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Abstract

Global scale-up of antiretroviral treatment has dramatically changed the prospects of HIV/AIDS disease, 
rendering life-long chronic care and treatment a reality for millions of HIV-infected patients. Affordable 
technologies to monitor antiretroviral treatment are needed to ensure long-term durability of limited 
available drug regimens. HIV drug resistance tests can complement existing strategies in optimizing 
clinical decision-making for patients with treatment failure, in addition to facilitating population-based 
surveillance of HIV drug resistance. This review assesses the current landscape of HIV drug resistance 
technologies and discusses the strengths and limitations of existing assays available for expanding testing 
in resource-limited settings. These include sequencing-based assays (Sanger sequencing assays and next-
generation sequencing), point mutation assays, and genotype-free data-based prediction systems. Sanger 
assays are currently considered the gold standard genotyping technology, though only available at a limited 
number of resource-limited setting reference and regional laboratories, but high capital and test costs have 
limited their wide expansion. Point mutation assays present opportunities for simplified laboratory assays, 
but HIV genetic variability, extensive codon redundancy at or near the mutation target sites with limited 
multiplexing capability have restricted their utility. Next-generation sequencing, despite high costs, may 
have potential to reduce the testing cost significantly through multiplexing in high-throughput facilities, 
although the level of bioinformatics expertise required for data analysis is currently still complex and 
expensive and lacks standardization. Web-based genotype-free prediction systems may provide enhanced 
antiretroviral treatment decision-making without the need for laboratory testing, but require further clinical 
field evaluation and implementation scientific research in resource-limited settings. (AIDS Rev. 2017;19:179-89)
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Introduction

By the end of 2015, over 18.2 million people infected 
with HIV were receiving combination antiretroviral treat-
ment (ART), reflecting an unprecedented scale-up of 
ART over the past decade1. This increased access 
to ART has been a major public health success, espe-
cially in resource-limited settings (RLS), with significant 
reductions in HIV transmission and HIV-related mortal-
ity2. However, access to monitoring of diagnostic labo-
ratory tests has not matched the rapid ART scale-up3-5. 
Until recently, most programs in RLS have relied main-
ly on clinical and immunological criteria to monitor ART 
efficacy, despite their inaccuracy and late detection of 
treatment failure when compared to the gold-standard 
viral load criteria3,6.

Following the recent World Health Organization 
(WHO) recommendations, implementation of routine 
viral load (VL) monitoring is now being prioritized in 
large-scale ART programs to enable early detection of 
treatment failure, thus enhancing timely switching to 
next-line drug regimens7,8. In 2015, the Joint United 
Nations Programme on HIV/AIDS (UNAIDS) further 
launched an ambitious target for achieving a 90% VL 
suppression rate among all patients on ART by 20209. 
This brings in focus the need for expanding access to 
HIV diagnostic tools. 

With expansion of routine VL tests, the number of 
patients switched to second-line therapy is forecasted 
to increase to about 4-6 million by 2030, and this will 
comprise of nearly 20% of all patients on ART10. Lim-
ited available data have indicated that about 10-40% 
of the patients on protease inhibitor-based second-line 
have treatment failure11 and a majority (70-90%) of 
them lack resistance mutations to the key drug, prote-
ase inhibitors (PI)12,13. Due to the limited third-line drug 
options in most RLS, the clinical management of these 
patients is increasingly complex in the absence of HIV 
drug resistance (HIVDR) tests to determine those har-
boring drug resistant viruses and guide the selection 
of optimal regimens. 

Rising levels of pre-treatment HIVDR in sub-Saharan 
Africa also poses a threat to the success of national 
ART programs14-16, especially in the era of ‘treat all’ and 
pre-exposure prophylaxis (PrEP) scale-up recommen-
dations17,18. Recognizing these challenges, the recent 
WHO guidelines recommend active surveillance mon-
itoring of HIVDR in patients initiating ART for pre-
treatment HIVDR and in those on ART for acquired 
HIVDR8,19. 

Thus, to improve individual patient management, 
protect the durability of available drug regimens, and 
ensure the rational use of scarce third-line drugs, there 
is a need for low-cost strategies to measure HIVDR. In 
this review we have assessed the landscape of current 
HIVDR tests and evaluated the strengths and limita-
tions for their use in both individual ART patient 
management and population-based surveillance and 
monitoring in RLS. 

Landscape of HIV drug resistance 
technologies

HIV drug resistance tests are broadly classified into 
genotypic and phenotypic assays. Genotypic resis-
tance tests (GRT) are sequencing-based assays that 
identify specific amino acid changes, or mutations, 
known to be associated with resistance to specific 
antiretroviral drugs. Genotypic resistance assays can 
be further categorized into sequencing-based ap-
proaches such as Sanger and next generation se-
quencing and into assays based on the detection of 
specific point mutations. Although phenotypic assays 
may sometimes provide improved resistance assess-
ment quality over genotypic tests20, they are prohibi-
tively expensive, require sophisticated laboratory set-
ups such as biosafety level III facilities, and have long 
turn-around times. Thereby, their use in resistance 
testing in RLS has not been realized and will not be 
discussed further in this review. 

An ideal GRT for use in RLS has previously been 
described5. The specifications for such a test includes 
low-cost, compatibility with dried blood spots (DBS) 
specimen type, having broad subtype coverage, open 
access to use readily available consumables and re-
agents, and low-cost instruments for sequencing/de-
tection systems, as well as requiring minimal complex-
ity in terms of equipment, analysis method, and skills, 
and a reasonable turnaround time and acceptable 
testing sensitivity. It should also be able to pass certi-
fication and proficiency testing by the appropriate 
regulatory authorities. 

In the sections below we discuss the current land-
scape of HIVDR tests, first from a technical point of 
view, followed by an assessment of their applicability 
in RLS.

Sanger sequencing assays

Sanger sequencing, also known as first-generation 
sequencing assays, are based on di-deoxynucleotide 
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chain-termination technique21 and are currently the 
most widely used assays. Sanger sequencing re-
quires four basic steps: nucleic acid extraction, target 
amplification, sequencing, and data analysis (Fig. 1). 
Briefly, extracted nucleic acid from either plasma or 
DBS is first amplified using primers for the target re-
gion. The confirmed amplicons are then sequenced 

using fluorescently labeled chain terminators to gen-
erate nested sets of dye-labeled products, which are then 
resolved by gel or capillary electrophoresis in a genetic 
analyzer. The sequence data are then edited and the 
consensus sequences generated analyzed for HIVDR 
using proprietary software or web-based HIVDR data-
bases that provide automated sequence interpretations22.

Figure 1. Overview of Sanger, point mutation, and next generation assays work flow.
(1) Nucleic acid is extracted from plasma, RNA, or dried blood spots; TNA, followed by (2) amplification to either cDNA or DNA. *Some 
assays include a second amplification to increase yield. For Sanger sequencing (3) dye-terminator sequencing involving incorporation of 
fluorescence-labeled terminator bases to produce dye-labeled nested products, which are resolved in a genetic analyzer to produce a 
chromatogram. (4) Analysis involves base-calling, sequence editing, and quality checks by use of automated software followed by drug 
resistance analysis using proprietary or web-based applications. For point-mutation assays, (3) production of labeled target product is done 
where labeled bases are incorporated in complementary DNA strands using either selective ligation of adjacent oligonucleotide probes by 
a template-dependent DNA ligase or single base extension by allele-specific primers. (4) Detection of labeled target mutation then occurs 
by q-PCR or ELISA. Alternatively non-labeled products of different lengths are generated using allele-specific primers of varying lengths. 
The products are then digested using restriction enzymes and detected through mass-spectrometry. For next-generation sequencing, (3) 
a library of target nucleic acid is created from the initially amplified DNA by a second round of amplification in a process called target 
enrichment. First, the DNA or cDNA is randomly fragmented to form short strands that are then joined to adapter sequences template 
(adaptors contain binding sequences, barcodes and primers). The se then undergo amplification, either by emulsion PCR (Ion Torrent) or 
bridge PCR (Illumina). (4) Sequencing is by synthesis through semi-conductor sequencing – Ion Torrent or reversible termination sequenc-
ing: Illumina (5). Analysis involves a series of steps involving (a) quality assessment of the raw files, (b) removal of adaptor sequences, (c) 
de-multiplexing to re-identify the samples, (d) mapping of data to reference sequence variant calling and validation, and (e) HIVDR analysis 
by third-party resistance interpretation databases. cDNA: complementary DNA; DBS: dried blood spots; DRM: drug resistance monitoring; 
HIVDR: HIV drug resistance; RFMP: restricted fragment mass polymorphism; TNA: total nucleic acid.
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Sanger GRT includes commercialized kit-based and 
in-house assays (Supplementary Tables 1 and 2)23-32. 
To date, only two genotypic assays for the polymerase 
gene (protease and reverse-transcriptase) have been 
FDA-approved, i.e. ViroSeq® assay (Celera Alameda, 
CA, USA) and TruGene® assay (Siemens Healthcare 
Diagnostics, Deerfield, IL, USA), with the latter having 
been discontinued26. ViroSeq® covers the entire prote-
ase region (1-99 codons) and two-thirds (1-335 co-
dons) of the reverse-transcriptase region23. It has a 
detection limit of 2,000 cps/ml of plasma VL and is 
approved dedicated for use with certain models of the 
Applied Biosystems® genetic analyzers and for HIV-1 
subtype B viruses only. 

Potential for use in resource-limited settings

Many research or public health laboratories around 
the globe have developed in-house Sanger assays for 
HIV GRT to circumvent the high costs associated with 
the commercial tests and to ensure compatibility with 
HIV-1 non-B subtypes24,25,27,29-32. The following three 
laboratory developed and validated in-house assays 
have been commonly used in sub-Saharan Africa: (i) 
the assay that was developed by the French National 
Agency for AIDS Research (ANRS)30, (ii) the assay that 
was developed by the US Centers for Disease Control 
and Prevention (CDC) and the technology transferred 
to the American Type Culture Collection (ATCC) and 
Thermo Fisher31,33 scientific for kit productions, and (iii. 
the Southern African Treatment and Resistance Net-
work (SATuRN) developed assay which is partnering 
with Thermo Fisher for kit-based production29,34. There 
are other laboratory developed in-house assays, such 
as the RT only Affordable Resistance Test for Africa 
(ARTA) assay32 and low-cost assays from the Asia-
Pacific region24,25,27 (See Supplementary Table 2 for 
details).

Compared to other potential GRT, these Sanger-
based sequencing assays are the ones commonly 
used for WHO-recommended HIVDR surveys35. These 
assays have demonstrated optimal performance over 
a wide range of HIV-1 subtypes and circulating recom-
binant forms (CRF) and some of them performed well 
on DBS sample type with high accuracy and reason-
able (1,000-5,000 cps/ml of VL) genotyping sensitivi-
ty30-32,36 and have a reasonable cost per test (US$ 
40-100), (Supplementary Table 2). Due to the rela-
tively low-cost per test and medium-to-high throughput 
of the genetic analyzers used, they are suitable for 
both individual patient monitoring and HIVDR surveys.

In addition, a number of open-source sequence ed-
iting tools are available for use with Sanger-based as-
says, including automated tools that minimizes inter-
subject variability. This includes Recall (University of 
British Columbia, Canada) and BioEdit (Tom Hall, CA, 
USA).

However, there are limitations for Sanger-based as-
says: they are labor-intensive, require certain labora-
tory set-ups for preventing contamination, and only 
detect majority genotypes (> 20%). Moreover, they use 
sequencers that have a high capital cost (~250,000 US$) 
and whose infrastructure is mainly suitable for centralized 
specialized laboratories.

Next-generation sequencing assays

Recent advancements have seen the development 
of massive parallel high-throughput sequencing tech-
nologies, collectively called next-generation sequenc-
ing (NGS)37. Although NGS technology has rapidly 
transformed the landscape of most areas in genomic 
research38, its introduction into routine clinical applica-
tion has been much slower. Today only a few com-
mercial virus genotyping assays based on NGS plat-
forms are available: DeepGen™ Assay (University 
Hospital Case Medical Center) using Ion Torrent™ and 
Monogram’s GeneSure® genotypic assay using Illu-
mina’s sequencers39. The Illumina and Ion Torrent™ 
NGS are the most commonly used platforms in HIVDR 
research and surveillance40 and are also the potential 
low-cost bench-top assays discussed in this section 
(Supplementary Table 3). 

The basic workflow for NGS includes nucleic acid 
extraction, amplification, library preparation, target en-
richment, sequencing, imaging and data analysis, as 
shown in figure 1. 

Potential for use in resource-limited settings

Similar to Sanger-based sequencing assays, NGS 
also has a relatively high capital cost for acquiring in-
struments, but this is expected to gradually decrease 
with advancements that allow competition and innova-
tion of even cheaper technologies. Currently, the only 
commercially available “low-cost” devices are the 
bench-top Ion Torrent Personal Genome Machine (US$ 
50,000), Illumina’s MiSeq (US$ 99,000) and MiniSeq™ 
(US$ 49,500)41. The cost per run of NGS is prohibi-
tively high for use in RLS (Supplementary Table 1), but 
the prices can be significantly lowered through multi-
plexing42,43. A previous study using Illumina MiSeq 
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(read length ~ 200 bp) demonstrated that 24 samples 
could be multiplexed with a depth of > 10,000 counts 
per base43 at a cost of between US$ 24-31. An even 
higher level of multiplexing has been demonstrated 
in a “wide-sequencing” approach (multiplexing of 
many samples in a run but with lesser coverage 
depth) on Illumina MiSeq, resulting in sequencing 
costs of ~ 5 US$ per sample (multiplex of 1,143 
samples), with a median read depth of > 9900 counts 
per base44. This study, however, only sequenced a 
small portion of RT (90-234 bases), but the same 
depth and costs might not be achieved when longer 
targets are desired. 

Sequencing of longer genome targets is sometimes 
required, especially when assessing resistance in pa-
tients treated with integrase strand-transfer inhibitors 
(INSTI) plus nucleoside reverse transcriptase inhibi-
tors (NRTI) or PIs without the need for separate as-
says, as is currently the case for most available 
Sanger-sequencing assays39. This is especially im-
portant, given the current recommendation for use of 
INSTI with NRTI or/and PI combinations in RLS. As 
with Sanger-based assays, NGS also has the ability 
to use the widely validated broad subtype primers and 
DBS45, as they share similar steps in the upstream 
procedures (Fig. 1).

Limitations for NGS include the following: the need 
for high-level multiplexing to achieve significant cost 
reductions limits their use to high-throughput facilities 
or for population-based HIVDR surveys. In addition, 
the assay requires multiple procedures, which in-
creases the complexity of the assay and the labora-
tory infrastructure. Moreover, the cost of library prepa-
ration for longer genome targets is expensive and 
does not change even with increased order of multi-
plexing (Fig. 2). 

The level of bioinformatics support, expertise, and 
infrastructure required for on-site data analysis is also 
still complex and expensive46. This includes the need 
for dedicated data centers with servers and storage 
center, computing clusters (high-performance comput-
ers, high-capacity storage and fast networks) and 
skilled bioinformaticians, system administrators, and 
developers46. Alternative cloud-based analysis appli-
cations are also expensive, for example DeepChek® 

(Advanced Biologic Laboratories, Luxembourg). This 
is currently the only commercially available HIVDR cus-
tomized bioinformatics application, developed for re-
search use only, and has a cost of US$ 65 per sample 
(~ 3-times the cost of sequencing)47. However, there 
are ongoing efforts to create open-source robust yet 

user-friendly automated NGS bioinformatics HIVDR 
analysis platforms that could be used by laboratory 
technicians with no bioinformatics expertise. 

Point mutation assays

Point mutation assays identify only specific mutations 
as opposed to the sequencing methods, which provide 
sequence information of almost the entire target ge-
nome. A number of point mutation assays have been 
developed and adapted for use in HIVDR48-60. These 
include allele-specific PCR (ASPCR)48,51-56,58-60 and oli-
gonucleotide ligation assays49,50,57. The ASPCR assays 
use mutation-specific primers with mismatched 3’ res-
idues to selectively amplify viruses containing mutant 
and wild-type alleles of a given codon. Ligation assays, 
on the other hand, use the principle of selective ligation 
of adjacent oligonucleotide probes by a template-de-
pendent DNA ligase49,50,57. The oligonucleotides are 
designed to selectively match the mutation site while 
mispriming if hybridized to a wild-type template. The 
target allele is then detected by either ELISA (colori-
metric, fluorescent or luminescent)48-50,53,58,59 real-time 
q-PCR54,55,57,60, mass spectrometry52, or gel electro-
phoresis56 (Fig. 1). 

Potential for use in resource-limited settings

Compared to the other promising low-cost technolo-
gies, point mutation assays are an attractive option as 
they have a lower capital cost and can also be de-
ployed at or near point-of-care settings. A key chal-
lenge is that they are only able to identify a limited 
number of mutations. Furthermore, a high polymor-
phism at primer sites affects both the accuracy and 
sensitivity of these tests. Equally high codon redun-
dancy at mutation site coupled with the high number 
of possible resistance mutations for the different drugs 
in the combined regimen increases the cost per sam-
ple in the absence of high order multiplexing. More-
over, differential codon usage by HIV strains makes 
point mutation assays subtype-dependent.

Based on a recent analysis of genotypes available 
in the Stanford HIVDR database, it was proposed that 
a point mutation assay capable of detecting a set of 
six drug resistance mutations in reverse-transcriptase 
(i.e. K103N, V106M, Y181C and G190A [NNRTIs] and 
K65R and M184V [NRTIs]) could be sufficient to de-
tect drug resistance in patients failing first-line and in 
ART-naive patients, with 98.8 and 61.2% sensitivity, 
respectively61. A similar analysis using the same data 
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Figure 2. Reagent costs of HIV-1 genotyping using different technical approaches in a European laboratory. 
These are real reagent costs in a specific European laboratory in 2015 and may vary from lab to lab. They do not include workforce costs, 
upfront spending on equipment acquisition, or maintenance. This comparison shows that both homebrew Sanger sequencing and next-
generation sequencing can reduce sequencing costs by at least twofold compared with current standards. A MiSeqTM Nextera XT approach 
would provide resistance data for protease, reverse transcriptase, and integrase, being optimal for current genotyping needs. However, 
such an approach remains significantly more expensive than homebrew Sanger sequencing. Of note, the current main driver of sequencing 
costs for the MiSeqTM Nextera XT approach is library preparation. Whereas sample multiplexing might reduce sequencing costs to some 
extent, truly significant cost reductions must come from reducing library preparation costs. Lab mat: laboratory materials; Lib prep: library 
preparation; IN: integrase; PR: protease; RT: reverse transcriptase; Seq: sequencing; 96X: 96 reactions. 

indicated that there are up to 42 distinct codons for the 
proposed set of six drug resistance mutations in se-
quences from seven of the most common subtypes (A, 
B, C, D, G, CRF01_AE, and CRF02_AG)62. This ranged 
from four codons at the 184 position, to eleven at posi-
tion 190.

A proposed solution to use degenerate primers (a 
mix of primer sequences with some positions having a 
number of different possible bases) is feasible63,64 to 
cater for polymorphisms near the target binding sites, 

but this may affect specificity and will still require a 
medium-to-high level multiplexing capability due to 
high codon redundancy at target sites.

Most point mutation assays described in the litera-
ture have a low multiplex ability due to limitations in 
available technology and instrumentation49-51,54,55,57,58. 
Some assays are able to compensate for this by using 
high-throughput instruments, but at an increased labor, 
complexity, and cost which makes it difficult to deploy 
them at point of care. Only the array based assays 
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show promise with medium-to-high multiplex ability, 
but they still rely on molecular systems that are difficult 
to deploy at point of care48,52,59. Examples include the 
micro array-based multiplex allele specific drug resis-
tance assay (MAS-DR)59 and the Matrix Assisted Laser 
Desorption/Ionization–Time Of Flight (MALDI-TOF) 
mass array assay52. Of these assays, only the MAS-DR 
assay has both a high multiplex ability and a low cap-
ital cost. A study by Zhang, et al. used MAS-DR mul-
tiplexed 45 allele targets (20 wild type and 25 mu-
tants)59 at a cost of US$ 40.90 using a low-cost Luminex 
MAGPIX® (US$ ~ 27,500) device. The mass array as-
say has also been shown to have a low-cost at US$ 30 
for 18 target alleles, but the mass spectrometers are 
costly ranging from US$ 150,000 to 850,000 (Supple-
mentary Table 4). 

Genotype-independent predictions 
systems of treatment response

The exponential growth in the collection of biomedi-
cal data has the potential for the development of per-
sonalized treatment decision-making. An example of 
where “Big Data” or artificial intelligence could inform 
individualized medicine is that of HIV treatment. These 
so-called genotype-free systems for predictions of ART 
responses provide a practical and affordable alterna-
tive to laboratory-based strategies to enhance ART 
decision-making22,65. Typically, the data used to train 
the underlying computational models to make predic-
tions include a complete ART history, VL and CD4 
count on the failing ART regimen. The most advanced 
initiative to date is the HIV Treatment Response Predic-
tion System (HIV-TRePS) developed by the HIV Resis-
tance Response Database Initiative (RDI) and it is 
available as a free web service65. Using biological, 
clinical, and treatment outcome data from more than 
180,000 HIV-1 patients derived globally, the RDI has 
developed computational models that can accurately 
predict HIV treatment outcomes, which may be used 
to identify optimal and individualized therapies for pa-
tients experiencing ART failure65. The latest models 
have achieved an accuracy of predicting ART re-
sponse at the level of 82%, which is statistically sig-
nificantly more accurate than GRT’s rules-based inter-
pretation, typically at 55-65%65.

Potential use in resource-limited settings

It seems that the non-genotype prediction systems 
are the most cost-effective method in drug resistance, 

apart from the requirement for Internet infrastructure. 
Studies also showed that the methods resulted in more 
accurate prediction of treatment outcomes than the 
traditional genotype-dependent rule-based algorithms 
incorporated in most HIVDR interpretation databases22,65. 
The accuracy is, however, lower for regions in which 
there are limited datasets in the database, such as 
sub-Saharan Africa65. 

In addition, the prerequisite of the model systems for 
a recent VL and CD4 test result65 may have limited its 
utility in RLS as most countries have adopted the 2015 
WHO recommendation for a “test and start” treatment 
strategy and VL-based monitoring, leading to reduc-
tions in CD4 testing8. In addition, not all patients with 
virological failure have clinically relevant resistance 
mutations; thus these methods might result in unneces-
sarily switching to costlier regimens, potentially making 
them more expensive than GRT. Lastly, these systems 
also have limitations in providing data at the population 
level to guide programmatic decisions and hence may 
only be useful for individual patient management.

Expanding testing within the current 
health infrastructure

At present, HIVDR testing in Africa is limited to only 
a few laboratories, mainly research facilities and na-
tional reference laboratories, some of which are WHO-
designated national or regional HIVDR laboratories5. 
Expansion of drug resistance testing to new sites may 
be hampered by the high capital costs, limited infra-
structure, quality assurance requirements, and a short-
age of highly skilled and experienced personnel. In the 
current landscape, incorporation of HIVDR testing in 
the public health system could best follow a centralized 
approach within the WHO-recommended tiered frame-
work for healthcare delivery66. This tiered approach 
incorporates an integral laboratory system aligned 
within the country’s public health delivery structure of 
the four-level hierarchal health system. 

The WHO-designated national/regional HIVDR labo-
ratories belong to the top tier of the four-level pyramid 
system66. These laboratories serve as HIVDR referral 
facilities for in-country peripheral sites and nearby 
countries where genotyping capacity is lacking. Ap-
propriate technologies for use in these laboratories 
would include the Sanger sequencing-based assays, 
multiplex point mutation assays, and NGS. These could 
mainly be the high-throughput facilities, which may in 
addition have bioinformatics capacity to support NGS 
analysis. 
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For level III facilities (provincial/ regional laboratories 
within a country), these can also incorporate upcoming 
point mutation assays such as the Luminex MAGPIX®. 
Level III facilities can also perform PCR tests and then 
send the products to level IV laboratories for sequenc-
ing as these laboratories have the capacity for per-
forming molecular tests, such as VL tests and DNA-
PCR for early infant diagnosis. Moreover, facilities at 
level III could also serve as sample collection sites to 
the referral centers.

As with the WHO recommendations, the level II (dis-
trict) and level I (primary healthcare center) laboratories 
could serve as sample collection sites for referrals to 
the level III and IV facilities. In addition to the tiered 
approach, the genotype-free prediction systems 
could be incorporated directly at the clinician’s office 
to support decision-making in selecting the most ef-
fective treatment regimen if the prerequisite recent VL 
and CD4 test results are available at the sites for 
patients.

Quality assurance

The expansion of HIVDR testing will also require 
the strengthening of quality management systems to 
ensure accurate, timely, and reproducible results 
reporting. Consideration should be given to the en-
tire quality management cycle: quality-assured sam-
ple collection and timely sample transportation (pre-
analytic); standardized and valid testing procedures 
(analytic); and systematically reviewing and timely 
reporting results process (post-analytic). This re-
quires the use of standard operation procedures, 
sample and results tracking devices, coupled with 
continuous training and supervision5,67. In addition, 
laboratories also need to implement sequence qual-
ity assurance systems to ensure and monitor consis-
tency in assay performance quality, which includes 
sequence editing, assessing for contamination and 
other sequence quality aspects such as sequence 
length, stop codons, unexpected insertions, and un-
usual residues. 

Testing facilities will need to be accredited with ap-
propriate standards such as ISO-15189 for medical 
laboratories, in addition to obtaining WHO designation 
for facilities within the WHO-HIVDR laboratory network. 
Facilities also need to participate in routine external 
quality assurance (EQA) schemes for proficiency test-
ing. Laboratories can depend on existing regional 
agencies to facilitate both accreditation and external 
quality assurance schemes, as is the case of the 

TREAT Asia quality assessment scheme (TAQAS)68 
and the WHO-mediated step-wise laboratory improve-
ment towards accreditation (SLIPTA) scheme69. 

Discussion

ART management in RLS continues to be challeng-
ing due to the emergence of HIVDR and limited avail-
able drug options. As with high-income countries, the 
use of GRT can play a vital role in managing patients 
with suspected treatment failure5,8,70. As VL monitoring 
for ART patients becomes a routine care and treatment 
package in RLS7, drug resistance testing for patients 
with confirmed virologic failure will become a reality. In 
fact, several PEPFAR-supported countries in sub-Sa-
haran Africa are recommending drug resistance test-
ing for patients with second-line treatment failure 
(South Africa and Kenya national treatment guide-
lines)71,72. This is in addition to the WHO recommended 
population-based surveys; pre-treatment HIV drug re-
sistance, acquired HIV drug resistance (12 months and 
≥ 48 months) as well as surveillance of HIV drug resis-
tance in children < 18 months of age19. These routine 
surveys are vital in guiding the choice of first-line treat-
ment, pre- and post-exposure prophylaxis prevention 
regimens and subsequent second- and third-line regi-
mens19. 

Within the current technology landscape, expansion 
of HIVDR testing in RLS may depend on low-cost 
Sanger sequencing-based in-house assays, low-cost 
bench-top NGS, and possibly point mutation assays 
with medium-to-high level multiplex capability. Each 
of these technologies has their strengths and limita-
tions. While Sanger-based in-house assays are the 
most commonly available, the capital cost for the se-
quencers and per test cost is comparatively high and 
this may limit their use, especially in sites considering 
starting GRT. On the other hand, they have been 
widely validated and there is considerable expertise 
for their use in RLS. Moreover, some of the assays, 
such as the CDC/ATCC/Thermo Fisher Scientific as-
say, are already commercially available as a testing 
kit or are being developed (SATuRN collaboration 
with Thermo Fisher Scientific) into kit-based assays, 
which is not the case with the other low-cost tech-
nologies. 

Next-generation sequencing has an equally high 
capital cost, but it is projected that this may gradually 
decline as more novel technologies become available. 
Though the cost per run for NGS is high, significant 
cost reduction can be achieved through multiplexing 
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of many individually barcoded samples. On the other 
hand, the need for multiplexing implies that its utility is 
limited to high-throughput facilities. Moreover, they 
also have a high analysis cost, with cloud-based com-
puting tools being up to threefold that of the actual lab 
test. A number of open source analysis pipelines are 
available, but the level of expertise and computing 
infrastructure may still be limiting for most RLS. Differ-
ent academic laboratories are, however, making efforts 
to simplify the analysis process and minimize the anal-
ysis costs. 

While point mutation assays might seem the likely 
choice for point of care testing, they are highly limited 
by the multiplexing ability of the technique used. Al-
though there are various variants of point mutation 
assays, optimization of these assays to accommodate 
HIV variability and polymorphisms as well as adapting 
these assays for use with low-cost high-multiplex in-
struments, could be difficult to implement in the short-
term. Further basic and technological research, cou-
pled with engineering advances, is needed to make 
point of care assays truly feasible. 

Lastly the genotype free prediction systems could 
easily be adapted with limited capital cost in RLS to 
improve the management of patients with suspected 
treatment failure. A setback of this method is the po-
tential for switching patients without resistance to the 
expensive next line of treatment and the need for CD4 
results, which may not be available under the current 
strategy for test and start and VL-based monitoring. In 
general, all these technologies may require additional 
field evaluation to assess their suitability in given set-
tings as well as their cost-effectiveness. 

To date, implementing HIVDR testing within the cur-
rent landscape could best follow a centralized ap-
proach embedded in the recommended WHO tiered 
approach with testing at national or regional centers. 
The lower facilities could then serve as sample collec-
tion sites, supported by sample referral and data man-
agement systems to ensure quality of sample collec-
tion, timely shipment, and results reporting. In addition, 
the level III laboratory tiers with molecular-based sys-
tems for VL and DNA-PCR for early infant diagnosis 
can also incorporate low-cost point mutation assays 
like the Luminex MAGPIX® assay or serve as PCR 
amplification laboratories for drug resistance testing. 
As an alternative to laboratory-based tests, genotype-
free prediction systems can also be used directly at 
the clinician’s office, although these predictions are 
based on indirect parameters, i.e. VL and CD4, rather 
than the direct detection of resistance mutations.

In conclusion, the current landscape of HIVDR tech-
nologies shows promise with low-cost assays that can 
be used to expand testing for both clinical manage-
ment and surveillance in sub-Saharan Africa. However, 
more implementation research is urgently needed to 
operationalize the use of these technologies within the 
public health system in RLS. This type of research 
should be planned in light of the ongoing global expan-
sion of HIV viral load testing in RLS. 

Supplementary Data

Supplementary data is available at AIDS Reviews journal online (http://www. 
aidsreviews.com).

This data is provided by the author and published online to benefit the 
reader. The contents of all supplementary data are the sole responsibility of 
the authors.

Acknowledgements

SCI, RLH and TFRW wrote the first draft of the paper. All authors contributed 
to subsequent versions, and have read and approved the final paper.

The authors acknowledge Mariona Parera irsiCaixa for her input on se-
quence costs breakdown. The authors also acknowledge the support of the 
Amsterdam Institute for Global Health and Development (AIGHD), irsiCaixa 
AIDS Research Institute, University Medical Center Utrecht and the US Centers 
for Disease Control & Prevention. The views expressed in this review are those 
of the authors and may not necessarily reflect those of the institutions for which 
they work.

Declaration of interest

The authors declare that they have no conflicts of interest.
SCI is supported by a grant from the European Union through the Trans 

Global Health programme, part of the Erasmus Mundus Joint Doctorate Pro-
gramme. RLH is supported by a grant from the Netherlands Organization for 
Scientific Research through the Innovational Research Incentives Scheme Veni 
(grant 91615036). RLH and TFRW are supported by a grant from the Nether-
lands Organization for Scientific Research through the Netherlands-African 
Partnership for Capacity Development Clinical Interventions against Poverty-
Related Diseases (grant W0710101). CY is supported by the President’s Emer-
gency Plan for AIDS Relief (PEPFAR) through the US Centers for Disease 
Control and Prevention.

References

	 1.	 UNAIDS. AIDS by the numbers-AIDS is not over but it can be; 2016. 
Available at: http://www.unaids.org/en/resources/documents/2016/AIDS-
by-the-numbers [accessed December 06, 2016].

	 2.	 UNAIDS. How AIDS changed everything- MDG6: 15 years, 15 lessons 
of hope from the AIDS response; 2015. Available at: http://www.unaids.
org/sites/default/files/media_asset/MDG6Report_en.pdf [accessed July 
04, 2016].

	 3.	 Medecins San Frontieres Access Campaign. Achieving undetectable: 
What questions remain in scaling-up HIV virologic treatment monitoring? 
2014. Available at: http://www.msfaccess.org/sites/default/files/MSF_Is-
sueBrief_undetectable6.pdf [accessed April 16, 2016].

	 4.	 Roberts T, Cohn J, Bonner K, Hargreaves S. Scale-up of routine viral 
load testing in resource-poor settings: Current and future implementation 
challenges. Clin Infect Dis. 2016;62:1043-8.

	 5.	 Inzaule S, Ondoa P, Trevor P, Rinke de Wit T, Hamers R. Affordable HIV 
drug resistance testing for monitoring antiretroviral therapy in sub-Saha-
ran Africa. Lancet Infect Dis. 2016;16:e267-75.

	 6.	 Sigaloff KC, Hamers RL, Wallis CL, et al. Unnecessary antiretroviral 
treatment switches and accumulation of HIV resistance mutations; two 
arguments for viral load monitoring in Africa. J Acquir Immune Defic 
Syndr. 2011;58:23-31.

	 7.	 Lecher S, Williams J, Fonjungo PN, et al. Progress with scale-up of HIV 
viral load monitoring — Seven sub-Saharan African countries, January 
2015-June 2016. MMWR Morb Mortal Wkly Rep. 2016;65:1332-5.

Si
n 

co
nt

ar
 c

on
 e

l c
on

se
nt

im
ie

nt
o 

pr
ev

io
 p

or
 e

sc
ri

to
 d

el
 e

di
to

r, 
no

 p
od

rá
 r

ep
ro

du
ci

rs
e 

ni
 f

ot
oc

op
ia

rs
e 

ni
ng

un
a 

pa
rt

e 
de

 e
st

a 
pu

bl
ic

ac
ió

n.
  


©

 P
er

m
an

ye
r 

M
éx

ic
o 

20
17



AIDS Reviews. 2017;19

188

	 8.	 World Health Organization. Consolidated guidelines on the use of anti-
retroviral drugs for treating and preventing HIV infection Recommenda-
tions for a public health approach - Second edition. 2016. Available at: 
http://www.who.int/hiv/pub/arv/arv-2016/en/ [accessed February 16, 2017].

	 9.	 UNAIDS. Diagnostics Access Initiative to Achieve the 90-90-90 Treat-
ment Target. 2015. Available at: http://www.unaids.org/sites/default/files/
media_asset/20150422_diagnostics_access_initiative.pdf [accessed 
April 05, 2016].

	 10.	 Estill J, Ford N, Salazar-Vizcaya L, et al. The need for second-line anti-
retroviral therapy in adults in sub-Saharan Africa up to 2030: a mathe-
matical modelling study. Lancet HIV. 2016;3:e132-9.

	 11.	 Ajose O, Mookerjee S, Mills EJ, Boulle A, Ford N. Treatment out-
comes of patients on second-line antiretroviral therapy in resource-
limited settings: a systematic review and meta-analysis. AIDS. 2012; 
26:929-38.

	 12.	 Boender TS, Hamers RL, Ondoa P, et al. Protease inhibitor resistance 
in the 1st three years of second-line antiretroviral therapy for HIV-1 in 
sub-Saharan Africa. J Infect Dis. 2016;214:873-83.

	 13.	 Maiga AI, Fofana DB, Cisse M, et al. Characterization of HIV-1 antiret-
roviral drug resistance after second-line treatment failure in Mali, a lim-
ited-resources setting. J Antimicrob Chemother. 2012;67:2943-8.

	 14.	 Carmona S, Steegen K, Hunt G, Morris L, Stevens WS, Sherman GG. 
High Prevalence of NNRTI HIV drug resistance in children under 18 
months of age recently diagnosed with HIV: results from a national 
survey in South Africa. In: 8th International AIDS Society Conference on 
HIV Pathogenesis, Treatment and Prevention (IAS 2015). 2015.

	 15.	 Gupta RK, Hill A, Sawyer AW, et al. Virological monitoring and resistance 
to first-line highly active antiretroviral therapy in adults infected with 
HIV-1 treated under WHO guidelines: a systematic review and meta-
analysis. Lancet Infect Dis. 2009;9:409-17.

	 16.	 Hamers RL, Schuurman R, Sigaloff KC, et al. Effect of pretreatment HIV-1 
drug resistance on immunological, virological, and drug-resistance outcomes 
of first-line antiretroviral treatment in sub-Saharan Africa: a multicentre 
cohort study. Lancet Infect Dis. 2012;12:307-17.

	 17.	 Hoare A, Kerr SJ, Ruxrungtham K, et al. Hidden drug resistant HIV to 
emerge in the era of universal treatment access in Southeast Asia. PLoS 
One. 2010;5:e10981.

	 18.	 Lehman DA, Baeten JM, McCoy CO, et al. Risk of drug resistance 
among persons acquiring HIV within a randomized clinical trial of 
single- or dual-agent preexposure prophylaxis. J Infect Dis. 2015;211: 
1211-18.

	 19.	 World Health Organization. HIV drug resistance surveillance guidance: 
2015 update. Geneva, Switzerland. 2015. Available at: http://apps.who.
int/iris/bitstream/10665/204471/1/9789241510097_eng.pdf?ua=1 [ac-
cessed March 22, 2016].

	 20.	 Derache A, Wallis CL, Vardhanabhuti S, Bartlett J, Kumarasamy N, 
Katzenstein D. Phenotype, genotype, and drug resistance in subtype C 
HIV-1 infection. J Infect Dis. 2016;213:250-6.

	 21.	 Sanger F, Nicklen S, Coulson AR. DNA sequencing with chain-terminat-
ing inhibitors. Proc Natl Acad Sci USA. 1977;74:5463-7.

	 22.	 Prosperi MC, De Luca A. Computational models for prediction of re-
sponse to antiretroviral therapies. AIDS Rev. 2012;14:145-53.

	 23.	 Cunningham S, Ank B, Lewis D, et al. Performance of the applied bio-
systems ViroSeq human immunodeficiency virus type 1 (HIV-1) genotyp-
ing system for sequence-based analysis of HIV-1 in pediatric plasma 
samples. J Clin Microbiol. 2001;39:1254-7.

	 24.	 Chaturbhuj DN, Nirmalkar AP, Paranjape RS, Tripathy SP. Evaluation of 
a cost effective in-house method for HIV-1 drug resistance genotyping 
using plasma samples. PLoS One. 2014;9:e87441.

	 25.	 Chen JH, Wong KH, Li PC, et al. In-house human immunodeficiency 
virus-1 genotype resistance testing to determine highly active antiretro-
viral therapy resistance mutations in Hong Kong. Hong Kong Med J. 
2012;18:20-4.

	 26.	 Emmadi R, Boonyaratanakornkit JB, Selvarangan R, et al. Molecular 
methods and platforms for infectious diseases testing a review of FDA-
approved and cleared assays. J Mol Diagn. 2011;13:583-604.

	 27.	 Fujisaki S, Fujisaki S, Ibe S, et al. Performance and quality assurance of 
genotypic drug-resistance testing for human immunodeficiency virus 
type 1 in Japan. Jpn J Infect Dis. 2007;60:113-17.

	 28.	 Kuritzkes DR, Grant RM, Feorino P, et al. Performance characteristics of 
the TRUGENE HIV-1 Genotyping Kit and the Opengene DNA Sequenc-
ing System. J Clin Microbiol. 2003;41:1594-9.

	 29.	 Manasa J, Danaviah S, Pillay S, et al. An affordable HIV-1 drug resis-
tance monitoring method for resource limited settings. J Vis Exp. 
2014;85.

	 30.	 Monleau M, Aghokeng AF, Eymard-Duvernay S, et al. Field evaluation 
of dried blood spots for routine HIV-1 viral load and drug resistance 
monitoring in patients receiving antiretroviral therapy in Africa and Asia. 
J Clin Microbiol. 2014;52:578-86.

	 31.	 Zhou Z, Wagar N, DeVos JR, et al. Optimization of a low-cost and 
broadly sensitive genotyping assay for HIV-1 drug resistance surveil-
lance and monitoring in resource-limited settings. PLoS One. 2011; 
6:e28184.

	 32.	 Aitken SC, Bronze M, Wallis CL, et al. A pragmatic approach to HIV-1 
drug resistance determination in resource-limited settings by use of a 
novel genotyping assay targeting the reverse transcriptase-encoding 
region only. J Clin Microbiol. 2013;51:1757-61.

	 33.	 ATCC HIV-1 drug resistance genotyping kit. Available at: http://www.
atcc.org/HIVkits [accessed April 04, 2016].

	 34.	 Bioafrica.net. Available at: http://www.bioafrica.net/report.php?id=8 [ac-
cessed April 04 2016]. 

	 35.	 WHO HIVDR Genotypes Price List. Available at: http://www.who.int/hiv/
topics/drugresistance/HIVDR_genotype_pricelist.pdf?ua=1 [accessed 
April 04, 2016]. 

	 36.	 Inzaule S, Yang C, Kasembeli A, et al. Field evaluation of a broadly 
sensitive HIV-1 In-house genotyping assay for use with both plasma and 
dried blood spot specimens in a resource-limited country. J Clin Micro-
biol. 2013;51:529-39.

	 37.	 Mardis ER. Next-generation sequencing platforms. Annu Rev Anal Chem 
(Palo Alto Calif). 2013;6:287-303.

	 38.	 Koboldt DC, Steinberg KM, Larson DE, Wilson RK, Mardis ER. The next-
generation sequencing revolution and its impact on genomics. Cell. 
2013;155:27-38.

	 39.	 Gibson RM, Meyer AM, Winner D, et al. Sensitive deep-sequencing-
based HIV-1 genotyping assay to simultaneously determine susceptibility 
to protease, reverse transcriptase, integrase, and maturation inhibitors, 
as well as HIV-1 coreceptor tropism. Antimicrob Agents Chemother. 
2014;58:2167-85.
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