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Abstract: Higher accessibility and decreasing costs of next generation sequencing (NGS), 
availability of commercial kits, and development of dedicated analysis pipelines, have allowed an 
increasing number of laboratories to adopt this technology for HIV drug resistance (HIVDR) 
genotyping. Conventional HIVDR genotyping is traditionally carried out using population-based 
Sanger sequencing, which has a limited capacity for reliable detection of variants present at intra-
host frequencies below a threshold of approximately 20%. NGS has the potential to improve 
sensitivity and quantitatively identify low-abundance variants, improving efficiency and lowering 
costs. However, some challenges exist for the standardization and quality assurance of NGS-based 
HIVDR genotyping. In this paper, we highlight considerations of these challenges as related to 
laboratory, clinical, and implementation of NGS for HIV drug resistance testing. Several sources of 
variation and bias occur in each step of the general NGS workflow, i.e., starting material, sample 
type, PCR amplification, library preparation method, instrument and sequencing chemistry-
inherent errors, and data analysis options and limitations. Additionally, adoption of NGS-based 
HIVDR genotyping, especially for clinical care, poses pressing challenges, especially for resource-
poor settings, including infrastructure and equipment requirements and cost, logistic and supply 
chains, instrument service availability, personnel training, validated laboratory protocols, and 
standardized analysis outputs. The establishment of external quality assessment programs may 
help to address some of these challenges and is needed to proceed with NGS-based HIVDR 
genotyping adoption. 
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1. Introduction 

Conventional HIV drug resistance (HIVDR) genotyping, in the context of clinical care, research 
and public health, is traditionally carried out using population-based Sanger sequencing techniques, 
which have a limited capacity for reliable detection of variants present at intra-host frequencies below 
a threshold of approximately 20% [1–4]. Several studies have suggested that low-abundance HIVDR 
variants could have a relevant clinical impact and that their detection could improve treatment 
outcomes [5–9]. However, the clinically relevant threshold is still to be defined and may be drug class, 
drug, or even mutation-dependent. With the widespread use and decreasing costs of next generation 
sequencing (NGS) techniques, availability of commercial kits, and development of dedicated and 
freely available analysis pipelines [4,10], an increasing number of laboratories around the world, 
especially in high-income contexts are considering or definitively moving toward these technologies 
for HIVDR testing [11]. NGS enables high-throughput, massively parallel sequencing of individual 
input templates, with the potential to improve sensitivity and quantitatively identify low-abundance 
variants. However, many challenges exist for the generalized adoption of NGS for HIVDR testing for 
clinical care, research and public health purposes, including infrastructure requirements, 
reagents/service providers/distributors, availability of trained personnel, fully validated laboratory 
protocols, standardized analysis outputs, and external quality assessment (EQA) programs. In this 
article, we review issues and considerations for the use of NGS for HIVDR testing from the 
laboratory, clinical, and implementation points of view. Some of the issues raised in this paper may 
seem obvious or not novel for experienced laboratories, especially in developed countries. However, 
we believe that these points need to be underscored for developing countries who are planning to 
implement NGS technologies locally, as some issues can be overlooked. We also believe that many 
of the methodological, sample-related, and analysis-associated issues raised in the manuscript are 
current problems being faced by experts in the field, and are also of interest to more advanced groups 
and laboratories. 

2. Laboratory Considerations 

NGS generates millions of small sequencing reads from the input templates in parallel, which 
provide both sequencing depth and increased sensitivity to detect low-abundance variants [1,11]. In 
the case of HIV, NGS allows for simultaneous sequencing of all genetic regions of interest or even the 
complete viral genome, representing a potential for a lower per-sample cost if multiplexing is used. 
Multiplexing is achieved through the introduction of unique barcoding sequences to the sequencing 
library of each specimen included in a sequencing run. 

The market of HIVDR testing based on NGS technologies is currently dominated by second-
generation [12] NGS platforms, namely Illumina and Ion Torrent. The general NGS workflow for 
HIVDR testing involves a set of general steps performed in a wet laboratory space, including nucleic 
acid extraction, PCR amplification of the HIV genes of interest, library preparation, and sequencing. 
The process is followed by a data analysis step that can be carried out in a dry laboratory area or 
office space. Each of these steps introduces variation and possible bias that affects the NGS output 
representativeness of the viral quasispecies, HIV drug resistance mutation (DRM) detection 
sensitivity and accuracy, and subsequently HIVDR interpretation, which will be discussed in the 
following sections (Figure 1). Several commercial options for HIVDR testing using NGS are already 
available and have obtained regulatory approval as in vitro diagnostic (IVD) products by reference 
agencies (Table 1) [13–15]. However, due to cost and flexibility issues, many laboratories have opted 
for developing and validating in house protocols. Implementation of in house protocols has been 
greatly facilitated with the accessibility to freely available public pipelines specifically designed for 
HIVDR analysis from NGS data [10]. Nevertheless, several challenges remain to achieve 
standardization in sample processing, data analysis, HIVDR reporting, and quality assurance, all of 
which have important implications for the adoption of NGS technologies for clinical care, research, 
and public health applications. 
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Figure 1. General steps of the NGS workflow for HIVDR genotyping. Common steps for most of the 
second-generation NGS workflows are shown, including the main sources of variation and possible 
bias associated with each step. NGS—next generation sequencing; PBMC—peripheral blood 
mononuclear cells; DBS—dried blood spots; PCR—polymerase chain reaction; QC—quality control; 
QA—quality assurance; HIVDR—HIV drug resistance. 

Table 1. Comparison between commercially available NGS-based solutions for HIVDR genotyping 
and in house-developed protocols. 

Test 
(Manufacturer) 

HIV Gene 
Coverage 

NGS Platform 
Analysis 
Software 

Reported 
Sensitivity 

Regulatory Status 
Cost per 
Sample 

DeepChek-HIV 
(ABL, Luxemburg) 

PR, RT, IN 
Ion Torrent 
PGM, Illumina 
MiSeq 

ViroScore-
HIV/DeepChek-
HIV 

1% 
CE-IVD for 
software, RUO for 
kits 

$120 

DeepGen (CWRU, 
USA) 

PR, RT, IN 
Ion Torrent 
PGM, Illumina 
MiSeq 

DeepGen 1%-5% Core service a $100 

Sentosa SQ HIV 
(Vela Diagnostics, 
Singapore) 

PR, RT, IN 
Ion Torrent 
PGM 

Sentosa SQ 10% 

TGA 
CE-IVD 
HAS Class C IVD 
FDA Class II IVD 

$400 

In-house assays PR, RT, IN 
Ion Torrent 
PGM, Illumina 
MiSeq 

HyDRA, 
PASEQ, MiCall, 
HIVmmer 

Variable - $50-150 

a Validated test to be used in a CAP/CLIA-certified laboratories [13,14]. Abbreviations: ABL: 
Advanced biological Laboratories; CWRU: Case Western Reserve University; PR: protease; RT: 
Reverse transcriptase; IN: Integrase; PGM: Personal Genome Machine; CE-IVD: European CE 
Marking for In Vitro Diagnostic (IVD) devices; RUO: Research use only; TGA: Therapeutic Goods 
Administration in Australia; CAP/CLIA: College of American Pathologists/Clinical Laboratory 
Improvement Amendments; FDA: US Food and Drug Administration; HSA: Singapore Health 
Science Authority. 

2.1. Sample Type and Nucleic Acid Extraction 

The starting material, i.e., plasma viral RNA versus proviral DNA obtained from peripheral 
blood mononuclear cells (PBMC) or the buffy coat fraction, can strongly influence the detection of 
DRMs and HIVDR test results [16]. Population sequencing on proviral DNA can introduce bias due 
to the inclusion of defective virus sequences, leading to an increased proportion of hypermutation 
and stop codons [17,18], especially in samples where the contribution of proviral DNA outweighs 
that of plasma virus RNA. Such bias is particularly significant for specimens with low viral load. 

Collection of dried blood spots (DBS) for HIV genotyping has become increasingly popular in 
low-resource settings, due to advantages in storage and shipment of DBS compared to plasma 
samples [19], and thanks to efforts by the World Health Organization (WHO) to provide 
standardization and EQA for the use of this alternative [20]. HIVDR results from DBS have been 
shown to be highly equivalent to those obtained from plasma [21–24], although differences do 
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occasionally arise that can affect HIVDR interpretation [25,26]. Nucleic acids extracted from DBS 
samples comprise an HIV RNA component from the replication-competent plasma virus and a DNA 
component from cells containing proviral DNA. The contribution of proviral DNA to the sequences 
can become important at lower viral load values. Indeed, previous studies have reported that 
plasma/DBS concordance is highest when viral load is ≥5000 copies/mL, the patient has no 
antiretroviral therapy (ART) exposure and the duration of HIV infection is ≤2 years [27]. Furthermore, 
storage conditions may also significantly impact nucleic acid integrity and thus influence the 
representation of the type of nucleic acid being amplified, affecting the HIVDR profiles detected [19]. 
Special consideration should be made to samples with low HIV RNA copy number, in which genetic 
diversity is inherently low. The use of low thresholds to call HIVDR variants in these types of samples 
could lead to artefactual diversity. 

2.2. PCR Amplification 

PCR errors, including nucleotide misincorporation and PCR-mediated recombination, introduce 
artefactual diversity into the sequence population. By contrast, PCR resampling, i.e., repetitive 
amplification of the same original template, could introduce artificial homogeneity and 
misrepresentation of specific variants in the viral pool [28]. Recommendations on the use of primer 
identifier (ID) sequences have been made to account for PCR resampling and accurately define the 
number of input templates being sequenced, greatly reducing the error rate of NGS of HIV genomic 
RNA populations [28]. The Primer ID strategy involves introducing a degenerate nucleotide block in 
the cDNA synthesis primer, allowing each of the original template copies to have its own identifier. 
Reads with the same Primer ID after the sequencing step indicate PCR resampling of the same 
original cDNA template. The advantages and drawbacks of the use of Primer ID approaches have 
been thoroughly described by Swanstrom et al. in this special issue. Others have opted for 
quantifying input cDNA copy numbers [29]. Several additional approaches have been suggested to 
lower the likelihood of occurrence of PCR errors, such as the use of high fidelity PCR enzymes [30], 
or reduction of the number of PCR cycles [31]. Analyzing the co-occurrence of low-abundance 
variants in the same read could also be useful to ascertain the presence of each variant independently. 
However, this approach is limited to short genetic distances as the reads from the most commonly 
used NGS platforms are relatively short. Amplification may also be skewed by polymorphisms 
associated with HIVDR which may affect primer annealing in the assay [32,33], although this is a 
generic problem for all cDNA synthesis and PCR strategies. When possible, primer design should 
also consider the local viral diversity in order to optimize annealing. The length of the HIV genetic 
region to be amplified may also cause bias; firstly, due to the possible need of enzymes with higher 
processivity, but inherently lower fidelity, and secondly, because of a decrease in the number of 
cDNA molecules that can be generated when attempting to amplify longer genetic sections. 

2.3. Library Preparation 

The method used for library preparation for NGS may also influence variant representation in 
the sample. Library building methods are mostly based on tagmentation and enzymatic 
fragmentation of the target DNA, with multiple commercial options available (Table 2). 
Tagmentation is a common method involving simultaneous DNA fragmentation and insertion of 
short double-stranded oligonucleotide sequences to the ends of the cleaved DNA by a transposase in 
a single step [34]. This method is fast and has low input DNA requirements, but involves a 
subsequent enrichment PCR amplification step with a small number of amplification cycles to 
introduce sequencing adapters. Alternatively, enzymatic fragmentation methods with subsequent 
end repair, dA-tailing, and adapter ligation can be used. These methods generally require higher 
DNA inputs considering sample loss because of clean-up steps between enzymatic reactions. 
Nevertheless, optimized methodologies have been developed to perform all the necessary enzymatic 
reactions in the same vial and avoiding mechanical DNA shearing workflows, significantly lowering 
sample loss and DNA damage with a consequent lower input DNA requirement [35]. Less frequently, 
capture methods can be used, designing a set of labeled oligonucleotide probes that can bind to the 
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genetic regions of interest in order to selectively sequester them for further sequencing, skipping the 
initial PCR amplification step. However, these methods require longer hands-on time, are more 
expensive, and are less suitable for high-throughput work. 

Table 2. Examples of commercially available kits for NGS library preparation. 

Library Preparation Kit Manufacturer System 
Compatibility Principle Minimum DNA 

Input Quantity 
Nextera XT Illumina Illumina Tagmentation 1 ng 
Nextera DNA Flex Illumina Illumina Tagmentation 1 ng 
Ion Xpress Plus 
Fragment 

ThermoFisher Ion Torrent 
Enzymatic 
fragmentation 

100 ng 

MuSeek ThermoFisher Ion Torrent, Illumina Tagmentation 50 ng 

NEXTFLEX DNA Seq PerkinElmer Ion Torrent, Illumina 
Enzymatic 
fragmentation 

1 ng 

KAPA HyperPlus Roche Illumina 
Enzymatic 
fragmentation 

50 ng 

NEBNext Ultra 
New England 
BioLabs 

Ion Torrent, Illumina 
Enzymatic 
fragmentation 

100 pg 

2.4. Sequencing 

Although multiple NGS instruments have been used for HIVDR genotyping, according to 
laboratory capacity, test demand, and harmonization with other NGS applications, two instruments 
dominate the current market for this application: the Illumina MiSeq and the Ion Torrent Personal 
Genome Machine (Table 3). 

Sequencing errors can also contribute to artefactual sequence diversity and are inherent to 
specific sequencing chemistries and platforms [36] (Table 3). Sequencing errors are most relevant in 
samples for which the read coverage is too low to achieve the redundancy required to prevent these 
errors from being identified at a low threshold [37]; e.g., with a coverage of 1000 reads, the same 
random error would have to occur 10 times to be detected as a sequencing artefact at 1% threshold, 
but with a coverage of 100 reads, an error present just once would be detected as a sequencing artefact 
at 1% threshold. In general, lowering technical cut-off values below 1% could result in a significant 
increase in false positives due to inherent errors from the assay [37]. However, the number of actual 
input HIV templates analyzed could significantly affect results and limit the minimal cut-off value 
from which drug resistant mutations can be confidently called, due to the problem of PCR resampling 
cited above. This is especially relevant for samples with low viral load or where a limited number of 
input DNA templates is being analyzed due to suboptimal sample handling or to specific assay 
characteristics. It is important to keep in mind that technical thresholds to call low-abundance 
variants accurately are completely independent of the clinically relevant threshold of low-abundance 
DRM, which remains to be defined. Even if the accuracy to call low-abundance variants were high at 
very low thresholds, these variants may or may not be of clinical significance. 

An interesting approach has been described to determine the optimal low-abundance variant 
detection threshold in a sample-specific manner, based on the post hoc analysis of the proportion of 
unusual mutations (defined as having a prevalence <0.01% in global HIV-1 group M sequences) or 
signature apolipoprotein B mRNA editing enzyme catalytic polypeptide-like (APOBEC)-mediated 
G-to-A hypermutation in the sample at different detection thresholds [37]. This approach could be 
useful to avoid selecting a threshold that is too low for a particular sample, posing an unacceptable 
risk of identifying artefactual mutations.
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Table 3. General features of the two currently most commonly used NGS platforms in HIVDR genotyping. 

Instrument 
(Manufacturer) Chemistry Detection Data Output 

Maximum 
Read 

Length 

Reported 
Accuracy 

a/Error Rate 

Sequencing 
Time 

Instrument 
Cost (USD) Strengths Weaknesses 

MiSeq (Illumina) 
Sequencing by 
synthesis 
(bridge PCR) 

Fluorescence 
0.3–15 Gb; 2–
50 million 
reads 

2 × 300 bp 
Mostly > 
Q30/0.8% 

4–55 h 128,000 
Accuracy, read 
length 

Long run time 

PGM 
(ThermoFisher) 

Sequencing by 
synthesis 
(emulsion PCR) 

Semi-
conductor 

0.03–2 Gb; 
0.4–5.5 
million reads 

400 bp 
Mostly > 
Q20/1.7% 

2–10 h 80,000 
Short run time, 
read length 

Low 
throughput, 
homopolymers 

a A base with Q30 (Phred-like Q) score has a probability of 1 in 1000 and a base with Q20 a probability of 1 in 100 of an incorrect base-call. Modified from [36,38]. 
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2.5. Analysis Pipelines 

Several analysis pipelines have been independently developed to address the needs of 
automation and standardization for NGS-based HIVDR testing. A recent set of recommendations for 
bioinformatics pipelines was proposed by a group of experts in the First “Winnipeg Consensus” 
regarding some of the most common sources of analysis-associated variation and bias: NGS read 
quality control/quality assurance, NGS read alignment and reference mapping, HIV variant calling 
and variant quality control, HIVDR interpretation and reporting, and general analysis data 
management [10]. These recommendations could serve as an initial baseline to standardize NGS data 
analysis for HIVDR testing, aiming to optimize and refine existing pipelines and those in 
development. Recent work comparing the performance of several specific pipelines for HIVDR NGS 
data, namely HyDRA, MiCall, PASeq, Hivmmer, and DEEPGEN, demonstrated a dramatic fall in 
specificity for calling low-abundance variants under the 2% threshold [4]. These differences were 
most likely associated with each pipeline’s NGS read quality control strategies. 

3. Use of NGS for Clinical HIVDR Testing 

Sanger sequencing is still the mainstay for clinical HIVDR testing. However, the main drawback 
of this technology is its inability to reliably detect low-abundance DRMs below the 20% threshold 
[1,39–41]. Several studies have shown that NGS-based HIVDR testing is highly concordant to Sanger 
sequencing at a 20% detection threshold [5,15,16,42,43]. Thus, leveraging on the potentially improved 
efficiency, increased scalability, decreased cost, and higher sensitivity, many laboratories are 
transitioning to NGS for HIVDR testing. However, the use of NGS for HIVDR testing in clinical care 
involves a higher level of rigor, compared to its public health or research applications, to allow 
clinicians to act on the results for patient care. As technology becomes more cost-effective, a higher 
level of standardization in laboratory protocols, data processing, and reporting is necessary. 
Additionally, when available, steady access to and active participation in an accredited EQA program 
would be essential [44]. 

Although NGS can potentially improve the detection of DRMs present under the 20% threshold 
[41], the clinical relevance of this increased sensitivity is yet unknown. Moreover, the time to failure 
associated with different low-abundance drug resistance variants at different thresholds needs to be 
assessed to avoid too early or unnecessary antiretroviral drug switching, especially in the context of 
low- and medium-income countries (LMIC) where limited treatment options exist. Indeed, a recent 
meta-analysis showed that high heterogeneity of study design and methodologies complicates 
standardization and measurement of the clinical impact of low-abundance HIVDR variants [33]. 
Previous studies have suggested that a 5% threshold could provide a reproducible clinically relevant 
correlation with treatment outcome [5,15,45,46]. However, the clinical benefit of increased sensitivity 
does not yet outweigh the need for standardization of NGS. 

While a clinically relevant threshold is defined and standardized methods to accurately and 
reproducibly call low-abundance variants are agreed upon, NGS-based HIVDR methods could be 
validated as equivalent to the Sanger sequencing gold standard at the 20% threshold. Theoretically, 
this would provide increased efficiency and lower cost, without the increased sensitivity advantage 
of NGS. Of note, the trade-off between cost and processing speed could significantly hinder NGS 
adoption for clinical HIVDR testing, as larger batch sizes need to be gathered in order to decrease 
sequencing cost, at the expense of turnaround time. NGS samples will take twice as long to pass 
through the process, which can be even more significant if repeat testing is necessary. 

Moreover, reports from NGS data could initially simulate Sanger sequencing output for easier 
adoption and interpretation by clinicians [10]. This is especially important in LMIC, where doctors 
are often not trained to interpret and act upon HIV genotyping data, and even less if the complexity 
of low-abundance variant reporting is added. 

When looking for answers to standardize and implement NGS-based HIVDR testing for clinical 
purposes, experiences in other fields could be highly valuable [38,47]. Reaching consensus on 
standardized reporting formats with minimal requirements, terminology, and variables could 
provide a working frame to achieve standardization. Additionally, an effective EQA program could 
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help in addressing clinical challenges, with the use of both wet and dry proficiency evaluation panels. 
This topic is thoroughly evaluated by Lee et al., Noguera-Julian et al., and Ji et al., as part of this 
special issue [44,48,49]. 

4. NGS-Based HIVDR Testing for Public Health 

HIVDR has become a major barrier that hinders ART effectiveness worldwide. A recent meta-
analysis and nationally representative surveys have shown that pre-treatment HIVDR to non-
nucleoside reverse transcriptase inhibitors (NNRTI) has steadily increased in many LMIC in the last 
decade, several of which still need to progress to integrase inhibitor-based ART regimens as the 
preferred first-line option [50,51]. Thus, rising NNRTI HIVDR levels threaten UNAIDS 90-90-90 goals 
to control the HIV epidemic worldwide [52]. 

The WHO has proposed an aggressive plan to act upon HIVDR [53], that includes periodic 
nationally-representative surveillance of pre-treatment and acquired HIVDR using standardized 
methods [54,55], with the support of a carefully selected and closely monitored laboratory network 
to guarantee high-quality, reproducible, and comparable HIVDR survey reports worldwide. 

The WHO HIVDR Laboratory Network performs genotyping in support of WHO surveys of 
HIVDR based on a standardized laboratory operational framework [56]. Regional and global analyses 
depend on the standardization of methods to allow comparison of results from different countries. 
Assay validation standards have been established and are compulsory for laboratories belonging to 
the network. Member laboratories participate in an annual Sanger Sequencing EQA proficiency panel 
testing. 

Sanger-based sequencing is the gold standard and most commonly used methodology, both as 
part of commercial kits or in house-developed and validated protocols; however, NGS methods are 
being adopted in some laboratories. As mentioned in the previous section in the context of clinical 
care, specific complexities and standardization issues complicate the reporting of low-abundance 
resistance variants under the 20% threshold in the public health context. However, potential 
improvements in the efficiency and cost effectiveness of NGS-based HIVDR genotyping make this 
approach especially attractive for public health applications, as they often require testing a large 
number of specimens that could be done in a small number of batches. Thus, while standardization 
issues are addressed and agreements are reached on low-abundance resistance variant calling and 
reporting, NGS could be validated as an equivalent method to Sanger (using a 20% variant frequency 
threshold for reporting). EQA programs already in place for the WHO Global HIVDR Laboratory 
Network (HIVResNet) can continue assessing NGS-based methods as a Sanger mimic, with no 
changes needed. The level of rigor of these programs will need to be balanced against feasibility and 
need issues, especially in the context of LMIC (Table 4). Future requirements, when low-abundance 
resistance variants under the 20% threshold are considered, will require special considerations on 
specimen selection, data submission formats and data analysis criteria. 

Table 4. NGS implementation in resource-poor settings, feasibility, and challenges. 

Challenges Solutions 
Cost Generate economies of scale: high-throughput sample processing; 
Instrument access Use of core facilities; negotiations with suppliers. 

Comparability 
Using Sanger mimic conditions with conservative thresholds (20%) to 
report DRMs; Recommendations of the First “Winnipeg Consensus” [10]. 

Bioinformatics and 
data analysis Specialized, freely available, or low-cost pipelines. 

Personnel 
training/retention 

Support of laboratories within WHO HIVResNet. Support from 
instrument manufacturers and suppliers.  

Quality assurance 
Support from WHO HIVResNet; Search for additional support from other 
leading international agencies, such as the Public Health Agency of 
Canada or the US Centers for Disease Control and Prevention. 
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5. Challenges in NGS-Based HIVDR Testing Implementation 

Even though NGS has great potential to scale up HIVDR testing and lower testing costs, 
increasing sensitivity for DRM detection, incorporation of NGS technologies for HIVDR testing poses 
several implementation challenges that significantly hinder and delay their uptake, especially in the 
context of LMIC. A similar situation has been previously noted in the context of NGS applications for 
clinical management and surveillance of Mycobacterium tuberculosis drug resistance [38]. Many of 
these challenges are directly associated with general requirements for quality assurance in HIVDR 
testing, which are strictly necessary to avoid molecular contamination, provide continuous technical 
support, and ensure continuous operation conditions [56]. Initial economic investments in 
infrastructure, facility customization, equipment, and personnel training need to be considered as 
well. Although many of these considerations may seem obvious for experienced laboratories, 
laboratories with little knowledge on quality assurance processes and molecular biology work, 
especially in LMIC, could greatly benefit from stating and addressing them before attempting NGS 
technology implementation. 

In some cases, the possibility of outsourcing NGS services to international laboratories may be 
considered. Nevertheless, LMIC could greatly benefit from implementing NGS techniques locally 
and technology transfer is desirable. Moreover, in some countries, sample export restrictions exist, as 
well as budget limitations for sample transport or for subrogation of testing services to core 
laboratories outside of the country in question. Additionally, it is important for these core laboratories 
to be included in HIVDR EQA programs. 

5.1. Infrastructure Requirements 

Although a wide range of NGS instruments and protocols exist, some general requirements are 
necessary for all NGS workflows. At least three separated wet laboratory areas are required to avoid 
contamination in HIVDR testing, including both Sanger and NGS workflows: a clean space for pre-
PCR steps, a sample preparation/DNA extraction area, and a space for amplification/post-
amplification procedures. Importantly, specific standardized laboratory procedures must be in place 
to ensure unidirectional workflow for both personnel and materials and avoid molecular cross-
contamination. In addition, adequate spaces for sequencing instruments and designated areas for 
molecular biology operations and storage of reagents and samples should exist. In connection with 
this, systems to provide controlled temperature and humidity, as well as continuous power supply, 
should be in place for the optimal and uninterrupted function of instruments. 

Network and internet connections are fundamental for data analysis and result sharing, and 
often overlooked when considering NGS technologies implementation. Computer hardware and/or 
other data-storage solutions, data back-ups, and data security measures should also be in place. A 
minimal laboratory data management system, appropriately suited to laboratory capability and 
demand for HIVDR tests, is also essential. 

5.2. Equipment Requirements 

The choice of an NGS instrument that fits the needs of the laboratory is essential, for laboratories 
that aim to conduct in-lab sequencing. Selection should take into account technical requirements such 
as the preferred sequencing chemistry, error rate, read yield, read length, and time to completion of 
a sequencing run; but also, practical issues ranging from the price of the instrument, reagents 
availability and maintenance plans, to the accessibility of technical support, and the existence of local 
supply distribution chains. 

The need for additional equipment should also be considered, including biosafety cabinets for 
sample handling; PCR hoods for PCR mix preparation; automated DNA extraction instruments, 
when the volume of sample processing is high; molecular biology grade pipettes (multichannel, 
automated options are desirable); high precision DNA quantification/analysis instruments such as a 
fluorometer, a chip-based capillary electrophoresis machine or a real-time PCR instrument; 
thermocyclers for amplification and incubations; magnetic stands, high-speed microplate shakers, 
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centrifuges, and vortexers for library preparation. Additionally, the availability of −20 °C freezers and 
4 °C refrigerators for reagent and sample storage cannot be overlooked. 

5.3. Logistics and Supply Requirements 

For NGS to be cost-effective, high-throughput sample management and pooling for sequencing 
should be considered. It is noteworthy that the HIVDR testing demand has to be high enough to 
allow sample multiplexing in a short time in order to provide timely results for patient clinical 
management with a moderate per-sample cost. This could often be more feasible for reference 
laboratories providing service for multiple HIV clinics or public health laboratories performing 
surveillance studies. Ideally, a laboratory information management system (LIMS) or alike 
administrative process should be in place for monitoring the step-by-step specimen handling 
procedures to ensure traceability [56]. This includes registration of specimens with unique identifiers, 
record of the final results in relation to the original specimen identifier, storage of laboratory results, 
and inventory of remnant specimens. 

The existence of local representation, commercial partners, or distributors of companies 
providing instrument service and reagents is also important for maintaining continuous supply. This 
implies an understanding of the appropriate international and local regulatory frameworks for 
importation procedures. Additionally, importers and distributors should have experience in the 
management and transport of reagents for molecular biology, be able to monitor transport conditions 
and maintain the cold chain for reagents to perform as expected. 

Service support for NGS instruments and technical assistance also needs to be considered. Lack 
of trained personnel locally could result in long response times for troubleshooting and the need for 
engineers from other countries to travel. Importantly, the cost of maintenance and service packages 
should always be considered as part of implementation plans. 

Finally, the laboratory should establish standard operating procedures (SOPs) for reagent 
inventory management, storage, and monitoring shelf-life and quality, foreseeing possible 
importation delays in order to maintain a continuous supply. 

5.4. Personnel Requirements 

Performing NGS requires skilled personnel in basic molecular biology techniques. In addition, 
specific training on the NGS workflow and instrument should be provided. Accompaniment and 
support of companies and commercial partners supplying NGS instruments are often available for 
the implementation of new applications and continuous personnel training. Additionally, the WHO 
HIVResNet [56] entails strong potential technical training support for new laboratories, including 
SOPs transfer, technical support, and personnel training, specifically in HIVDR testing and quality 
assurance. 

5.5. Quality Assurance 

It is of utmost importance for a HIVDR laboratory to have a quality assurance system in place. 
Appropriate SOPs should exist, including specimen management, laboratory workflow, technical 
procedures, quality control, instrument operation and maintenance, result reporting, and biosafety, 
among others. Many laboratories use in house-developed protocols that need to be validated. Daily 
processing should be traceable at all points, always including negative and positive controls, with 
constant monitoring of molecular cross-contamination. The WHO has extensively worked on 
providing a useful framework for protocol validation and quality control [56]. 

Participation in EQA programs is highly desirable. However, many issues and questions remain 
both for the production and distribution of EQA panels and for the establishment of standardized 
scoring and evaluation systems that address the unique characteristics of NGS. Further discussion on 
these issues is provided by Lee et al. as part of this special issue [48]. 
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5.6. Data and Information Technology Requirements 

Providing the appropriate means for data storage, back-up, and processing is a fundamental 
requirement when planning the implementation of NGS technologies. Considerations of workload, 
network performance, data security and confidentiality should guide decisions on the best 
alternatives for data management. Importantly, information technology costs should also be 
contemplated within implementation plans. 

The availability of free public web-based solutions for HIVDR analysis of NGS data [10] that do 
not require personnel with bioinformatics skills is highly advantageous and a remarkable 
achievement in the field. Even though no software licensing is required, a reliable and fast internet 
connection would be a requirement for data analysis using these platforms. 

6. Conclusions 

NGS is a powerful tool for HIVDR assessment with higher sensitivity, higher efficiency, and 
lower costs when batched specimens are being processed, as compared to Sanger sequencing. 
Standardization of NGS poses an important challenge, considering the many potential sources of 
variations and possible bias in the NGS laboratory workflow, i.e., starting material and sample type, 
PCR amplification requirements, library preparation method, instrument and sequencing chemistry-
inherent error, and data analysis options and limitations. Implementation of NGS for HIVDR 
genotyping in LMIC may be especially challenging due to infrastructure and equipment 
requirements and costs, laboratory and clinical personnel training, logistics and supply chains, 
service availability, and quality assurance. The level of rigor required for clinical NGS-based HIVDR 
testing may need to be more flexible in LMIC, considering implementation limitations. The 
establishment of EQA programs may be key to achieve homogeneity and reliability in NGS-based 
HIVDR genotyping and leverage on its advantages. 

Author Contributions: Conceptualization, S.A.-R., R.K., H.J.; writing, S.A.-R.; reviewing and editing, N.P., R.S. 
(Ronald Swanstrom), R.P., R.S. (Robert Shafer), H.J., R.K. All authors have read and agreed to the published 
version of the manuscript. 

Funding: This work was supported by grants from the Mexican Government (Comisión de Equidad y Género 
de las Legislaturas LX-LXI y Comisión de Igualdad de Género de la Legislatura LXII de la H. Cámara de 
Diputados de la República Mexicana), and Consejo Nacional de Ciencia y Tecnología (CONACyT SALUD-2017-
01-289725), received by SAR. RK was supported in part by R01AI147333, R01AI136058, R01AI120792, 
K24AI134359 and P30AI042853. HJ was supported by The Canadian Federal Initiative to Address HIV and AIDS 
and the Public Health Agency of Canada. RS was supported by R01AI140970 and P30 AI50410. 

Conflicts of Interest: UNC is pursuing IP protection for Primer ID, and RS is listed as a co-inventor and has 
received nominal royalties. The other authors declare no conflict of interest. The sponsors had no role in the 
design, execution, interpretation, or writing of the study. 

References 

1. Brumme, C.J.; Poon, A.F.Y. Promises and pitfalls of Illumina sequencing for HIV resistance genotyping. 
Virus Res. 2017, 239, 97–105. 

2. Korn, K.; Reil, H.; Walter, H.; Schmidt, B. Quality control trial for human immunodeficiency virus type 1 
drug resistance testing using clinical samples reveals problems with detecting minority species and 
interpretation of test results. J. Clin. Microbiol. 2003, 41, 3559–3565. 

3. Schuurman, R.; Brambilla, D.; de Groot, T.; Huang, D.; Land, S.; Bremer, J.; Benders, I.; Boucher, C.A.; 
Group, E.W. Underestimation of HIV type 1 drug resistance mutations: Results from the ENVA-2 
genotyping proficiency program. AIDS Res. Hum. Retrovir. 2002, 18, 243–248. 

4. Lee, E.R.; Parkin, N.; Jennings, C.; Brumme, C.J.; Enns, E.; Casadella, M.; Howison, M.; Coetzer, M.; Avila-
Rios, S.; Capina, R.; et al. Performance comparison of next generation sequencing analysis pipelines for 
HIV-1 drug resistance testing. Sci. Rep. 2020, 10, 1634. 

5. Avila-Rios, S.; Garcia-Morales, C.; Matias-Florentino, M.; Romero-Mora, K.A.; Tapia-Trejo, D.; Quiroz-
Morales, V.S.; Reyes-Gopar, H.; Ji, H.; Sandstrom, P.; Casillas-Rodriguez, J.; et al. Pretreatment HIV-drug 



Viruses 2020, 12, 617 12 of 14 

 

resistance in Mexico and its impact on the effectiveness of first-line antiretroviral therapy: A nationally 
representative 2015 WHO survey. Lancet HIV 2016, 3, e579–e591. 

6. Derache, A.; Iwuji, C.C.; Baisley, K.; Danaviah, S.; Marcelin, A.G.; Calvez, V.; de Oliveira, T.; Dabis, F.; 
Porter, K.; Pillay, D. Impact of Next-generation Sequencing Defined Human Immunodeficiency Virus 
Pretreatment Drug Resistance on Virological Outcomes in the ANRS 12249 Treatment-as-Prevention Trial. 
Clin. Infect. Dis. Off. Pub. Infect. Dis. Soc. Am. 2019, 69, 207–214. 

7. Inzaule, S.C.; Hamers, R.L.; Noguera-Julian, M.; Casadella, M.; Parera, M.; Kityo, C.; Steegen, K.; Naniche, 
D.; Clotet, B.; Rinke de Wit, T.F.; et al. Clinically relevant thresholds for ultrasensitive HIV drug resistance 
testing: A multi-country nested case-control study. Lancet HIV 2018, 5, e638–e646. 

8. Li, J.Z.; Paredes, R.; Ribaudo, H.J.; Svarovskaia, E.S.; Metzner, K.J.; Kozal, M.J.; Hullsiek, K.H.; Balduin, M.; 
Jakobsen, M.R.; Geretti, A.M.; et al. Low-frequency HIV-1 drug resistance mutations and risk of NNRTI-
based antiretroviral treatment failure: A systematic review and pooled analysis. JAMA 2011, 305, 1327–
1335. 

9. Milne, R.S.; Silverman, R.A.; Beck, I.A.; McKernan-Mullin, J.; Deng, W.; Sibley, T.R.; Dross, S.; Kiarie, J.N.; 
Sakr, S.R.; Coombs, R.W.; et al. Minority and majority pretreatment HIV-1 drug resistance associated with 
failure of first-line nonnucleoside reverse-transcriptase inhibitor antiretroviral therapy in Kenyan women. 
Aids 2019, 33, 941–951. 

10. Ji, H.; Enns, E.; Brumme, C.J.; Parkin, N.; Howison, M.; Lee, E.R.; Capina, R.; Marinier, E.; Avila-Rios, S.; 
Sandstrom, P.; et al. Bioinformatic data processing pipelines in support of next-generation sequencing-
based HIV drug resistance testing: The Winnipeg Consensus. J. Int. AIDS Soc. 2018, 21, e25193. 

11. Casadella, M.; Paredes, R. Deep sequencing for HIV-1 clinical management. Virus Res. 2017, 239, 69–81. 
12. Heather, J.M.; Chain, B. The sequence of sequencers: The history of sequencing DNA. Genom. 2016, 107, 1–

8. 
13. Gibson, R.M.; Meyer, A.M.; Winner, D.; Archer, J.; Feyertag, F.; Ruiz-Mateos, E.; Leal, M.; Robertson, D.L.; 

Schmotzer, C.L.; Quinones-Mateu, M.E. 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, 2167–2185. 

14. Silver, N.; Paynter, M.; McAllister, G.; Atchley, M.; Sayir, C.; Short, J.; Winner, D.; Alouani, D.J.; Sharkey, 
F.H.; Bergefall, K.; et al. Characterization of minority HIV-1 drug resistant variants in the United Kingdom 
following the verification of a deep sequencing-based HIV-1 genotyping and tropism assay. AIDS Res. Ther. 
2018, 15, 18. 

15. Tzou, P.L.; Ariyaratne, P.; Varghese, V.; Lee, C.; Rakhmanaliev, E.; Villy, C.; Yee, M.; Tan, K.; Michel, G.; 
Pinsky, B.A.; et al. Comparison of an In Vitro Diagnostic Next-Generation Sequencing Assay with Sanger 
Sequencing for HIV-1 Genotypic Resistance Testing. J. Clin. Microbiol. 2018, 56, e00105-18. 

16. Alidjinou, E.K.; Deldalle, J.; Hallaert, C.; Robineau, O.; Ajana, F.; Choisy, P.; Hober, D.; Bocket, L. RNA and 
DNA Sanger sequencing versus next-generation sequencing for HIV-1 drug resistance testing in treatment-
naive patients. J. Antimicrob. Chemother. 2017, 72, 2823–2830. 

17. Alidjinou, E.K.; Coulon, P.; Hallaert, C.; Robineau, O.; Meybeck, A.; Huleux, T.; Ajana, F.; Hober, D.; Bocket, 
L. Routine drug resistance testing in HIV-1 proviral DNA, using an automated next- generation sequencing 
assay. J. Clin. Virol. Off. Pub. Pan Am. Soc. Clin. Virol. 2019, 121, 104207. 

18. Alidjinou, E.K.; Deldalle, J.; Robineau, O.; Hallaert, C.; Meybeck, A.; Huleux, T.; Ajana, F.; Hober, D.; Bocket, 
L. Routine drug resistance testing in proviral HIV-1 DNA: Prevalence of stop codons and hypermutation, 
and associated factors. J. Med. Virol. 2019, 91, 1684–1687. 

19. Aitken, S.C.; Wallis, C.L.; Stevens, W.; de Wit, T.R.; Schuurman, R. Stability of HIV-1 Nucleic Acids in Dried 
Blood Spot Samples for HIV-1 Drug Resistance Genotyping. PLoS ONE 2015, 10, e0131541. 

20. Parry, C.M.; Parkin, N.; Diallo, K.; Mwebaza, S.; Batamwita, R.; DeVos, J.; Bbosa, N.; Lyagoba, F.; Magambo, 
B.; Jordan, M.R.; et al. Field study of dried blood spot specimens for HIV-1 drug resistance genotyping. J. 
Clin. Microbiol. 2014, 52, 2868–2875. 

21. Bertagnolio, S.; Soto-Ramirez, L.; Pilon, R.; Rodriguez, R.; Viveros, M.; Fuentes, L.; Harrigan, P.R.; Mo, T.; 
Sutherland, D.; Sandstrom, P. HIV-1 drug resistance surveillance using dried whole blood spots. Antivir. 
Ther. 2007, 12, 107–113. 

22. Chew, C.B.; Potter, S.J.; Wang, B.; Wang, Y.M.; Shaw, C.O.; Dwyer, D.E.; Saksena, N.K. Assessment of drug 
resistance mutations in plasma and peripheral blood mononuclear cells at different plasma viral loads in 
patients receiving HAART. J. Clin. Virol. Off. Pub. Pan Am. Soc. Clin. Virol. 2005, 33, 206–216. 



Viruses 2020, 12, 617 13 of 14 

 

23. Hallack, R.; Doherty, L.E.; Wethers, J.A.; Parker, M.M. Evaluation of dried blood spot specimens for HIV-
1 drug-resistance testing using the Trugene HIV-1 genotyping assay. J. Clin. Virol. Off. Pub. Pan Am. Soc. 
Clin. Virol. 2008, 41, 283–287. 

24. Hearps, A.C.; Ryan, C.E.; Morris, L.M.; Plate, M.M.; Greengrass, V.; Crowe, S.M. Stability of dried blood 
spots for HIV-1 drug resistance analysis. Curr. HIV Res. 2010, 8, 134–140. 

25. Buckton, A.J.; Bissett, S.L.; Myers, R.E.; Beddows, S.; Edwards, S.; Cane, P.A.; Pillay, D. Development and 
optimization of an internally controlled dried blood spot assay for surveillance of human 
immunodeficiency virus type-1 drug resistance. J. Antimicrob. Chemother. 2008, 62, 1191–1198. 

26. Masciotra, S.; Garrido, C.; Youngpairoj, A.S.; McNulty, A.; Zahonero, N.; Corral, A.; Heneine, W.; de 
Mendoza, C.; Garcia-Lerma, J.G. High concordance between HIV-1 drug resistance genotypes generated 
from plasma and dried blood spots in antiretroviral-experienced patients. Aids 2007, 21, 2503–2511. 

27. Ji, H.; Li, Y.; Liang, B.; Pilon, R.; MacPherson, P.; Bergeron, M.; Kim, J.; Graham, M.; Van Domselaar, G.; 
Sandstrom, P.; et al. Pyrosequencing dried blood spots reveals differences in HIV drug resistance between 
treatment naive and experienced patients. PLoS ONE 2013, 8, e56170. 

28. Zhou, S.; Jones, C.; Mieczkowski, P.; Swanstrom, R. Primer ID Validates Template Sampling Depth and 
Greatly Reduces the Error Rate of Next-Generation Sequencing of HIV-1 Genomic RNA Populations. J. 
Virol. 2015, 89, 8540–8555. 

29. Mbunkah, H.A.; Marzel, A.; Schmutz, S.; Kok, Y.L.; Zagordi, O.; Shilaih, M.; Nsanwe, N.N.; Mbu, E.T.; 
Besong, L.M.; Sama, B.A.; et al. Low prevalence of transmitted HIV-1 drug resistance detected by a dried 
blood spot (DBS)-based next-generation sequencing (NGS) method in newly diagnosed individuals in 
Cameroon in the years 2015-16. J. Antimicrob. Chemother. 2018, 73, 1917–1929. 

30. Varghese, V.; Wang, E.; Babrzadeh, F.; Bachmann, M.H.; Shahriar, R.; Liu, T.; Mappala, S.J.; Gharizadeh, B.; 
Fessel, W.J.; Katzenstein, D.; et al. Nucleic acid template and the risk of a PCR-Induced HIV-1 drug 
resistance mutation. PLoS ONE 2010, 5, e10992. 

31. Macalalad, A.R.; Zody, M.C.; Charlebois, P.; Lennon, N.J.; Newman, R.M.; Malboeuf, C.M.; Ryan, E.M.; 
Boutwell, C.L.; Power, K.A.; Brackney, D.E.; et al. Highly sensitive and specific detection of rare variants 
in mixed viral populations from massively parallel sequence data. PLoS Comput. Biol. 2012, 8, e1002417. 

32. Gianella, S.; Richman, D.D. Minority variants of drug-resistant HIV. J. Infect. Dis. 2010, 202, 657–666. 
33. Mbunkah, H.A.; Bertagnolio, S.; Hamers, R.L.; Hunt, G.; Inzaule, S.; Rinke de Wit, T.F.; Paredes, R.; Parkin, 

N.T.; Jordan, M.R.; Metzner, K.J.; et al. Low-abundance drug-resistant HIV-1 variants in antiretroviral 
drug-naive individuals: A systematic review of detection methods, prevalence, and clinical impact. J. Infect. 
Dis. 2020, 221, 1584–1597. 

34. Picelli, S.; Bjorklund, A.K.; Reinius, B.; Sagasser, S.; Winberg, G.; Sandberg, R. Tn5 transposase and 
tagmentation procedures for massively scaled sequencing projects. Genome Res. 2014, 24, 2033–2040. 

35. Chen, L.; Liu, P.; Evans, T.C., Jr.; Ettwiller, L.M. DNA damage is a pervasive cause of sequencing errors, 
directly confounding variant identification. Science 2017, 355, 752–756. 

36. Quail, M.A.; Smith, M.; Coupland, P.; Otto, T.D.; Harris, S.R.; Connor, T.R.; Bertoni, A.; Swerdlow, H.P.; 
Gu, Y. A tale of three next generation sequencing platforms: Comparison of Ion Torrent, Pacific Biosciences 
and Illumina MiSeq sequencers. BMC Genom. 2012, 13, 341. 

37. Tzou, P.L.; Kosakovsky Pond, S.L.; Avila-Rios, S.; Holmes, S.P.; Kantor, R.; Shafer, R.W. Analysis of unusual 
and signature APOBEC-mutations in HIV-1 pol next-generation sequences. PLoS ONE 2020, 15, e0225352. 

38. WHO. The Use of Next-Generation Sequencing Technologies for the Detection of Mutations Associated 
with Drug Resistance in Mycobacterium Tuberculosis Complex: Technical Guide. 2018. Available online: 
https://apps.who.int/iris/handle/10665/274443 (accessed on 28 May 2020). 

39. Gunthard, H.F.; Wong, J.K.; Ignacio, C.C.; Havlir, D.V.; Richman, D.D. Comparative performance of high-
density oligonucleotide sequencing and dideoxynucleotide sequencing of HIV type 1 pol from clinical 
samples. AIDS Res. Hum. Retrovir. 1998, 14, 869–876. 

40. Lee, E.R.; Enns, E.; Parkin, N.; Brumme, C.J.; Howison, M.; Avila-Rios, S.; Jennings, C.; Van Domselaar, G.; 
Noguera-Julian, M.; Harrigan, P.R.; et al. Comparison of Next-Generation Sequencing Analysis Pipelines 
for HIV-1 Drug Resistance. Proceedings of the Conference on Retroviruses and Opportunistic Infections, 
Seattle, WA, USA, 4–7 March 2019. Abstract 542. 

41. Chen, N.Y.; Kao, S.W.; Liu, Z.H.; Wu, T.S.; Tsai, C.L.; Lin, H.H.; Wong, W.W.; Chang, Y.Y.; Chen, S.S.; Ku, 
S.W. Shall I trust the report? Variable performance of Sanger sequencing revealed by deep sequencing on 



Viruses 2020, 12, 617 14 of 14 

 

HIV drug resistance mutation detection. Int. J. Infect. Dis. IJID: Off. Pub. Int. Soc. Infect. Dis. 2020, 93, 182–
191. 

42. Nicot, F.; Jeanne, N.; Raymond, S.; Delfour, O.; Carcenac, R.; Lefebvre, C.; Saune, K.; Delobel, P.; Izopet, J. 
Performance comparison of deep sequencing platforms for detecting HIV-1 variants in the pol gene. J. Med. 
Virol. 2018, 90, 1486–1492. 

43. Ram, D.; Leshkowitz, D.; Gonzalez, D.; Forer, R.; Levy, I.; Chowers, M.; Lorber, M.; Hindiyeh, M.; 
Mendelson, E.; Mor, O. Evaluation of GS Junior and MiSeq next-generation sequencing technologies as an 
alternative to Trugene population sequencing in the clinical HIV laboratory. J. Virol. Methods 2015, 212, 12–
16. 

44. Ji, H.; Parkin, N.; Gao, F.; Denny, T.; Jennings, C.; Sandstrom, P.; Kantor, R. External quality assessment 
program for next generation sequencing-based HIV drug resistance testing: Logistical considerations 
Viruses 2020, 12, 556. 

45. Huber, M.; Metzner, K.J.; Geissberger, F.D.; Shah, C.; Leemann, C.; Klimkait, T.; Boni, J.; Trkola, A.; Zagordi, 
O. MinVar: A rapid and versatile tool for HIV-1 drug resistance genotyping by deep sequencing. J. Virol. 
Methods 2017, 240, 7–13. 

46. Raymond, S.; Nicot, F.; Pallier, C.; Bellecave, P.; Maillard, A.; Trabaud, M.A.; Morand-Joubert, L.; Rodallec, 
A.; Amiel, C.; Mourez, T.; et al. Impact of Human Immunodeficiency Virus Type 1 Minority Variants on 
the Virus Response to a Rilpivirine-Based First-line Regimen. Clin. Infect. Dis. Off. Pub. Infect. Dis. Soc. Am. 
2018, 66, 1588–1594. 

47. Tornheim, J.A.; Starks, A.M.; Rodwell, T.C.; Gardy, J.L.; Walker, T.M.; Cirillo, D.M.; Jayashankar, L.; Miotto, 
P.; Zignol, M.; Schito, M. Building the Framework for Standardized Clinical Laboratory Reporting of Next-
generation Sequencing Data for Resistance-associated Mutations in Mycobacterium tuberculosis Complex. 
Clin. Infect. Dis. Off. Pub. Infect. Dis. Soc. Am. 2019, 69, 1631–1633. 

48. Lee, E.R.; Gao, F.; Sandstrom, P.; Ji, H. External quality assessment for next-generation sequencing-based 
HIV drug resistance testing: Unique requirements and challenges Viruses 2020, 12, 550. 

49. Noguera-Julian, M.; Lee, E.R.; Travers, S.; Shafer, R.W.; Kantor, R.; Ji, H. Dry panels supporting external 
quality assessment programs for Next Generation Sequencing-Based HIV drug resistance testing. Viruses 
2020, submitted. 

50. Gupta, R.K.; Gregson, J.; Parkin, N.; Haile-Selassie, H.; Tanuri, A.; Andrade Forero, L.; Kaleebu, P.; Watera, 
C.; Aghokeng, A.; Mutenda, N.; et al. HIV-1 drug resistance before initiation or re-initiation of first-line 
antiretroviral therapy in low-income and middle-income countries: A systematic review and meta-
regression analysis. Lancet Infect. Dis. 2018, 18, 346–355. 

51. WHO. HIV Drug Resistance Report 2019; WHO: Geneva, Switzerland, 2019. Avalible online: 
https://www.who.int/hiv/pub/drugresistance/hivdr-report-2019/en/ (accessed on 28 May 2020). 

52. UNAIDS 90-90-90: An Ambitious Treatment Target to Help End the AIDS Epidemic. Available online: 
http://www.unaids.org/sites/default/files/media_asset/90-90-90_en_0.pdf (accessed on 28 May 2020). 

53. WHO Global Action Plan on HIV Drug Resistance 2017–2021. Available online: 
http://www.who.int/hiv/pub/drugresistance/hivdr-action-plan-2017-2021/en/ (accessed on 28 May 2020). 

54. WHO Surveillance of HIV Drug Resistance in Adults Receiving ART (Acquired HIV Drug Resistance), 
Concept Note. Available online: http://www.who.int/hiv/pub/drugresistance/acquired_drugresistance/en/ 
(accessed on 28 May 2020). 

55. WHO Surveillance of HIV Drug Resistance in Adults Initiating Antiretroviral Therapy (Pre-Treatment HIV 
Drug Resistance). Concept Note. March 2014. Available online: 
http://www.who.int/hiv/pub/drugresistance/pretreatment_drugresistance/en/ (accessed on 28 May 2020). 

56. WHO WHO/HIV ResNet HIV Drug Resistance Laboratory Operational Framework. December 2017. 
Available online: http://www.who.int/hiv/pub/drugresistance/hivdr-laboratory-framework-2017/en/ 
(accessed on 28 May 2020). 

 

 

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 

 

http://www.who.int/hiv/pub/drugresistance/hivdr-action-plan-2017-2021/en/
http://www.who.int/hiv/pub/drugresistance/acquired_drugresistance/en/
http://www.who.int/hiv/pub/drugresistance/pretreatment_drugresistance/en/
http://www.who.int/hiv/pub/drugresistance/hivdr-laboratory-framework-2017/en/

	1. Introduction
	2. Laboratory Considerations
	2.1. Sample Type and Nucleic Acid Extraction
	2.2. PCR Amplification
	2.3. Library Preparation
	2.4. Sequencing
	2.5. Analysis Pipelines

	3. Use of NGS for Clinical HIVDR Testing
	4. NGS-Based HIVDR Testing for Public Health
	5. Challenges in NGS-Based HIVDR Testing Implementation
	5.1. Infrastructure Requirements
	5.2. Equipment Requirements
	5.3. Logistics and Supply Requirements
	5.4. Personnel Requirements
	5.5. Quality Assurance
	5.6. Data and Information Technology Requirements

	6. Conclusions
	References

