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Background. Emerging HIV drug resistance (HIVDR) could jeopardize the success of standardized HIV management proto-
cols in resource-limited settings. We characterized HIVDR among antiretroviral therapy (ART)-naive and experienced participants
in the African Cohort Study (AFRICOS).

Methods. From January 2013 to April 2019, adults with HIV-1 RNA >1000 copies/mL underwent ART history review and
HIVDR testing upon enrollment at 12 clinics in Uganda, Kenya, Tanzania, and Nigeria. We calculated resistance scores for specific
drugs and tallied major mutations to non-nucleoside reverse transcriptase inhibitors (NNRTIs), nucleoside reverse transcriptase
inhibitors (NRTIs), and protease inhibitors (PIs) using Stanford HIVDB 8.8 and SmartGene IDNS software. For ART-naive partici-
pants, World Health Organization surveillance drug resistance mutations (SDRMs) were noted.

Results. HIVDR testing was performed on 972 participants with median age 35.7 (interquartile range [IQR] 29.7-42.7) years
and median CD4 295 (IQR 148-478) cells/mm’. Among 801 ART-naive participants, the prevalence of SDRMs was 11.0%, NNRTI
mutations 8.2%, NRTI mutations 4.7%, and PI mutations 0.4%. Among 171 viremic ART-experienced participants, NNRTI mutation
prevalence was 83.6%, NRTI 67.8%, and PI 1.8%. There were 90 ART-experienced participants with resistance to both efavirenz and
lamivudine, 33 (36.7%) of whom were still prescribed these drugs. There were 10 with resistance to both tenofovir and lamivudine,
8 (80.0%) of whom were prescribed these drugs.

Conclusions. Participants on failing ART regimens had a high burden of HIVDR that potentially limited the efficacy of stand-
ardized first- and second-line regimens. Management strategies that emphasize adherence counseling while delaying ART switch

may promote drug resistance and should be reconsidered.
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The global expansion of access to antiretroviral therapy (ART)
has driven dramatic reductions in HIV-related morbidity and
mortality over the last 2 decades [1]. In sub-Saharan Africa, the
region hardest hit by the HIV epidemic, over 16 million persons
living with HIV (PLWH) are currently receiving ART, largely
through programs supported by the US President’s Emergency

Received 6 May 2020; editorial decision 28 July 2020; published online 12 August 2020.

Presented in part: This work was presented, in part, at the 24th Conference on Retroviruses
and Opportunistic Infections in Seattle, Washington, 13-16 February 2017, and the 27th
Conference on Retroviruses and Opportunistic Infections in Boston, Massachusetts, 8-11
March 2020.

Correspondence: T. A. Crowell, US Military HIV Research Program, 6720A Rockledge Drive,
Suite 400 Bethesda, MD 20817 (tcrowell@hivresearch.org).

Clinical Infectious Diseases® 2021;73(7):e2311-22

© The Author(s) 2020. Published by Oxford University Press for the Infectious Diseases
Society of America. This is an Open Access article distributed under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs licence (http://creativecommons.org/licenses/
by-nc-nd/4.0/), which permits non-commercial reproduction and distribution of the work, in any
medium, provided the original work is not altered or transformed in any way, and that the
work is properly cited. For commercial re-use, please contact journals.permissions@oup.com
DOI: 10.1093/cid/ciaal161

Plan for AIDS Relief (PEPFAR) [1, 2]. However, emergence of
HIV drug resistance (HIVDR) could jeopardize the long-term
success of treatment programs, leading to eventual rebound in
HIV incidence and HIV-related mortality, as well as increased
programmatic costs [3]. As ART access continues to improve,
it is essential that routine surveillance be conducted for pre-
treatment and acquired HIVDR to inform national and inter-
national HIV treatment strategies [4, 5].

The massive global scale-up of ART leveraged simplified and
standardized treatment protocols to facilitate care delivery in
resource-limited settings such as sub-Saharan Africa [6]. While
HIV-1 genotype resistance testing is routine in resource-rich
settings prior to ART initiation or upon viral failure [7], this
is rarely available in sub-Saharan Africa and is generally not
supported by PEPFAR-funded programs [8]. Instead, ART
selection is based on empiric national standards for first- and
second-line regimens, a strategy that can promote further de-
velopment and transmission of resistant viruses in populations
with a high burden of unrecognized HIVDR [9].
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In many African countries, PLWH who fail first-line regi-
mens are required to complete a series of ART adherence coun-
seling sessions with documentation of sustained viremia before
switching to second-line therapy [10-13]. These strategies min-
imize unnecessary and costly regimen changes when poor ART
adherence is the major driver of viremia. However, when un-
derlying HIVDR drives viral failure, these strategies may delay
medically necessary regimen changes and promote the develop-
ment of further resistance [14, 15].

We evaluated HIVDR among ART-naive and ART-
experienced PLWH attending PEPFAR-supported clinics in
four African countries.

METHODS

Study Population

The ongoing African Cohort Study (AFRICOS) is an observa-
tional study that enrolls adults living with and at risk for HIV
aged 18 years and older at 12 PEPFAR-supported clinical care
sites in Uganda, Kenya, Tanzania, and Nigeria, as previously de-
scribed [16]. The sites are all hospital-based with staff and facil-
ities to provide primary care, HIV counseling and testing, and
ART adherence support with on-site clinical pharmacies. At en-
rollment and every 6 months thereafter, participants with HIV
undergo medical history-taking, physical examination, and lab-
oratory assessments that include CD4 and HIV-1 RNA assess-
ments. Extensive medical record review at each visit includes
extraction of any past or ongoing ART exposure. Participants
who were enrolled between 23 January 2013 and 1 April 2019
with HIV-1 RNA >1000 copies/mL were eligible for HIVDR
testing and inclusion in these analyses.

HIV Diagnosis and Monitoring

HIV was diagnosed according to national testing guide-
lines in each country, including algorithms based on HIV
rapid tests and/or immunoassays. CD4 count was enumer-
ated using standard clinical flow cytometric methods at
each site. HIV-1 RNA was measured via nucleic acid am-
plification methods on one of several testing platforms
with lower limit of quantification 20-48 copies/mL, in-
cluding the Cobas® Ampliprep/Cobas® TagMan HIV-1 Test,
v2.0 (Roche Diagnostics), High Pure/COBAS® TagMan®
HIV-1 Test v2.0 (Roche Diagnostics,), COBAS® AmpliPrep/
COBAS® TagMan® 48 HIV-1 Test (Roche Diagnostics), or
Real Time HIV-1 Viral Load assay (Abbott). All testing was
performed according to package inserts.

HIV Genotyping and Subtyping

Plasma samples from participants with HIV-1 RNA >1000
copies/mL at enrollment underwent sequencing of the Pol re-
gion using a laboratory-validated modification to the ViroSeq
HIV-1 Genotyping System v2.0 (Abbott Molecular). HIV-1 sub-
type was assigned using the NCBI HIV Subtyping Tool (http://

www.ncbi.nlm.nih.gov/projects/genotyping/), NCBI HIV-1
Nucleotide BLAST (https://blast.ncbi.nlm.nih.gov/), BioAfrica
REGA HIV-1 automated subtyping v2.0 (http://www.bioafrica.
net/subtypetool/html/subtypinghiv.html), and Jumping Profile
HMM-HIV
Results from the 4 tools were compared to achieve a consensus

(http://jphmm.gobics.de/submission_hiv.html).

assignment. Sequences with discordant subtyping assignments
underwent advanced analysis prior to final assignment.

Sequences were evaluated for major mutations conferring
resistance to non-nucleoside reverse transcriptase inhibi-
tors (NNRTIs), nucleoside reverse transcriptase inhibitors
(NRTTIs), and protease inhibitors (PIs), using the SmartGene
Integrated Database Network System (SmartGene) to ac-
cess mutation lists and drug resistance scoring algorithms
from the Stanford HIV Drug Resistance Database Version
8.8.0 (Stanford University). Participants who had never re-
ceived ART, taken prophylactic ART only, received single-
agent ART for prevention of mother-to-child transmission
(PMTCT), or who started ART within 28 days of genotyping
were considered ART-naive and evaluated for World Health
Organization (WHO) surveillance drug resistance mutations
(SDRMs) [17].

Statistical Analyses

Wilcoxon rank-sum and Pearson’s Chi-squared tests were used
to compare continuous and categorical variables, respectively,
across groups of interest. The prevalence of specific drug re-
sistance mutations and categories of drug resistance mutations
were calculated by dividing the number of participants with
one or more mutations by the total number of participants
genotyped. The prevalence of anticipated resistance to specific
drugs based on scoring algorithms was calculated similarly.
Robust Poisson regression was used to estimate prevalence
ratios and 95% confidence intervals for prespecified factors
potentially associated with drug resistance in separate ana-
lyses for ART-naive and ART-experienced participants [18].
To test for temporal associations with HIVDR prevalence, a
variable for study period dichotomized around the midpoint
was included in the models. The outcomes of the models were
any WHO SDRM and any major NNRTI, NRTI, or PI mu-
tation, respectively. All analyses were performed using Stata
15.0 (StataCorp LP).

Ethical Assurance

The study was approved by institutional review boards of the
Walter Reed Army Institute of Research Silver Spring, MD,
USA; Makerere University School of Public Health, Kampala,
Uganda; Kenya Medical Research Institute, Nairobi, Kenya;
Tanzania National Institute of Medical Research, Mbeya,
Tanzania; and Nigerian Ministry of Defence, Abuja, Nigeria.
All participants provided written informed consent prior to
enrollment.
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RESULTS

Study Population

A total of 2839 PLWH were enrolled, including 1496 (52.7%)
from Kenya, 535 (18.8%) from Tanzania, 512 (18.0%) from
Uganda, and 296 (10.4%) from Nigeria. There were 1756
(61.8%) ART-experienced participants, among whom 206
(11.7%) had HIV RNA > 1000 copies/mL and 171 (83.0%) un-
derwent retrospective HIVDR testing. Among 1083 (38.1%)
ART-naive participants, there were 896 (82.3%) with HIV-1
RNA > 1000 copies/mL and 801 (89.4%) underwent retrospec-
tive HIVDR testing.

The 972 participants with HIVDR testing results had a median
age of 35.7 (interquartile range [IQR] 29.7-42.7) years, median
CD4 of 295 (IQR 148-478) cells/mm?, and median HIV-1 RNA
0f 47 705 (IQR 11 910-163 353) copies/mL. The 801 ART-naive
participants differed from the 171 ART-experienced partici-
pants by age, country, and other characteristics (Table 1). HIV-1
RNA at genotype testing was higher in ART-naive as compared
to ART-experienced participants (median 53 292 [IQR 13 805-
183 872] vs 26 903 [7417-81 199] copies/mL, P < .001).

HIV Subtypes

The distribution of HIV-1 subtypes based on Pol region
sequencing varied substantially by country (Figure 1). Subtype
A comprised the majority of infections in Uganda and Kenya
(51.2 and 64.0%, respectively), while subtype C was most
common in Tanzania (54.1%), and subtypes G and CRF02_AG
together dominated the viruses observed in Nigeria (77.4%).

Pre-treatment Drug Resistance Mutations

Among 801 ART-naive participants, 88 (11.0%) had WHO
SDRMs. WHO SDRM prevalence was lowest in Kenya (7.5%),
followed by Tanzania (7.8%), then Uganda (13.7%), and highest
in Nigeria (16.7%, P < .001; Table 2). The single most common
mutation in each country was the major NNRTI resistance mu-
tation K103N, which was observed in 3.9% of ART-naive parti-
cipants in Tanzania, 4.7% in Kenya, 6.5% in Uganda, and 6.9%
in Nigeria (P = .569). Only 3 participants had major PI resist-
ance mutations.

Between 2013-2015 and 2016-2019, WHO SDRM preva-
lence in the cohort increased from 8.8% to 16.2% (P = .002),
driven largely by increased pretreatment drug resistance in
Uganda (8.0% to 24.3%, P < .001; Figure 2). Similar cohort-wide
increases were observed in major NNRTT resistance mutations
(6.5% vs 12.4%, P = .006) and major NRTT resistance mutations
(3.4% vs 7.3%, P = .015), though PI resistance remained rela-
tively rare in both eras (0.2% vs 0.8%, P = .153).

WHO SDRM:s also varied by HIV subtype, with prevalence
of 5.3% in subtype CRF02_AG, 7.3% C, 7.7% G, 9.3% A, 10.7%
D, and 17.9% in other subtypes combined (P = .037).

Based on scoring algorithms from the Stanford HIV Drug
Resistance Database, high-level resistance to at least one drug

from any class would be expected in 8.4% of participants, in-
cluding high-level resistance to nevirapine in 7.7% of ART-naive
participants and to efavirenz in 6.2% (Figure 3A). Evidence of
high-level resistance to newer generation NNRTTs, NRTTs, and
PIs was observed in fewer than 3.0% of participants across all 4
countries. Seven (0.9%) ART-naive participants had evidence of
high-level resistance to both efavirenz and lamivudine and one
(0.1%) to both tenofovir and lamivudine.

Drug Resistance Mutations in ART-Experienced Participants
Among 171 ART-experienced participants with HIV-1
RNA > 1000 copies/mL, major NNRTT resistance mutations
were observed in 143 (83.6%), NRTI resistance mutations in
116 (67.8%), and PI resistance mutations in 3 (1.8%; Table 3).
While mutations conferring resistance to NNRTIs were the
most common group of mutations in each country, the NRTI
resistance mutation M184V/I was the most common individual
mutation in Uganda (50.0%), Kenya (69.2%), and Tanzania
(64.5%). K103N was the most common individual mutation in
Nigeria (61.5%). Of 17 participants with a history of exposure to
PI-containing regimens, 3 (17.6%) had PI resistance mutations.
Anticipated resistance to specific drugs among the 171 viremic
ART-experienced participants included high-level resistance to
efavirenz in 68.8%, lamivudine and emtricitabine in 65.3%, and
tenofovir in 7.7% (Figure 3B). Among the 13 ART-experienced par-
ticipants with high-level resistance to tenofovir, 10 (76.9%) had the
K65R mutation, and 4 (30.8%) had 2 or more thymidine analogue
mutations. High-level resistance to tenofovir was numerically more
common in participants with subtype C virus as compared to non-C
subtypes, but the difference was not statistically significant (11.5%
vs 6.9%, P = 411). High-level resistance to drugs from 2 or more
classes was observed in 114 (66.7%) ART-experienced participants,
including 90 (52.6%) with high-level resistance to both efavirenz
and lamivudine, of whom 33 (36.7%) were still prescribed regimens
that included both drugs. There were 10 ART-experienced partici-
pants with high-level resistance to both tenofovir and lamivudine,
including 8 (80.0%) who were still prescribed both drugs.

Factors Associated With Drug Resistance Mutations

After adjusting for potentially confounding factors using
multivariable robust Poisson regression, the prevalence of
WHO SDRMs was significantly higher among ART-naive par-
ticipants in Nigeria as compared to other countries and among
participants evaluated during the latter half of the enrollment
period (Table 4). Decreased prevalence of WHO SDRMs was ob-
served with increasing education level. The prevalence of major
resistance mutations among viremic ART-experienced partici-
pants did not vary significantly by any of the factors evaluated.

DISCUSSION

The 2017 WHO guidelines recommended changing empiric
first-line NNRTI-based ART to an integrase inhibitor-based
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Table 1. Characteristics of ART-Naive and ART-Experienced AFRICOS Participants With HIV-1 RNA > 1000 Copies/mL at the Time of Genotypic Testing for
Drug Resistance Mutations

Characteristic All (h =972) ART-Naive (n = 801) ART-Experienced (n = 171) P
Age (years)
<30 252 (25.9%) 224 (28.0%) 28 (16.4%) .005
30-39 402 (41.4%) 326 (40.7%) 76 (44.4%)
40+ 318 (32.7%) 251 (31.3%) 67 (39.2%)
Sex
Male 396 (40.7%) 324 (40.4%) 72 (42.1%) .69
Female 576 (59.3%) 477 (59.6%) 99 (57.9%)
Country
Uganda 301 (31.0%) 291 (36.3%) 10 (5.8%) <.001
Kenya 3568 (36.8%) 254 (31.7%) 104 (60.8%)
Tanzania 185 (19.0%) 154 (19.2%) 31 (18.1%)
Nigeria 128 (13.2%) 102 (12.7%) 26 (15.2%)
Year
2013 84 (8.6%) 62 (7.7%) 22 (12.9%) <.001
2014 280 (28.8%) 209 (26.1%) 71 (41.5%)
2015 331 (34.1%) 296 (37.0%) 35 (20.5%)
2016 188 (19.3%) 160 (20.0%) 28 (16.4%)
2017 66 (6.8%) 55 (6.9%) 11 (6.4%)
2018 21(2.2%) 17 (2.1%) 4(2.3%)
2019 2(0.2%) 2(0.2%) 0(0.0%)
Education
Less than Primary 339 (34.9%) 292 (36.5%) 47 (275%) .023
Primary School 389 (40.1%) 320 (40.0%) 69 (40.4%)
Secondary School and Above 243 (25.0%) 188 (23.5%) 55 (32.2%)
CD4 Count (cells/mm?®)
<200 325 (33.4%) 251 (31.3%) 74 (43.3%) <.001
200-349 237 (24.4%) 182 (22.7%) 55 (32.2%)
350-499 179 (18.4%) 155 (19.4%) 24 (14.0%)
500+ 231 (23.8%) 213 (26.6%) 18 (10.5%)
HIV-1 RNA (copies/mL)
1001-10 000 219 (22.5%) 168 (21.0%) 51 (29.8%) <.001
10 001-100 000 415 (42.7%) 334 (41.7%) 81 (474%)
100 001+ 338 (34.8%) 299 (37.3%) 39 (22.8%)
Years Since HIV Diagnosis
<1 677 (69.7%) 655 (81.9%) 22 (12.9%) <.001
1-56 156 (16.1%) 94 (11.8%) 62 (36.3%)
>5 138 (14.2%) 51 (6.4%) 87 (50.9%)
Prior Exposure to NVP for PMTCT
No 945 (97.5%) 781 (97.5%) 167 (97.7%) .90
Yes 24 (2.5%) 20 (2.5%) 4(2.3%)
Prior Exposure to EFV
No 891 (91.7%) 801 (100.0%) 90 (52.6%) <.001
Yes 81 (8.3%) = 81 (47.4%)
Prior Exposure to TDF
No 878 (90.3%) 801 (100.0%) 77 (45.0%) <.001
Yes 94 (9.7%) - 94 (55.0%)
Last Known ART Regimen
EFV/TDF/3TC - - 56 (32.7%) -
NVP/AZT/3TC - - 57 (33.3%)
NVP/TDF/3TC - - 25 (15.2%)
LPV/r/TDF/3TC - - 16 (9.4%)
EFV/AZT/3TC - - 9(4.2%)
EFV/TDF/FTC - - 5 (3.0%)
ABC/EFV/3TC - - 2 (1.2%)
LPV/r/3TC/AZT - - 1(0.6%)

All data are presented as n (%).

P values were calculated using Pearson’s Chi-squared test.

Statistically significant P values (<.05) are in bold.

Abbreviations: 3TC, lamivudine; ABC, abacavir; ART, antiretroviral therapy; AZT, azidothymidine (zidovudine); EFV, efavirenz; FTC, emtricitabine; LPV/r, ritonavirboosted lopinavir; NVR
nevirapine; PMTCT, prevention of motherto-child transmission of HIV; TDF, tenofovir.
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Figure 1.  HIV-1 subtypes by country. Plasma samples from participants with HIV-1 RNA > 1000 copies/mL at enroliment underwent sequencing of the Po/region with HIV-1
subtype assignment using 4 different tools to achieve a consensus. “Other” subtypes include mixed and recombinant forms.

regimen when the prevalence of transmitted HIVDR exceeded
10% [19]. In our study, we found that the prevalence of pre-
treatment HIVDR surpassed this threshold in both Uganda
and Nigeria. While pretreatment HIVDR less than 10% was
observed in Kenya and Tanzania, this may represent an un-
derestimation of transmitted resistance in chronically infected
PLWH due to a tendency for overgrowth of more fit and drug-
sensitive viral quasi-species over time [20, 21]. Pretreatment
HIVDR prevalence was driven primarily by NNRTT resistance
mutations such as K103N, which is slower to revert than some
other mutations [22] and causes an over 20-fold increase in re-
sistance to efavirenz [23, 24]. Updated WHO guidelines sup-
port the ongoing transition to dolutegravir-based first-line
ART in sub-Saharan Africa, which will mitigate the short-term
population-level impact of transmitted resistance to efavirenz
[25]. This transition presents an opportunity to identify and

resolve programmatic gaps that promoted HIVDR develop-
ment before they compromise the next generation of ART re-
gimens [26].

The prevalence of pretreatment HIVDR increased over time
in our study, particularly in Uganda. Duration of ART availa-
bility has been strongly associated with emergence of pretreat-
ment drug resistance at a population level in resource-limited
settings [27]. Delayed HIV diagnosis, interruptions of drug
supply, limited access to third-line ART regimens, and late
switches from failing regimens may each contribute to the tem-
poral trend of increasing pretreatment HIVDR [27, 28]. The
country-level prevalence of pretreatment HIVDR was higher in
our study than in previous reports from adults in Tanzania [29,
30] and Nigeria [31-33]. In Kenya, prior studies have shown
SDRM prevalence among ART-naive participants increasing
from approximately 4%-5% in the early 2000s to around 10% in
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Table 2. Pretreatment Antiretroviral Drug Resistance Mutations Among Viremic ART-Naive Participants

Uganda (n = 291) Kenya (n = 254) Tanzania (n = 154) Nigeria (n = 102) Total (n = 801)
WHO SDRMs 40 (14%) 19 (7%) 12 (8%) 17 (17%) 88 (11%)
Major NNRTI Resistance 30 (10%) 17 (7%) 9 (6%) 10 (10%) 66 (8%)
K103N 19 (7%) 12 (5%) 6 (4%) 7 (7%) 44 (5%)
Y181C/I/V 6 (2%) 2 (1%) 2 (1%) 0(0%) 10 (1%)
G190A/S 3(1%) 1(0%) 1(1%) 1(1%) 6 (1%)
P225H 3 (1%) 0 (0%) 1(1%) 1(1%) 5 (1%)
K103S 3 (1%) 0(0%) 1(1%) 0(0%) 4 (0%)
Y188L/C/H 1(0%) 1(0%) 1(1%) 0(0%) 3(0%)
M230L 1(0%) 1(0%) 0(0%) 0(0%) 2 (0%)
V106A 1(0%) 0(0%) 0(0%) 0(0%) 1(0%)
L100I 1(0%) 0(0%) 0(0%) 0(0%) 1(0%)
Major NRTI Resistance 15 (5%) 6 (2%) 5 (3%) 10 (10%) 38 (5%)
M184V/I 6 (2%) 3 (1%) 2 (1%) 2 (2%) 13 (2%)
L74V/I 6 (2%) 1(0%) 2 (1%) 4 (4%) 13 (2%)
M41L 3 (1%) 0 (0%) 1(1%) 5 (5%) 9 (1%)
K219Q/E 2 (1%) 2 (1%) 0 (0%) 1(1%) 5(1%)
D67N 2 (1%) 1(0%) 0 (0%) 1(1%) 4 (0%)
K65R 3 (1%) 0 (0%) 0 (0%) 0(0%) 3(0%)
K70R 0 (0%) 2 (1%) 0 (0%) 1(1%) 3 (0%)
T215Y/F 0(0%) 1(0%) 1(1%) 1(1%) 3(0%)
K70E 1(0%) 0(0%) 0 (0%) 0 (0%) 1(0%)
Y15F 1(0%) 0(0%) 0(0%) 0(0%) 1(0%)
L210W 0(0%) 1(0%) 0(0%) 0 (0%) 1(0%)
Major Pl Resistance 2 (1%) 0 (0%) 1(1%) 0 (0%) 3 (0%)
L90M 2 (1%) 0(0%) 0(0%) 0 (0%) 2 (0%)
M46L 0(0%) 0(0%) 1(1%) 0(0%) 1(0%)

All data are presented as n (%).

Abbreviations: ART, antiretroviral therapy; NNRTI, non-nucleoside reverse transcriptase inhibitor; NRTI, nucleoside reverse transcriptase inhibitor; PI, protease inhibitor; WHO SDRM, World

Health Organization surveillance drug resistance mutation.

more recent years [32-35]. SDRM prevalence exceeding 10% of
ART-naive participants has been previously reported in Uganda
[32, 33], which is one of the countries with the longest experi-
ence with widely available ART in sub-Saharan Africa and is
therefore an important sentinel setting for the region.

Viremic ART-experienced participants in our study had a
high burden of HIVDR, including approximately half with
high-level resistance to efavirenz, the standard first-line NNRTI
in use during the study period. PLWH with viral failure driven
by underlying drug resistance require timely switch to an alter-
native and efficacious ART regimen to prevent the development
of further resistance [14, 15]. However, country-level guide-
lines may inadvertently encourage detrimental delays while
confirming viremia and providing ART adherence counseling.
Kenyan guidelines, for example, require 3 sessions of enhanced
adherence counseling prior to ART switch and explicitly di-
rect providers, “Do not change regimens until the reason/s for
treatment failure have been identified and addressed, and a
repeat [viral load] is > 1000 copies/ml after 3 months of good
adherence” [12]. Ugandan guidelines similarly require 3 ses-
sions of intensive adherence counseling and recommend ART
regimen switch only after “Two consecutive viral loads above
1000 copies/ml, done at least 3-6 months apart, with adherence

support following the 1st [viral load] test” [13]. In this study,
we have documented that underlying HIVDR was observed in
the majority of viremic ART-experienced participants. Public
health strategies that presuppose poor adherence as the major
driver of viremia should be reconsidered. Frequent HIV-1 RNA
monitoring, including rapid re-testing when elevations are de-
tected, is necessary to detect viral failure early and limit the ac-
cumulation of drug resistance mutations.

PLWH with continued exposure to a failing regimen would
be expected to develop resistance to multiple drugs in their regi-
mens, as was observed among ART-experienced participants in
this study. ART-experienced PLWH in this study demonstrated
a pattern of HIVDR consistent with failure of first-line therapy
with NNRTT and NRTI components, as has been described pre-
viously in sub-Saharan Africa [36]. There was a particularly
high burden of the NRTI resistance mutation M184V/I, which
rapidly develops with viremia in the presence of lamivudine or
emtricitabine (XTC) and confers resistance to these same drugs
[37]. XTC is often included in second-line regimens because
of evidence that continued selective pressure to maintain the
mutation results in decreased viral fitness [38], viral replication
[39], peripheral viral load [40, 41], and mutation accumulation
[42]. However, recent studies have provided conflicting data
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Figure 2. Temporal trends in the prevalence of pretreatment antiretroviral drug resistance mutations among viremic ART-naive participants, by country. To evaluate tem-
poral trends in HIVDR prevalence, the study period was dichotomized around the midpoint. The prevalence of specific World Health Organization surveillance drug resistance
mutations (Panel A), major NNRTI mutations (Panel B), and major NRTI mutations (Panel C) was compared for participants who underwent genotyping in 2013-2015 and
2016-2019 using Pearson’s Chi-squared test. Statistically significant differences between study periods (P< .05) are shown in bold. Note that in 20162019, 3 participants
from Tanzania with SDRMs had major mutations conferring resistance to both NNRTIs and NRTIs; this pattern of dual resistance was not present in the earlier period and
contributes to the numeric decline in the prevalence of WHO SDRMs despite relatively stable prevalence of NNRTI and NRTI resistance mutations in Tanzania. Abbreviations:
NNRTI, non-nucleoside reverse transcriptase inhibitor; NRTI, nucleoside reverse transcriptase inhibitor; WHO, World Health Organization.

on the potential clinical benefit of this approach [43, 44]. Some ~ mutation. While some studies suggest that protease inhibitor-
participants in this study had both the M184V/I mutation and  based second-line regimens containing tenofovir and XTC
high-level resistance to tenofovir, driven largely by the K65R ~ may still be efficacious in such cases [45, 46], further research
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Figure 3.

Predicted resistance to individual antiretroviral drugs among viremic ART-naive and ART-experienced participants. Resistance to individual antiretroviral drugs

was predicted using the SmartGene Integrated Database Network System to access mutations lists and drug resistance scoring algorithms from the Stanford HIV Drug
Resistance Database Version 8.8.0. Abbreviations: 3TC, lamivudine; ABC, abacavir; AZT, azidothymidine (zidovudine); D4T, stavudine; DDI, didanosine; DOR, doravirine; EFV,

efavirenz; FTC, emtricitabine; NVP, nevirapine; RPV, rilpivirine; TDF, tenofovir.

is needed to understand the potential efficacy of new integrase
inhibitor-based regimens in the setting of underlying resistance
to tenofovir and XTC.

It is critical to conduct surveillance for HIVDR in settings
such as sub-Saharan Africa, where resources to prevent the
development and transmission of HIVDR may inconsistently
reach PLWH. In resource-rich settings, baseline genotypic re-
sistance testing for HIVDR is routine. PI-based or integrase
inhibitor-based therapy is recommended as first-line treatment
if initiated before receipt of genotype results [47, 48], reflecting
the preponderance of NNRTI resistance mutations among
transmitted HIVDR [20, 49], the relatively low likelihood of
acquiring PI resistance with failure of a first PI-based regimen
[50, 51], and the efficacy of integrase inhibitors even in the rare

setting of resistance mutations [52, 53]. The cost and relative
unavailability of PI-based regimens in resource-limited settings
would make their use as first-line therapy difficult. Few major
PI resistance mutations were detected in this study, supporting
continued empiric use of PI-based regimens as second-line
therapy.

We characterized HIVDR in a large cohort of PLWH across
four African countries. However, for technical and logistical
reasons, genotypic testing for HIVDR could not be performed
for a small subset of eligible samples. Under-reporting of ART
use may have led to misclassification of some ART-experienced
participants as ART-naive, although extensive medical record
review likely minimized this. Because testing was conducted
on samples collected at study enrollment, we do not know the
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Table 3. Antiretroviral Drug Resistance Mutations Among Viremic ART-Experienced Participants

Uganda (n = 10) Kenya (n = 104) Tanzania (n = 31) Nigeria (n = 26) Total (n = 171)
Major NNRTI Resistance 6 (60%) 90 (87%) 24 (77%) 23 (88%) 143 (84%)
K103N 3 (30%) 47 (45%) 13 (42%) 16 (62%) 79 (46%)
Y181C/IIV 2 (20%) 27 (26%) 9(29%) 5 (19%) 43 (25%)
G190A/S 3 (30%) 27 (26%) 3(10%) 2 (8%) 35 (20%)
K101E/P 1(10%) 7 (7%) 1(3%) 3(12%) 12 (7%)
P225H 1(10%) 10 (10%) 1(3%) 0(0%) 12 (7%)
Y188L/C/H 1(10%) 3 (3%) 1(3%) 2 (8%) 7 (4%)
M230L 1(10%) 2 (2%) 1(3%) 1(4%) 5 (3%)
V106A 0(0%) 2 (2%) 3(10%) 0(0%) 5 (3%)
V106M 1(10%) 2 (2%) 1(3%) 1(4%) 5 (3%)
K103S 0 (0%) 3 (3%) 1(3%) 0(0%) 4 (2%)
L100I 0(0%) 0 (0%) 1(3%) 1(4%) 2 (1%)
Major NRTI Resistance 5 (50%) 75 (72%) 20 (65%) 16 (62%) 116 (68%)
M184V/I 5 (50%) 72 (69%) 20 (65%) 5 (58%) 112 (65%)
T215Y/F 1(10%) 17 (16%) 9 (29%) 5 (19%) 32 (19%)
K65R 1(10%) 23 (22%) 1(3%) 5 (19%) 30 (18%)
K219Q/E 0(0%) 17 (16%) 6 (19%) 5 (19%) 28 (16%)
K70R 0(0%) 16 (15%) 8 (26%) 4 (15%) 28 (16%)
D67N 0(0%) 14 (13%) 6 (19%) 3(12%) 23 (13%)
M41L 1(10%) 10 (10%) 5(16%) 5 (19%) 21 (12%)
L210W 1(10%) 9 (9%) 3(10%) 2 (8%) 15 (9%)
Y115F 0(0%) 3 (3%) 0(0%) 3(12%) 6 (4%)
K70E 1(10%) 3 (3%) 0(0%) 1(4%) 5 (3%)
L74V/I 0(0%) 3 (3%) 1(3%) 0(0%) 4 (2%)
D67G 0(0%) 0(0%) 2 (6%) 0(0%) 2 (1%)
Major Pl Resistance 0 (0%) 1(1%) 1(3%) 1(4%) 3(2%)
154V 0 (0%) 1(1%) 1(3%) 0(0%) 2 (1%)
V82A 0(0%) 1(1%) 1(3%) 0(0%) 2 (1%)
184V 0 (0%) 0(0%) 0 (0%) 1(4%) 1(1%)
150V 0(0%) 1(1%) 0(0%) 0(0%) 1(1%)
L76V 0 (0%) 0 (0%) 0 (0%) 1 (4%) 1(1%)

All data are presented as n (%).

Abbreviations: ART, antiretroviral therapy; NNRTI, non-nucleoside reverse transcriptase inhibitor; NRTI, nucleoside reverse transcriptase inhibitor; Pl, protease inhibitor.

duration of viremia experienced prior to HIVDR testing. Our
study did not include assessment of mutations conferring re-
sistance to integrase inhibitors, but this will be important
for future research as these agents become more common in
sub-Saharan Africa [54]. HIV-1 RNA > 1000 copies/mL was
relatively uncommon among ART-experienced participants,
resulting in small sample sizes for country-specific analyses of
acquired drug resistance that may not be representative of the
general population of ART-experienced PLWH in each country.
Our study was conducted across a diverse network of PEPFAR-
supported clinics with country-level and facility-level charac-
teristics that may have impacted HIVDR prevalence, such as
earlier access to ART in Uganda and the two more urban sites
in Nigeria as compared to other sites. Our HIVDR prevalence
estimates may not be generalizable to other facilities in each of
the countries studied or more broadly to sub-Saharan Africa.
In conclusion, we found concerning evidence of pretreatment
HIVDR in all countries evaluated that underscores the need to

address programmatic gaps that promote the development and
transmission of drug-resistant viruses. We found underlying
HIVDR in the majority of participants failing ART, including
multi-drug resistant viruses that suggest delays in medically-
necessary changes to second-line ART. Our findings support
the ongoing programmatic shift to integrase inhibitor-based
first-line ART and the continued use of PI-based second-line
ART in cases of viral failure. They also highlight how program-
matic gaps and public health strategies that may promote accu-
mulation of drug resistance mutations could compromise the
efficacy of the next generation of first- and second-line ART
regimens.
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Table 4. Factors Associated With Drug Resistance Mutations Among Viremic ART-Naive and ART-Experienced Participants

ART-Naive (Any WHO SDRM)

ART-Experienced (Any Major Resistance Mutation)

PR 95% ClI aPR 95% ClI PR 95% ClI aPR 95% ClI

Age (years)

<30 Ref Ref Ref Ref

30-39 0.77 (.50-1.21) 0.72 (.46-1.15) 1.25 (.98-1.60) 1.26 (.97-1.63)

40+ 0.56 (.33-.95) 0.58 (.34-1.01) 1.15 (.89-1.49) 1.10 (.83-1.46)
Sex

Male Ref Ref Ref Ref

Female 1.53 (1.00-2.36) 1.38 (.89-2.14) 1.01 (.88-1.15) 0.98 (.86-1.11)
Country

Uganda Ref Ref Ref Ref

Kenya 0.54 (.32-.92) 0.74 (.42-1.29) 1.44 (.86-2.41) 1.45 (.86-2.44)

Tanzania 0.57 (.31-1.05) 0.74 (.38-1.48) 1.29 (.75-2.22) 1.35 (.77-2.35)

Nigeria 1.21 (.72-2.04) 3.75 (1.88-7.44) 1.47 (.87-2.50) 1.64 (.96-2.80)
Year

2013-2015 Ref Ref Ref Ref

2016-2019 1.84 (1.24-2.73) 2.42 (1.567-3.73) 0.96 (.82-1.13) 0.94 (.80-1.10)
Education

Less than Primary Ref Ref Ref Ref

Primary School 0.62 (.40-.96) 0.58 (.36-.95) 0.97 (.83-1.14) 1.01 (.86-1.20)

Secondary School and Above 0.49 (.28-.88) 0.27 (.14-.52) 0.98 (.83-1.16) 0.96 (.80-1.13)
CD4 Count (cells/mm?®)

<200 Ref Ref Ref Ref

200-349 1.09 (.65-1.83) 1.03 (.61-1.76) 0.97 (.85-1.12) 0.98 (.83-1.14)

350-499 1.12 (.65-1.90) 0.98 (.56-1.70) 0.81 (.61-1.06) 0.81 (.62-1.05)

500+ 0.65 (.36-1.16) 0.59 (.31-1.09) 0.89 (.68-1.15) 0.84 (.65-1.08)
HIV-1 RNA (copies/mL)

1001-10 000 Ref Ref Ref Ref

10 001-100 000 1.27 (.72-2.25) 1.10 (.63-1.94) 1.10 (.93-1.30) 1.08 (.92-1.28)

100 001+ 1.31 (.74-2.33) 1.20 (.67-2.16) 1.08 (.89-1.31) 1.02 (.83-1.26)
Years Since HIV Diagnosis

<1 Ref Ref Ref Ref

1-5 1.58 (.94-2.66) 2.38 (1.35-4.21) 1.02 (.79-1.33) 0.95 (.75-1.22)

>5 1.36 (.66-2.81) 1.96 (.95-4.06) 1.15 (.90-1.46) 1.10 (.86-1.40)
Prior Exposure to NVP for PMTCT

No Ref Ref Ref Ref

Yes 1.38 (.48-3.99) 0.76 (.26-2.24) 0.89 (.51-1.58) 0.90 (.52-1.56)
Prior Exposure to EFV

No Ref Ref

Yes 0.93 (.81-1.06) 0.90 (.78-1.05)
Prior Exposure to TDF

No Ref Ref

Yes 0.96 (.84-1.09) 0.98 (.86-1.10)

Unadjusted and adjusted Poisson regression modeling with robust variance estimators was used to estimate prevalence ratios and 95% confidence intervals for prespecified factors poten-
tially associated with drug resistance. For ART-naive participants, the outcome of the models was any World Health Organization surveillance drug resistance mutation.

For ART-experienced participants, the outcome of the models was any major mutation conferring resistance to nucleoside reverse transcriptase inhibitors, non-nucleoside reverse transcrip-
tase inhibitors, or protease inhibitors. The adjusted models included all listed variables. Statistically significant prevalence ratios (<.05) are shown in bold.

Abbreviations: aPR, adjusted prevalence ratio; ART, antiretroviral therapy; Cl, confidence interval; EFV, efavirenz; NVP nevirapine; PMTCT, prevention of motherto-child transmission; PR,
prevalence ratio; Ref, reference category; TDF, tenofovir, WHO SDRM, World Health Organization surveillance drug resistance mutation.
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