97A, M50I, L74IM 0.17 0.08–0.33 69.3 30.09–100.3 0.10 0.05–0.13

N155H, E157Q, G163R,

M50L, L74I, V151I

0.60 0.18–1.62 21.2 5.33–57.9 1.45 0.37–2.69

E138A, G140A, Q148R, G163R 37.8 11.88–120.5 2996.03 2699–17863 4180.00 3085–5257

E138K, G140A, S147G, Q148K 49.6 27.6–87.5 4002.00 2624–6060 1550.9 1107–4491

None (UG14) 0.22 0.11–0.32 0.50 0.34–5.19 0.00 0.001–0.006

None (UG98) 0.08 0.04–0.17 0.13 0.05–0.29 0.03 0.009–0.035

DTG, dolutegravir; RAL, raltegravir; EVG, elvitegravir.
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of cross-resistance between the INSTIs. Dolutegravir FC values
for resistance were found to correlate with elvitegravir FC values
for resistance (P = 0.0073, R = 0.8), but not with FC values for ralte-
gravir resistance (P = 0.54, R = 0.21).

Discussion

Resistance to INSTIs is well characterized in HICs with a 12, 7 and
6 year history of employing raltegravir, elvitegravir and dolutegra-
vir, respectively. The four typical major pathways of INSTI resist-
ance involve N155H, Q148H/K/R and Y143R/H/C for raltegravir and
elvitegravir and R263K for dolutegravir and bictegravir as primary
INSTI DRMs. Both in vitro and in vivo selection of dolutegravir resist-
ance is conferred by either an accumulation of INSTI DRMs or the
emergence of R263K. Both pathways confer low-level dolutegravir
resistance and significant reductions in RC, and often require the
emergence of compensatory mutations, e.g. H51Y with R263K.19

In this study, we produced 11 chimeric viruses harbouring the IN
genes of Ugandan patients failing third-line raltegravir-based treat-
ment and with known DRMs. Chimeric IN HIV-1 produced with single
DRMs resulted in significant resistance to elvitegravir and raltegravir
and a 43% to 68% decrease in RC. Even these single DRMs with com-
pensatory/secondary mutations emerging in subtype A and D IN do
not confer cross-resistance to dolutegravir. HIV-1 containing the IN
of two patients, UG1059 and UG206, with three and four DRMs, re-
spectively, showed high-level resistance to elvitegravir and raltegra-
vir and >100-fold cross-resistance to dolutegravir. The levels of
INSTI resistance shown by these two patient-derived viruses are
among the highest ever recorded with phenotypic tests. Although
the subtype D UG206 had a 70% reduction in RC, the RC for UG1059
was not significantly different from WT.

Few studies have assessed phenotypic INSTI resistance using
the IN derived from INSTI failures in Uganda or in sub-Saharan

Africa. One study describes resistance to INSTIs, even dolutegravir,
in subtype A, B, C, D, F, G, CRF01, CRF02 and other circulating
recombinant forms (CRFs) related to the Q148H/K/R resistance
pathway but these Q148H/K/R mutations were infrequent in this
cohort when compared with INSTI failures in subtype B-infected
patients.8,20,21 There are, however, several genotypic studies
describing common INSTI DRMs in untreated and in INSTI-treated
patients in sub-Saharan Africa. For nearly 10 years, raltegravir-
based treatment has been recommended by WHO for third-line
regimens22 and as such is rarely used in treatment within LMICs.
In just 4 years, generic dolutegravir and TDF/3TC/DTG has become
accessible to 3.9 million HIV-infected individuals in sub-Saharan
Africa and other developing countries.3,5 This important roll-out of
dolutegravir was briefly interrupted with a report suggesting a
teratogenic effect in babies born to mothers who start dolutegravir
treatment from the time of conception.23 Nonetheless, there has
been no extensive screen for susceptibility of African non-subtype
B HIV-1 to dolutegravir and especially not with HIV-1 derived from
those failing a raltegravir-based regimen. This study suggests that
5% of raltegravir failures may harbour dolutegravir-resistant HIV-
1. Even this frequency of dolutegravir cross-resistance in raltegravir
failures in subtype A- and D-infected individuals could be a cause
of concern. Furthermore, a recent study by our team suggests that
28% of raltegravir failures harbour raltegravir- and elvitegravir-
resistant viruses with previously uncharacterized INSTI DRMs
related to subtype A and D (M. Avino, E. Ndashimye, D. J. Lizotte,
A. S. Olabode, R. M. Gibson, A. A. Meadows, C. M. Kityo, E. Nabulime,
F. Kyeyune, I. Nankya, M. E. Qui~nones-Mateu, E. J. Arts and A. F. Y.
Poon, unpublished data). Half of these new INSTI-resistant
genotypes in subtype A and D HIV-1 displayed cross-resistance to
dolutegravir.

HIV-1 IN mutation N155H is selected early under raltegravir
pressure.24 We have previously shown predominant selection of

Figure 3. Relative viral infectivity of recombinant viruses. The viral infectivity of resistant mutants compared with controls and WT was determined
using short-term infection assay in TZM-bl cells. AUC was used to measure the relative decrease in infectivity. The data shown represent means and
SD from independent experiments performed in triplicate. This figure appears in colour in the online version of JAC and in black and white in the print
version of JAC.
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N155H (17.6%) in HIV-1 patients failing third-line raltegravir-based
regimens in Uganda13 and thus, understanding the susceptibility
of viruses with a single N155H mutation is important in assessing
whether dolutegravir could be utilized in a fourth-line regimen
given the limited availability of other salvage drugs such as enfuvir-
tide or maraviroc in Uganda. In our study, three viruses with a sin-
gle N155H mutation were susceptible to dolutegravir (FC 1.6–2.4);
two of these are comparable to N155H in subtype B HIV-1 (FC
1.2).25 Given the low-level phenotypic resistance associated with
dolutegravir failure in subtype B-infected individuals, even our
modest 2.4-fold decreased susceptibility to dolutegravir with
N155H may predict potential treatment failure with dolutegravir-
containing ART use as a fourth-line treatment in Uganda.

Prolonged exposure to INSTIs following treatment failure can
lead to an accumulation of primary DRMs and compensatory sec-
ondary mutations to increase INSTI resistance and/or restore viral
fitness.26 Achieving viral suppression with dolutegravir in patients
failing raltegravir or elvitegravir is reduced with each added pri-
mary INSTI DRM (G140H/A/S, E138A/K/T) in association with substi-
tutions at Q148, as seen in the VIKING-3 study.1 Viral suppression
with dolutegravir was also reduced with the INSTI mutations
E138K, G140A, S147G, Q148R and T97A in a subtype C-infected,
raltegravir-experienced patient from Botswana.27 However, this
accumulation of INSTI DRMs is extremely rare in HICs, due in part
to frequent patient visits, viral load monitoring and drug resistance
testing. In Uganda, like many other LMICs, less frequent clinic visits
and viral load testing, intermittent adherence and limited drug re-
sistance testing could contribute to multi-DRM viruses with high-
level INSTI resistance. Of 18 patients with raltegravir resistance in
this Ugandan cohort, 1 had E138A, G140A, Q148R and G163R in a
subtype A virus and 1 had E138K, G140A, S147G and Q148K in sub-
type D. To our knowledge, the presence of these four primary INSTI
DRMs within IN has never been observed in subtype B-infected
patients naive to or failing INSTIs.28 A combination of two primary
INSTI DRMs (Q148H and G140S) with secondary mutations (T97A
and L74M) conferred resistance to dolutegravir in subtype B
viruses.29 The loss of RC observed with UG206 could also be com-
pensated by the emergence of secondary mutations to support
active infection in the presence of drug. Thus, the frequent appear-
ance of multi-DRM HIV-1 in subtype A (as with UG1059) and sub-
type D (with UG206) upon INSTI treatment failure could have
devastating consequences for the future roll-out of dolutegravir.
Hopefully, an 11% frequency of multiple DRMs will not persist with
larger cohorts on raltegravir-based treatment in sub-Saharan
Africa.

Conclusions

In this study, we show that INSTI-resistant viruses in the majority
of patients in Uganda failing raltegravir-based third-line treatment
remain susceptible to dolutegravir and have impaired RC.
However, accumulation of primary INSTI DRMs leads to high-level
resistance to all INSTIs currently available in LMICs.
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