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Abstract: Monitoring of HIV drug resistance (HIVDR) remains critical for ensuring countries attain
and sustain the global goals for ending HIV as a public health threat by 2030. On an individual patient
level, drug resistance results assist in ensuring unnecessary treatment switches are avoided and
subsequent regimens are tailored on a case-by-case basis, should resistance be detected. Although
there is a disparity in access to HIVDR testing in high-income countries compared to low- and
middle-income countries (LMICS), more LMICs have now included HIVDR testing for individual
patient management in some groups of patients. In this review, we describe different strategies for
surveillance as well as where HIVDR testing can be implemented for individual patient management.
In addition, we briefly review available technologies for HIVDR testing in LMICs, including Sanger
sequencing, next-generation sequencing, and some point-of-care options. Finally, we describe how
South Africa has implemented HIVDR testing in the public sector.

Keywords: HIV drug resistance testing; surveillance; acquired drug resistance; pretreatment drug
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1. Introduction

Sustained high levels of community HIV viral load (VL) suppression are critical to
achieving the WHO/UNAIDS 95-95-95 target of eliminating AIDS as a public health threat
by 2030 [1]. However, the emergence of HIV drug resistance (HIVDR) can compromise the
effectiveness of antiretroviral therapy (ART), which may lead to increasing HIV-associated
morbidity and mortality [2]. Several factors contribute to the emergence of HIVDR, includ-
ing, suboptimal ART adherence, poor access to drugs, prolonged virological failure (VF),
drug toxicity, and drug-drug interactions.

HIV drug resistance testing is recommended for individual patient management in
many resource-rich settings [3–5], but this approach is not always feasible in low- and
middle-income countries (LMICs). In the 2019 treatment guidelines, WHO recognized that
resistance tests for individual patient monitoring could minimize unnecessary treatment
switches when there is susceptibility to the anchor drugs [6]. In addition, genotyping
testing can inform optimal salvage regimen composition. However, implementation of
HIVDR testing at the patient level in LMICs only adds value when VL testing is available
on a large scale, resources and laboratory capacity are available, and the country has access
to clinical experts and virologists to interpret resistance results [6].

In countries where routine resistance testing is not feasible, it is advised to conduct
regular surveys to monitor: pretreatment drug resistance (PDR) in adults initiating or
re-initiating first-line ART, PDR in infants newly diagnosed with HIV, acquired drug
resistance (ADR) in adults, adolescents, and children with virologic failure (VF) on ART,
and HIV-diagnosed pre-exposure prophylaxis (PREP) recipients [7,8].

Here, we review the impact of HIVDR testing on treatment guidelines and individual
patient management in LMICs, as well as what technologies are available and required in
the near future to address the need for HIVDR testing with the growing number of patients
on ART and changing regimens.

2. Current Positioning of HIV Drug Resistance Testing
2.1. HIVDR Testing for Surveillance Purposes

Global and national ART guidelines rely on the availability of reliable national data,
including treatment outcomes and HIVDR prevalence trends. Now that routine VL testing
is widely available, programmatic data can often be used to assess the responses to ARV
regimens at a population level. However, population-level implementation of HIVDR
testing is limited. Therefore, one has to rely on nationally representative surveillance
data instead.

2.1.1. Recommended HIVDR Surveillance Strategies

Over the years, the WHO has published a number of surveillance strategies, targeting
different populations and providing tools to calculate target sample sizes for each of
the methods.

For the assessment of PDR, a cross-sectional clinic-based survey approach is recom-
mended [9]. In the first stage, a minimum of 15 representative clinics should be selected
from all clinics that initiate ART in the country. Once the clinics are selected, consecutive
eligible patients initiating ART are enrolled until the predetermined sample size has been
reached. The survey should not exceed six months, and where possible, a distinction should
be made between ART naïve and previously treatment-exposed patients.

The protocol to assess HIVDR in children less than 18 months of age recommends the
use of remnant dried blood spots (DBS) from early infant diagnosis (EID) testing over a
period of 12 months [10]. In this approach, all laboratories performing EID testing should
contribute specimens, with the number of specimens contributed dependent on individual
laboratory test volumes.

Three different methods were proposed to assess the acquired HIVDR, which can be
applied to adults, adolescents, and children.
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Strategy one: For countries with at least 60% VL testing coverage, a nationally rep-
resentative laboratory-based method is recommended [11]. It targets patients on ART
with a VL ≥ 1000 copies/mL by using remnant specimens from routine VL testing. If the
country has a unique patient identifier and the treatment history is available, acquired
drug resistance can be assessed in the general population and specifically in the group
exposed to dolutegravir (DTG)-based ART. The sampling design uses double stratifica-
tion, with both the VL testing laboratory and the ART regimen (DTG versus non-DTG) as
stratifying variables.

Strategy two: For countries with inadequate VL testing coverage (<60%), a nationally
representative clinic-based method is suggested [12]. This approach uses a two-stage cluster
design. First, ART clinics are randomly sampled for inclusion using proportion-to-size
sampling. Second, eligible individuals within the clinic are sampled, with the first sample
drawn from people receiving DTG-based ART and the second sample drawn from people
receiving non-DTG-based ART. The recommended maximum period for sample collection
is three months.

Strategy three: Should both of these approaches not be feasible, WHO has proposed
a sentinel laboratory-based method targeting patients on DTG-based ART [13]. This
survey uses a single-stage design applied at selected VL testing laboratories that serve as
sentinel sites. Countries may choose to implement the survey at one or more VL testing
laboratories. If more than one VL testing laboratory is included, the eligible remnant
specimens are sampled at each laboratory until the required target sample size is achieved
at each laboratory. The maximum period recommended for the survey is three months,
with a target sample size of 139 specimens.

2.1.2. Impact of HIVDR Surveys on ART Guidelines
Pretreatment Drug Resistance in Adults and Adolescents

Outcomes of PDR surveys provide information to select nationally recommended first-
line ART regimens, especially in countries where baseline HIVDR testing is not available.
During the initial ART roll-out phase in LMICs (2004–2010), HIVDR levels among patients
initiating treatment remained relatively low, but were estimated to increase at a rate of
29% per year in East Africa and 14% per year in southern Africa [14], with levels of PDR
reaching approximately 7% globally by 2010 [15]. More recently, most countries reporting
nationally representative survey data showed that >10% of individuals who initiated
ART had non-nucleoside reverse transcriptase inhibitor (NNRTI) resistance, with up to a
3-fold higher prevalence among patients with prior ART exposure [2,16,17]. This would
compromise the success of the previously recommended efavirenz (EFV)-based treatment.
These findings and superior virological outcomes in studies [18] and real-life settings [19]
led to the recommendation to implement first-line DTG-based ART. Alternatively, one
could perform HIVDR testing prior to treatment initiation in countries without access to
DTG. After some initial hesitancy over the massive roll-out of DTG, especially in women of
childbearing potential [20], DTG has now been implemented widely, with 80% of patients
on DTG-based regimens in 2022. The Clinton Health Access Initiative predicts this to
increase and begin to stabilize at approximately 88% in 2023, with a slight rise in the use of
protease inhibitors (PIs) as some patients begin to experience treatment failure on DTG [21].

Pretreatment Drug Resistance in Infants

Although the implementation of PMTCT regimens has greatly reduced the vertical
transmission of HIV-1, at least half of the vertical transmissions involved drug-resistant
viruses [2,16,17]. Based on these findings, and studies showing superior outcomes of
PI regimens compared to nevirapine, in infants, irrespective of resistance [22,23], WHO
already recommended in 2013 that countries no longer prescribe NNRTIs, but initiate
children younger than 3 years of age on PI-based ART. Now, the use of DTG is now
recommended for infants weighing at least 3 kg and 4 months of age [24]. The uptake
of ritonavir-boosted lopinavir was initially slow in infants, due to the unavailability of
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heat-stable and palatable pediatric formulations in many LMICs. Recent data, however,
suggest that the use of NNRTIs in young children has dropped from 75% in 2018 to 29% in
2021, while at least 24 LMICs will have adopted the use of DTG-based pediatric regimens
by the end of 2021 [21].

Acquired Drug Resistance

Surveillance of ADR provides critical information needed to assess the performance of
ART programs in achieving VL suppression targets. The pooled analysis of VL suppression
in the African region between 2014 and 2020 was 94% in patients receiving NNRTIs [2]. The
resistance profiles observed in populations receiving ART inform the selection of optimal
ART regimens. Due to the low genetic barrier of many nucleoside reverse transcriptase
inhibitors (NRTIs) and NNRTIs, a high prevalence of ADR is expected in patients failing
NNRTI-based ART, especially in regions where VL is not readily available for patient
monitoring and patients remain on a failing regimen for an extended period of time.
Between 2014 and 2020, more than half of patients failing NNRTI-based ART had evidence
of efavirenz and nevirapine resistance. In LMICs, NNRTI resistance ranged from 50 to
97% in patients on NNRTI-based ART for 12 months with VF. Similarly, NNRTI resistance
ranged from 50 to 95% among patients on NNRTI-based ART for 48 months with VF [2].
In addition, pooled analysis of African data showed that 85% of patients failing NNRTI
regimens had NRTI resistance. Despite the high levels of NRTI and NNRTI resistance
in this group, resistance profiles are predictable, and an empiric switch to PI-based ART
without the need for HIVDR testing has been proven successful [25–27]. Moreover, patients
with NRTI resistance at the time of the switch from NNRTI to PI-based ART were more
likely to reach viral suppression [28]. Substantial residual activity of the NRTI backbone,
despite the presence of extensive NRTI resistance, does not support the use of genotypic
resistance testing after NNRTI treatment failure [28].

Surveillance data on resistance profiles in patients failing PI-based ART is scarcer
and was not included in the WHO resistance reports. However, a systematic review and
meta-analysis of studies reporting outcomes of PI-based second-line ART in sub-Saharan
Africa showed viral suppression rates of 69% and 58% at 48 and 96 weeks, respectively.
Major protease resistance mutations were observed in 17% of those failing second-line PI-
based ART. This prevalence, however, increased with the duration of second-line ART [29].
In Namibia, the prevalence of PI resistance was found to be 13% in patients with VF on
PI-based second-line ART [30]. A nationally representative survey in South Africa showed
that 16% of patients with VF receiving PI-based ART had at least one major PI mutation [31].
A more recent study from South Africa showed 33% PI resistance in patients with VF on
PI-based regimens with suspected resistance who were referred for HIVDR testing for
individual patient management [32]. Clinician bias toward suspected PI resistance might
have contributed to the higher PI resistance prevalence compared to the national survey
data. These data suggest that PI resistance is less predictable and not as common as NNRTI
resistance. For this reason, many countries have implemented the recommendation to
use HIVDR testing for individual patient management in patients failing PI-based ART to
inform the selection of third-line ART regimens. Some alternative approaches, including
clinical prediction rules [33] and ARV drug level testing [34], are being used as screening
tools to identify patients at the highest risk of PI resistance who would benefit most from
HIVDR testing.

Given the recent large-scale roll-out of DTG, surveillance data on DTG resistance
are still uncommon. Only four countries reported viral suppression rates for patients on
DTG-based ART in the latest WHO HIVDR report [2]. Viral suppression reached at least
90% in all countries (numbers from Vietnam and Myanmar were very small). Only Zambia
included resistance testing in patients failing DTG-based ART, but no INSTI mutations
were detected. As more countries scale up the transition to DTG-based ART, surveillance
for DTG-resistant viruses in LMICs is crucial.
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2.2. HIV Drug Resistance Testing for Individualized Patient Care

In high-income countries where individualized treatment is available, HIVDR testing
is recommended at the time of VF [3–5]. Although access to HIVDR testing for indi-
vidual patient management has increased in LMICs [2], the testing remains limited to
certain populations, such as patients failing PI-based ART. In several countries, includ-
ing South Africa, genotypic confirmation of PI resistance is required prior to a switch
to a third-line regimen [35]. The prevalence of major PI mutations remains low in most
patients with VF on second-line ART [29–32]. For these reasons, the implementation of
HIVDR testing for patients failing PI-based ART is warranted in LMICs, especially since
drug choices for third-line regimens are limited and often the last treatment options for
these patients.

A recent meta-analysis of studies assessing the efficacy, safety, and tolerability of DTG
in first-line ART showed that none of the patients developed DTG resistance, indicating
most failures are due to suboptimal treatment adherence [36]. Although we do need to
monitor this in routine practice, it is unlikely that resistance testing will be implemented in
LMICs for patients failing first-line DTG-based ART in the near future.

Switching patients from a NNRTI-based ART to tenofovir-lamivudine-dolutegravir
(TLD) has proven to be a successful strategy, with high levels of viral suppression ob-
tained [37–42]. Albeit the small number of patients failing DTG-based ART, the prevalence
of DTG resistance in patients with treatment failure was higher than expected: 2/14
(14%) [40], 3/17 (18%) [39], and 8/27 (30%) [43]. Studies in ART-experienced children
showed similar results, with 8/36 (22%) [44] and 4/22 (18%) [45] DTG resistance in pa-
tients with treatment failure. On the other hand, in some studies, DTG resistance was not
detected [37,38] or resistance data was not yet available [42]. Although data is still scarce,
it is likely that HIVDR testing for individual patient management would be required for
patients with VF on DTG-based second- or third-line regimens and possibly a subset of
individuals receiving it as a first-line regimen.

3. Technologies for HIV Drug Resistance Testing

Current technologies for HIVDR genotypic testing include Sanger sequencing, next-
generation sequencing (NGS), and point mutation assays (PMAs). Although not yet
commercially available, efforts are being made to develop point-of-care (POC) HIVDR tests.

3.1. Sanger Sequencing

Traditionally, most laboratories use Sanger sequencing to assess resistance in viral
populations. This target-specific PCR-based technique produces a single consensus se-
quence of all virus variants present in at least 15–25% of the viral population in a specimen.
When the equipment is accessible, Sanger sequencing is relatively simple to perform,
and is relatively inexpensive. Several commercial and laboratory-developed methods
are available (Table 1). Commercial assays often provide advantages through workflow
simplification and method standardization across laboratories. Sanger sequencing is able
to simultaneously interrogate multiple mutations alongside genes of interest, providing
comprehensive coverage of the multiple, alternative mutational pathways through which
HIV-1 can escape drug pressure. Laboratory personnel without specialized bioinformat-
ics training can easily be trained to analyze the sequence output and generate resistance
interpretations for various antiretrovirals by using free resources available online, such
as the Stanford HIV Drug Resistance Database (https://hivdb.stanford.edu/ (accessed
on 28 June 2023)), Geno2Pheno (https://genafor.org/services.php (accessed on 28 June
2023)), ANRS (https://hivfrenchresistance.org/ (accessed on 28 June 2023)) and Rega
(https://rega.kuleuven.be/cev/avd/software (accessed on 28 June 2023)).

https://hivdb.stanford.edu/
https://genafor.org/services.php
https://hivfrenchresistance.org/
https://rega.kuleuven.be/cev/avd/software
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Table 1. Sanger and next-generation sequencing HIV-1 drug resistance assays.

Assay Gene Coverage Sequencing
Platform Regulatory Status

HIV-1 Genotyping Kit with Integrase
(ThermoFisher Scientific, Waltham,
MA, USA)

PR, RT, IN Sanger CE-IVD

DeepChek-HIV (Advanced
Biological Laboratories,
Luxembourg)

PR, RT, IN, gp120 Sanger & NGS CE-IVD

Sentosa SQ HIV Genotyping (VELA
Diagnostics, Singapore) PR, RT, IN NGS CE-IVD

HIV-1 Solution (Arrow Diagnostics,
Genova, Italy) PR, RT, IN, gp120 NGS CE-IVD

DEEPGEN HIV (Case Western
Reserve University, Cleveland,
OH, USA)

PR, RT, IN NGS Core service

GenoSure PRIme (Monogram
Biosciences, South San Francisco,
CA, USA)

PR, RT, IN NGS Core service

Laboratory developed methods Various Sanger & NGS RUO
PR: protease, RT: reverse transcriptase, IN: integrase, gp120: glycoprotein 120, CE-IVD: European CE marking for
in vitro diagnostics, RUO: research use only.

3.2. Next-Generation Sequencing

Next-generation sequencing (NGS) performs high-throughput, massive parallel se-
quencing, which enables a high sequence depth for the identification of low-abundance
variants. If sufficient sequence coverage is ensured, NGS can detect variants present in 1%
of the viral population in a specimen, provided a minimum coverage of 1000 sequences
per base is used and the HIV RNA is at least 1000 copies/mL. Below this threshold, it is
extremely difficult to distinguish true low-frequency variants from PCR errors [46,47]. The
clinical relevance of these low-abundance variants remains unclear, and we need to avoid
too early or unnecessary treatment switches, especially in LIMCs where the treatment
options are limited.

Apart from increased sequence depth, NGS can be leveraged to increase the coverage
across the HIV genome to include protease, reverse transcriptase and integrase, or even
perform whole genome sequencing at minimal additional cost. The NGS field is currently
dominated by Illumina and Ion Torrent platforms, while other players, such as Oxford
Nanopore Technologies, have recently joined the competition. Similar to Sanger sequencing,
there are now commercial and in-house methods available to perform HIVDR testing using
multiple platforms (Table 1). A variety of free online HIVDR analysis pipelines are available,
which can be implemented without the need for extensive bioinformatics training. Global
initiatives in response to the SARS-CoV-2 pandemic have made NGS equipment more
accessible, including in LMICs. However, some challenges remain with regards to the
implementation of NGS for HIVDR testing on a large scale. The cost of the acquisition and
maintenance of these specialized instruments remains a hurdle. In many countries, there is
no or limited technical support, and importing reagents, which often require reliable cold
chain storage, remains difficult and costly. In addition, more specialized technical skills are
required to perform these assays, especially where automated solutions are unaffordable.

Although NGS is cheaper than Sanger, when comparing the cost per base, savings
can only be realized when multiple samples are pooled in a single run. This practice
would make NGS suitable and affordable for surveillance activities where large batches
of samples are available for testing. On the other hand, when considering implementing
NGS for individual patient management, one has to consider the trade-off between cost
and turn-around time. In countries with large HIV epidemics, this could be overcome by
centralizing testing.
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3.3. Point-of-Care Assays

The availability of point-of-care (POC) assays could offer a decentralized testing
approach. Most POC assays, though not yet commercially available, are designed on the
principle of detecting a handful of clinically relevant mutations rather than providing a
comprehensive overview of all mutations present.

Point-of-care, or near POC assays, would reduce the need for laboratory equipment to
a minimum while shortening the time to results, with the trade-off of missing the complete
HIV genetic sequence information. Recent advances in the development of POC assays
for HIVDR testing were reviewed by Chua et al. [48]. One technology, the oligonucleotide
ligation-based assay (OLA), which is based on a DNA amplification procedure using three
probe-ligated primer sets, is likely the most advanced candidate. The OLA is designed
to detect mutations of clinical relevance, allowing visual discrimination between mutant
and wild-type variants on a lateral flow device [49]. In addition, mobile software has been
developed to simplify and standardize result interpretation [50]. This assay showed good
performance in validation and near real-life settings [51,52].

Another interesting technology is the pan-degenerate amplification and adaptation
(PANDAA) technology, which is based on quantitative PCR and uses extremely degenerate
primers that target specific mutation sites and can cope with high HIV diversity next to the
mutation site [53]. This technology has been tested in several settings [54,55] and shows
high specificity and sensitivity. However, the need for a quantitative PCR instrument
remains a challenge for POC applications.

However, no data has been presented yet on the detection of integrase strand transfer
inhibitor mutations for either technology.

4. The South African Situation

In South Africa, which has the largest ART program globally, a combination of HIVDR
testing strategies is used for individual patient management and surveillance. The National
Health Laboratory Service (NHLS) provides a laboratory network covering all patients
treated in the public sector, which equates to approximately 80% of the population. In
2013, two laboratories offered HIVDR tests for individual patient management. Three
additional laboratories were included in this network from 2015 onward to ensure adequate
geographical coverage within the country. Virologists and laboratory personnel from each
of the five laboratories established an HIVDR committee with the aim of streamlining
technical and quality assurance processes and offering support when technical or logistical
challenges are encountered. Since 2013, the South African treatment guidelines have
recommended HIVDR testing for patients failing PI-based ART with confirmed VF and at
least two years of exposure to PIs [35,56–58]. With the large-scale roll-out of DTG in 2019,
HIVDR testing is only advised in patients failing second- or third-line DTG-based ART,
with confirmed VF and at least two years of exposure to DTG, and requires approval by a
clinical expert [56]. In the most recent guidelines, DTG resistance testing is further restricted
to patients with >80% adherence and exposure to previous ART regimens. HIVDR testing
for first-line DTG-based ART failure is generally not recommended but can be permitted in
certain scenarios, such as drug-drug interactions (e.g., DTG not boosted during tuberculosis
treatment), upon discussion with an expert [35].

In 2022, the NHLS performed approximately 4500 HIVDR tests for individual patient
management, of which most were for patients failing PI-based ART and approximately
5% included integrase testing. When PI or InSTI resistance is identified, a full treatment
history is submitted to the Third Line Review Committee via the National Department of
Health for consideration. Once consensus is reached, a treatment decision is conveyed to
the local facility, and if third-line ART (TLART) is indicated, the drugs are dispatched to
the facility on a named patient basis. The South African TLART access program is the first
and largest of its kind in the public sector and has over 4000 patients on the database as of
August 2022.



Diagnostics 2023, 13, 2209 8 of 11

The National Institute for Communicable Diseases (NICD) and the Human Sciences
Research Council (HSRC) conduct the South African HIV Prevalence, Incidence, Behavior
and Communication Household Surveys (SABSSM). The most recent SABSSM survey
was conducted in 2017, prior to the DTG rollout. Drug-level testing was used as a proxy
for adherence. HIVDR was detected in 27% of patients with VF, but this increased to
75% among those who had discontinued treatment [59]. Laboratory-based surveys using
remnant viral load specimens from the NHLS VL testing laboratories were conducted in
2019, 2021, and 2022, and are continuing in 2023. Since treatment information was not
available, drug-level testing was used as a proxy for ART exposure. Notably, 41–48% of
patients with VL > 1000 copies/mL had undetectable levels of ART, indicating that poor
adherence is often the cause of VF. The proportion of patients with detectable NNRTI drug
levels decreased from 43% in 2019 to 36% in 2021, but the prevalence of NNRTI resistance
remained most common over the years, whereas PI (2.2% in 2019 and 4.1% in 2021) and
InSTI resistance (0.2% in 2021, not assessed in 2019) remained very low [60,61].

5. Discussion

Addressing and monitoring HIVDR remains an essential component in the fight
against HIV/AIDS. Despite the inequality in access to HIVDR testing in different regions of
the world, more LMICs now have access to the technologies to perform HIVDR testing for
surveillance purposes or individual patient management. In this review, we describe the
different methodologies recommended by WHO for HIVDR surveillance and the impact
these results have on treatment guidelines. Although these surveillance activities are
commendable, they remain a resource-consuming exercise that many countries cannot
afford to perform on a regular basis. In addition, the WHO HIV drug resistance report often
includes relatively old data due to delays in the sharing of data, data curation, and meta-
analysis. As part of the response to the SARS-CoV-2 pandemic, sequencing technologies
now have a larger footprint in LMICs. However, reagent costs, investment in continuous
maintenance of equipment, and sustained technical skills training remain limited in some
regions. Next, we presented a nonexhaustive summary of available technologies for HIVDR
testing in LMICs, including Sanger sequencing, next-generation sequencing, and some
point-of-care options. We acknowledge that we did not perform a systematic review of
the literature, which might have led to the omission of some of the newer technologies
under development.

6. Conclusions

In order to end the HIV epidemic, we require universal access to treatment and sus-
tained viral suppression at the community level. HIVDR is a major barrier to achieving viral
suppression; therefore, the availability of HIVDR testing for individual patient monitoring
and adequate surveillance programs are pivotal to ensuring ART efficacy for both individ-
ual patients and public healthcare. Continuous investment in the development of newer,
more accessible technologies and capacity building in LMICs is required. Skills develop-
ment for laboratory staff, improved technical support by suppliers, and cost negotiations
for reagents should be prioritized.
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