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Purpose: HIV drug resistance is increasing globally, especially in resource-limited settings. NNRTIs, commonly used as first-line
ART, have a low genetic barrier and are prone to resistance mutations. Lifelong ART contributes to the accumulation of drug resistance
mutations (DRMs), compromising treatment efficacy. Genotypic resistance testing is essential before initiating or modifying ART.
However, the Sanger sequencing method relies on successful PCR amplification, which is often suboptimal in low viral load (VL)
samples, limiting sensitivity and coverage.

Patients and Methods: We developed an optimized primer system targeting conserved regions in the protease (PR), reverse
transcriptase (RT), and integrase (IN) genes, covering PR aa 1-99, RT aa 1-410 (including NNRTT resistance sites Y318 and N348),
and IN aa 1-288. A total of 2,071 HIV-positive plasma samples collected in China (Jan 2023—-Dec 2024) were analyzed using a PCR-
Sanger sequencing method. Subtyping was performed using BLAST, COMET 2.4, and the HIV-1 Gene Sequences Database (China).
Amplification success rates and mutation detection were evaluated across VL levels.

Results: The overall amplification success rates were 87.40% (1,810/2,071) for the PR/RT region and 87.06% (1,803/2,071) for the IN
region. In samples with VLs of 50-200 copies/mL, the success rates remained above 80% for PR/RT and 78.10% for IN. For samples
with VL >1000 copies/mL, both regions achieved amplification rates above 99%. Among eight samples harboring Y318 or N348
mutations, all were successfully amplified at 1000, 400, 200, and 100 copies/mL. Three of them consistently yielded detectable
mutations across all gradients. Subtyping revealed CRF01_AE and CRF07 BC as the predominant strains, consistent with national
epidemiological trends.

Conclusion: The optimized system improves amplification sensitivity and mutation coverage, especially in low-VL samples. It
enables stable detection of key NNRTI resistance mutations and shows strong subtype compatibility, supporting its utility in clinical
resistance surveillance and early detection.

Keywords: HIV, non-nucleoside reverse transcriptase inhibitors, NNRTIs, genotypic resistance testing, low viral load, sanger

sequencing, primer optimisation

Introduction
The widespread implementation of antiretroviral therapy (ART) has transformed HIV/AIDS into a manageable chronic

disease. When ART was initially introduced in 1996, standard regimens included two nucleoside/nucleotide reverse
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transcriptase inhibitors (NRTIs) and one non-nucleoside reverse transcriptase inhibitor (NNRTI).'* However, certain
antiretroviral drugs (ARVs) have relatively low genetic barriers to resistance. Combined with the high variability and
frequent recombination of HIV, this can lead to the emergence of drug resistance mutations (DRMs), resulting in
uncontrolled viral replication, treatment failure, and transmission of resistant strains.’

According to the latest World Health Organization (WHO) reports, the global prevalence of HIV drug resistance
continues to increase (https://www.who.int/zh/news-room/fact-sheets/detail/hiv-drug-resistance). In China, the pre-

treatment drug resistance (PDR) rate has reached 5.56%, with a consistent upward trend.* Many developing countries
face even higher DRM rates, compounded by limited access to resistance testing.” In response, WHO recommends
expanded resistance surveillance and capacity building for resistance testing.®®

In recent years, technologies for detecting HIV-1 DRMs have advanced considerably. Next-generation sequencing
(NGS) and whole-genome sequencing (WGS) provide enhanced sensitivity for identifying low-frequency variants and
offer broader genomic coverage, with WGS addressing the short-read limitations inherent to NGS platforms.® ' Digital
droplet PCR (ddPCR) has demonstrated excellent analytical sensitivity for quantitative applications;'*'> however, its use
in qualitative DRM detection remains exploratory. Despite the clear technical advantages of these emerging methods,
their requirements for specialised laboratory infrastructure, advanced bioinformatics support, and comparatively high
operational costs continue to limit their feasibility for routine clinical use, particularly in resource-limited settings.

By contrast, population-based Sanger sequencing remains the predominant approach for clinical HIV-1 resistance
monitoring due to its robustness, reproducibility, accessibility, and cost-effectiveness. Nonetheless, current Sanger-based
workflows exhibit two major limitations. First, the amplification range is often insufficient. Most in-house methods and
commercial kits only cover PR aa 1-99, RT aa 1-300, and IN aa 1-288, missing key resistance sites such as Y318 and
N348.'%!7 Second, sensitivity is suboptimal in samples with low viral loads (VLs), typically defined as <1,000-2,000
copies/mL. Under such conditions, the detection rate declines significantly,'®'” limiting early identification of resistance
mutations.

In addition, the pronounced genetic diversity of HIV-1 poses further challenges for molecular assay performance.
Circulating strains in China are characterized by a complex subtype distribution, dominated by CRFO1_AE, CRF07 BC,
subtype B, and multiple recombinant forms.'®?° Previous studies have indicated that sequence polymorphisms and
subtype-specific variability may influence molecular diagnostic accuracy by altering primer or probe binding affinity,
thereby reducing amplification success or overall assay sensitivity.”' >> Given this diverse epidemiological landscape,
primer systems tailored to locally circulating strains are essential for improving assay reliability and ensuring accurate
genotypic resistance detection.

To address these challenges, we optimized a primer system targeting the pol region based on full-length and gag-pol
sequences of HIV-1 strains circulating in China. A PCR-Sanger method was established with extended coverage to key
NNRTI-associated resistance sites. The optimized PR/RT primers expanded the RT sequence coverage from 320 to 410
amino acids, enabling the detection of previously undercovered mutations, including Y318 and N348. This study
systematically evaluated the method in terms of amplification performance, mutation detection stability, and subtype
compatibility, aiming to support its potential use in clinical HIV drug resistance monitoring, especially for low-VL
samples.

Materials and Methods

Primer Design and Screening

Primers targeting the HIV-1 PR/RT and integrase (IN) regions were designed based on full-length or full gag-po! sequences
representative of HIV-1 strains circulating in China. Conserved regions encompassing known DRMs sites, including Y318 and
N348, were selected as amplification targets. Primer design was performed using Primer Premier 5.0 software (Premier
Biosoft). A total of 25 primer pairs were designed for the PR/RT region and 18 pairs for the IN region. Primer performance
was optimized through three rounds of stepwise screening using pseudovirus constructs and 10 clinical plasma samples. Among
these samples, 2 had VLs ranging from 9,000 to 200,000 copies/mL, and 8 had VLs ranging from 9,000 to 70,000 copies/mL
(Figure 1A—F). The final selected primer sets were validated in 10 clinical samples with VLs of 1,000-2,000 copies/mL to
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Figure | Primer screening and performance validation for amplification of HIV-1 PR/RT and IN regions. Panels A-B use a DNA molecular weight marker containing 2000,
1000, 750, 500, 250, and 100 bp bands. Panels C—| use a marker containing 2000, 1500, 1000, 750, 500, 250, and 100 bp bands. (A and B) Initial screening of 25 PR/RT primer
pairs (A) and |18 IN primer pairs (B) using pseudovirus templates. (C and D) Based on initial results, selected PR/RT primers from lanes 5, 6,7, 8,9, 11, 12, 13, 19, and 21
(€) and IN primers from lanes 1, 4, 6,7, 8,9, 10, 12, and 13 (D) were subjected to second-round screening in two clinical samples per primer pair. (E-F) Further screening
of PR/RT primers (lanes 9, 13, 21) (E) and IN primers (lanes 4, 6, 13) (F) was performed using eight clinical samples with VLs of 1,000-2,000 copies/mL. Each primer pair’s
amplification results are shown in adjacent gel lanes. (G) Validation of the final selected primer pair 13 (PR/RT) and primer pair 4 (IN) in 10 additional clinical samples. Lane
25 is the negative control. (H) Comparative amplification using the optimised PR/RT system versus a commercial genotyping kit: upper panel shows results from the
commercial kit; lower panel shows results from the optimised system. Lane 25 is the negative control. (I) Comparison of the IN primer system developed in this study
(upper panel) with a published in-house method (lower panel). Lane 25 is the negative control. The optimised primer system demonstrated improved amplification, especially
in low-VL samples.

assess amplification consistency (Figure 1G). Subsequently, 8 clinical samples with initial VLs of 9,000-70,000 copies/mL
were serially diluted to three VL strata (1,000-2,000, 500—-1,000, and 50-500 copies/mL). Amplification performance of the

2426 and an in-house

optimised primer sets was then compared with that of commercial HIV-1 drug resistance genotyping kits
method described by Liu et al”’(Figure 1H and 11). Details of the 20 clinical samples used for primer screening and validation
are provided in Supplementary Table 1. The primer design and its associated amplification system are protected under an

authorized Chinese national invention patent (Patent No. 202310253125.4).

Study Subjects

In this retrospective, single-center study, a total of 2,071 plasma samples were collected from 2,050 people living with
HIV (PLWH) who underwent HIV-1 confirmatory testing at Beijing Ditan Hospital between January 2023 and
December 2024. The number of plasma samples exceeded the total number of participants because some individuals
contributed more than one sample at different clinical timepoints (eg, during regimen changes due to side effects or
financial constraints). All samples were stored at —80 °C prior to genotypic resistance testing. Of these, 2,046 samples
yielded successful amplification of the PR/RT region, and 2,041 samples yielded amplification of the IN region. Among
the successfully amplified samples, 8 were identified to harbor mutations at the Y318 or N348 loci. This study had been
approved by the ethics committee of Beijing Ditan Hospital of Capital Medical University (Approval number: DTEC-
KY2023-002-01) and complied with the Declaration of Helsinki.

HIV RNA Extraction

A total of 200 uL of plasma was processed for viral RNA purification using a standardized extraction kit (Guangzhou
Life Technologies Daan Diagnostics Co., Ltd). All steps were carried out strictly in accordance with the manufacturer’s
recommended procedures.
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Serial Dilution of Samples

Samples harboring Y318 or N348 mutations were serially diluted to final concentrations of 1,000, 400, 200, and 100
copies/mL. Due to an initial VL of 642 copies/mL, sample DR-GM1273 was only diluted to three concentrations: 400,
200, and 100 copies/mL. All diluted samples were stored at —80 °C prior to RNA extraction.

Amplification of the Pol Region

A PCR-Sanger detection method based on an optimised primer system was developed in-house, and the primer design
together with the amplification strategy has been granted a Chinese national invention patent (Patent
No. 202310253125.4). The method targets key drug resistance-associated regions within the HIV-1 pol gene, including
PR, RT, and IN, with expanded coverage of critical NNRTI-related mutation sites such as Y318 and N348. The PCR
reaction system and amplification procedure are detailed below (Tables 1-4).

Sanger Sequencing

Positive PCR products were purified and sequenced using the 3500XL Dx Genetic Analyzer (Applied Biosystems, USA).
HIV-1 subtypes were determined using COMET HIV-1 v2.4 (http://comet.retrovirology.lu), the Los Alamos HIV BLAST
tool (https://www.hiv.lanl.gov/content/sequence/BASIC BLAST/basic blast.html), and the HIV-1 Gene Sequences
Database (China) (https://nmdc.cn/hiv/). DRMs and associated resistance levels were interpreted using the Stanford
HIV Drug Resistance Database (HIVdb) version 9.6.%

Table | First-Round RT-PCR Reaction System for PR/
RT and IN Regions

Component Volume (pL)
RT-PCR reaction buffer for PR/RT or IN 14

RT enzyme mix for PR/RT or IN [

RNA 10

Total volume 25

Table 2 First-Round RT-PCR
Cycling Conditions

Temperature | Time | Cycles
50°C 30 min | |

94°C 5 min |

94°C 30s 35
53°C 45 s

72°C 2 min

72°C 10 min | |

Table 3 Second-Round PCR Reaction System for
PR/RT and IN Regions

Component Volume (pL)

PCR reaction buffer for PR/RT or IN | 42
PCR enzyme mix for PR/RT or IN 3
DNA 5
Total volume 50
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Table 4 Second-Round Nested
PCR Cycling Conditions

Temperature | Time | Cycles
94°C 5 min I
94°C 30s 3
53°C 45 s

72°C 2 min

94°C 30s 27
58°C 45 s

72°C 90 s

72°C 5 min I

Next-Generation Sequencing

Purified PCR products (>50 ng) were end-repaired, phosphorylated at the 5" end, and A-tailed at the 3’ end using the End
Prep Enzyme Mix, followed by ligation with sequencing adapters. Libraries were constructed using the VAHTS
Universal Pro DNA Library Prep Kit for Illumina (ND608, Vazyme, China), incorporating PS5 (5'-
AATGATACGGCGACCACCGAGATCTACAC-3") and P7 (5'-CAAGCAGAAGACGGCATACGAGAT-3') adapters.
Adapter-ligated products were purified using magnetic beads, PCR-amplified, and re-purified to obtain the final library.
Quality control was performed prior to sequencing. Paired-end (PE150) sequencing was performed on the Illumina
NovaSeq platform according to the manufacturer’s instructions. Raw data were processed with Trimmomatic v0.39 to
remove adapter sequences and filter low-quality reads. Clean reads were aligned to the HIV-1 reference genome (HXB2)
using Bowtie2 v2.2.5, and alignment files were processed and filtered using Samtools v1.6. Variant calling was
performed at the amino acid level using Quasitools v0.7.0, and resulting variants were saved in Variant Call Format
(VCF). DRMs were interpreted at multiple mutation detection thresholds (MDTs) using a customized Python pipeline
incorporating the Stanford HIVdb algorithm version 9.6.

Statistical Analysis

Sociodemographic data were organized using Microsoft Excel. Continuous variables were presented as medians with
interquartile ranges (IQRs), while categorical variables were reported as frequencies and percentages. HIV-1 genotyping
was considered successful when both PCR amplification and Sanger sequencing were completed successfully.
Amplification success rates were calculated across different VL strata. Additionally, the consistency of drug-resistant
mutation (DRM) detection was evaluated by comparing diluted and undiluted samples. All statistical analyses were
performed using GraphPad Prism (GraphPad Software, La Jolla, CA, USA).

Results

Primer Design and Validation

As shown in Figure 1A and F, a stepwise primer screening strategy was employed to identify primer pair 13 for the PR/
RT region and primer pair 4 for the IN region as the most effective combinations for consistent amplification across
various sample types. These primer pairs were initially validated using 10 clinical samples with viral loads ranging from
1,000 to 2,000 copies/mL (Figure 1G), demonstrating stable amplification with distinct electrophoretic bands. To further
assess amplification performance, the optimized primer system was compared against commercially available HIV-1 drug

resistance genotyping kits** ¢ 1%

and an in-house method previously described by Liu et al°’ in 8 clinical plasma samples
(Table 5). These samples with initial viral loads of 9,000-70,000 copies/mL were serially diluted to generate three viral
load tiers (1,000-2,000 copies/mL, 500—1,000 copies/mL, and 50-500 copies/mL). The optimized system showed
superior amplification success compared to all reference methods, particularly in samples with low viral loads (50—500

copies/mL), including lanes 2 to 9 in Figure 1H and lanes 17 to 24 in Figure 11. These results highlight the enhanced
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Table 5 Comparison of Drug Resistance Mutations Detected by Commercial Assays and the Optimised PCR—Sanger Method Across

Different Viral Load Groups

A. PR/RT Region
Viral load Sample ID | Commercial assay (PR/RT) Optimised assay (PR/RT) Mutation difference
(copies/mL)
50-500 S2 Fail KI103N New assay detected mutation;
commercial failed
S4 Fail Fail Concordant
S5 Fail Fail Concordant
S7 Fail Fail Concordant
S6 Fail Fail Concordant
S8 Fail K65R, S68SN, Y| |5F MI184MYV, New assay detected mutation;
L210LW, VI06M, VI79E commercial failed
S9 Fail MI184V, VI79E New assay detected mutation;
commercial failed
S10 Fail VI79T, YI8IC, GI90A, K238T New assay detected mutation;
commercial failed
500-1000 S2 Fail K103N Concordant
S4 Fail MI184V,V106l,Y188L New assay detected mutation;
commercial failed
S5 Fail M184V New assay detected mutation;
commercial failed
S7 Wild-type Fail New assay failed
S6 K65R, S68SG, M184V, KIOIP, K65R, S68SG, M184V, KIOIP, Broader detection by new
K103N K103N,N348I assay
S8 Fail K65R, S68SN, Y| I5F MI84MYV, New assay detected mutation;
L210LW, VI06M, VI79E commercial failed
S9 Fail MI184V, VI79E New assay detected mutation;
commercial failed
S10 VI79T, Y18IC, GI90A VI79T, YI8IC, GI90A, K238T Broader detection by new
assay
1000-2000 S2 KI103N KI103N Concordant
S4 M184V,V1061,Y188L M184V,V106l,Y 188L Concordant
S5 M184V M184V Concordant
S7 Fail Fail Concordant
Sé6 Fail K65R, S68SG, M184V, KIOIP, New assay detected mutation;
K103N, N348| commercial failed
S8 K65R, S68SN, Y| I5F MI184MV, K65R, S68SN, YI15F M184MV, Concordant
L210LW, V106M, VI79E L210LW, V106M, VI79E
S9 Fail MI184V, VI79E New assay detected mutation;
commercial failed
S10 VI79T, Y18IC, GI90A VI79T, Y18IC, GI90A, K238T Broader detection by new
assay
B. IN Region
Viral load Sample ID | Commercial assay (IN) Optimised method (IN) Mutation difference
(copies/mL)
50-500 S2-S10 Mostly WT or Fail Mostly WT or Fail No discrepancy
500-1000 S2-S10 Mostly WT or Fail Mostly WT or Fail No discrepancy
1000-2000 S2-S10 All WT All WT Concordant

Notes: This table summarises the serial dilutions of eight clinical samples with initial viral loads ranging from 9,000 to 70,000 copies/mL. Each sample was diluted to generate
three viral load tiers: 1,000-2,000 copies/mL, 500—1,000 copies/mL, and 50-500 copies/mL. Table A presents resistance testing results for the PR/RT region, while Table
B shows results for the IN region.

Abbreviations: Failed, indicates unsuccessful amplification; WT, wild-type sequence.
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sensitivity and efficiency of the optimized assay in detecting HIV-1 sequences under low-viremia conditions (Figure 1H
and I). A detailed comparison of detected drug resistance mutations is provided in Table 5.

For the PR/RT region, the optimised assay identified all mutations detected by the commercial methods and
additionally recovered multiple mutations in low—viral-load samples (50—500 copies/mL), including K103N, M184V,
VI179E, Y181C and K238T, in cases where commercial assays failed to amplify. Enhanced detection was also observed at
500-2,000 copies/mL, with broader mutation profiles recovered, particularly in samples harbouring complex resistance
patterns. For the IN region, the optimised assay demonstrated comparable performance to commercial assays across all
viral load groups, with fully consistent results in the 1,000-2,000 copies/mL group. These findings indicate that the
optimised primer system provides mutation detection profiles equivalent to or more comprehensive than commercial
assays, particularly under low-viremia conditions where commercial amplification frequently fails.

Patient Characteristics

To further validate the application of the optimised PCR primer system and detection method in real-world clinical
settings, a total of 2,071 plasma samples were retrospectively collected from 2,050 HIV-1-infected individuals between
January 2023 and December 2024. Among these, eight samples were confirmed to harbor mutations at the Y318 or N348
sites by Sanger sequencing (Table 6). Of the eight individuals, 87.5% (7/8) were male, with a median age of 35.5 years
(interquartile range [IQR], 29.75-40.75). The median VL of the undiluted samples was 31,387.5 copies/mL (IQR,
1,402.5-359,034.25 copies/mL). Subtype analysis identified CRFO1_AE in 4 cases (50%), CRF07 _BC in 3 (37.5%), and
CRFO08 BC in 1 (12.5%). Half of the patients (4/8) were treatment-naive, and the other half had received ART for at least
1 year. All previously treated patients had initiated therapy with a regimen of tenofovir disoproxil fumarate (TDF),
lamivudine (3TC), and efavirenz (EFV).

Amplification Success Rates Across Different HIV-1 Viral Load Levels

Between 2023 and 2024, the overall amplification success rates for the PR/RT and IN regions were 87.40% (1,810/2,071)
and 87.06% (1,803/2,071), respectively. As shown in Figure 2, amplification efficiency varied by plasma VL. For the PR/
RT region (Figure 2A), amplification success approached 100% in samples with VL >200 copies/mL. In the low VL
category (50-200 copies/mL), success rates were 82.86% (29/35) in 2023 and 83.33% (25/30) in 2024, with
minimal year-to-year variation. In contrast, the IN region (Figure 2B) showed reduced amplification efficiency in low
VL samples, with success rates of 82.86% (29/35) in 2023 and 73.33% (22/30) in 2024. However, for samples with VL
>1,000 copies/mL, both regions demonstrated amplification success rates exceeding 99% across both years. These

Table 6 Clinical Characteristics of 8 PLWHs Harboring Y318 or N348 Mutations

ID Sex | Age | HIV VL (Copies/mL)? HIV-1 Pls NRTIs NNRTIs INSTIs
Subtype

DR-GMI1273 | M 40 642 07_BC None | MI184V K103N, N348I None

HIVDR1563 M 29 544,000 0l_AE None | K65R, T69del KI101E, GI90S, YI81C, N348NI | None
(N348IN) ©

HIVDR1727 M 30 59,591 0l_AE None | D67N, K70E, V106M, H221Y, F227L, Y3I8F None

M184V

HIVDR1999 F 58 3184 08_BC None | None (N348T) b None

HIVDR2269 M 35 1470 07_BC None | K65R, S685G KI103N, YI8IC, H221Y, YI88L None
(N348T) ©

HIVDR3070 M 28 1200 07_BC None | None G190GE, N348NI (N348IN) b None

HIVDR3324 M 36 297,379 0l_AE None | None N348NI (N348IN) b None

HIVDR 3451 | M 43 1,625,789 0l_AE None | None (N348T) b None

Notes: “Data were collected at the time of sampling; “Mutations in parentheses indicate non-resistance-associated polymorphisms.
Abbreviations: VL, Viral Load; P, Protease Inhibitors; NRTIs, Nucleoside Reverse Transcriptase Inhibitors; NNRTIs, Non-Nucleoside Reverse Transcriptase Inhibitors;
INSTIs, Integrase Strand Transfer Inhibitors; M, Male; F, Female.
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Figure 2 Amplification success rates for the PR+RT (A) and IN (B) regions across different HIV-1 viral load categories.

findings indicate that the system provides consistent and robust amplification for PR/RT and IN regions in moderate to
high VL samples. Notably, amplification efficiency remained satisfactory even in low-level viremia, supporting its utility
in drug resistance genotyping under challenging clinical conditions.

Detection Stability of Y318 and N348 Mutations Under Serial Dilution

To evaluate the detection stability of the optimised primers for key drug resistance sites following amplification
extension, two NNRTI-associated mutations—Y 318 and N348—were selected for analysis. The optimised primer system
extended the sequencing coverage of the PR/RT region from 320 to 400 amino acids, enabling the inclusion of these
critical sites. Among the successfully amplified and sequenced samples, eight were found to carry Y318 or N348
mutations (DR-GM1273, HIVDR1563, HIVDR1727, HIVDR1999, HIVDR2269, HIVDR3070, HIVDR3324, and
HIVDR3451). These samples were serially diluted to viral load gradients of 1000, 400, 200, and 100 copies/mL for
amplification testing, except DR-GM1273, which had an original viral load of 642 copies/mL and was diluted to three
levels. Mutation detection at positions Y318 and N348 was then compared across gradients to assess detection
consistency at varying viral loads.

All eight samples were successfully amplified. The detection results for the Y318 and N348 mutations at different
dilution levels are summarized in Table 7. At all four VL levels, the Y318F and N348T mutations were consistently
detected in HIVDR1727, HIVDR1999, and HIVDR2269. In contrast, detection rates in the remaining five samples were
lower: 66.67% (2/3) for DR-GM1273, 50% (2/4) for both HIVDR1563 and HIVDR3324, 0% (0/4) for HIVDR3070, and
25% (1/4) for HIVDR3451. At the lowest VL of 100 copies/mL, the overall detection success rate for Y318 and N348
mutations was 37.5% (3/8).

NGS was performed on the samples with undetected mutations to investigate the potential reasons for detection
failure. NGS was conducted on both undiluted and diluted samples of HIVDR1563, HIVDR3324, HIVDR3070, and
HIVDR3451; however, the corresponding mutation sites were not identified (Table 8). Sample DR-GM1273 was not
subjected to NGS under the original VL due to insufficient sample volume. Among the four samples analyzed, the
undiluted samples of HIVDR1563 and HIVDR3324 showed N348I mutation frequencies of 27.35% and 28.31%,
respectively. These results suggest that in highly diluted samples (200 and 100 copies/mL), the mutation frequency
may have fallen below the detection threshold of the assay. This likely explains the undetected N348 mutation in DR-
GM1273 at 100 copies/mL as well. In contrast, NGS failed to detect N348 mutations in the original VL samples of
HIVDR3070 and HIVDR3451. This may be attributed to sample degradation or prolonged storage, potentially compro-
mising RNA quality.
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Table 7 Detection of Y318 and N348 Mutations in Serially Diluted Samples

DR-GMI1273 HIVDRI1563 HIVDRI1727 | HIVDRI1999 | HIVDR2269 HIVDR3070 HIVDR3324 HIVDR 3451
Original VL 642 544,000 59,591 3184 1470 1200 297,379 1625789
(copies/mL)
Mutation result N348I N348Nl, Y3I18F N348T N348T N348Nl, N348Nl, N348T
(undiluted) N348IN N348IN N348IN
Mutation result None N348Nl, Y3I8F N348T N348T None N348Nl, N348T
(1000 copies/mL) N348IN N348IN
Mutation result N348I N348Nl, Y3I8F N348T N348T None N348Nl, None
(400 copies/mL) N348IN N348IN
Mutation result N348I None Y3I8F N348T N348T None None None
(200 copies/mL)
Mutation result None None Y3I8F N348T N348T None None None
(100 copies/mL)

Notes: Only the Y318 and N348 mutation results are shown; the table does not represent the complete mutation profiles of the eight samples. None, Mutation not
detected.
Abbreviation: VL, Viral Load.

Table 8 Confirmation of Mutation Detection by NGS

Mutation Result DR-GMI273 | HIVDRI563 HIVDR3070 HIVDR3324 HIVDR3451
SS (undiluted sample) N348I N348NI, N348IN | N348NI, N348IN | N348NI, N348IN | N348T
NGS (undiluted sample) | - N348| (27.35%) * | None N348l (28.31%) * | None
1000 copies/mL - - None - -
400 copies/mL - - None - None
200 copies/mL - None None None None
100 copies/mL None None None None None
Notes: “-”: Not tested by next-generation sequencing (NGS); None: Mutation not detected. “Mutation frequency.

Abbreviation: SS, Sanger sequencing.

HIV-1 Subtyping Results

To further assess the subtyping performance of the optimised system, successfully genotyped samples from 2023 and
2024 were analysed using COMET HIV-1 2.4, BLAST, and the HIV-1 Gene Sequences Database (China). Subtypes
consistent across all three tools were accepted as the final subtype assignment; samples with inconsistent results were
classified as unique recombinant forms (URFs). As shown in Figure 3, the predominant subtypes identified in both years
were CRFO1_AE (351 in 2023; 352 in 2024) and CRF07_BC (346 in 2023; 334 in 2024), followed by subtype B (50 in
both years), CRF55 01B (23 in 2023; 21 in 2024), and CRF117_0107 (18 in 2023; 49 in 2024). Unclassified subtypes
were observed in 22 cases in 2023 and 19 cases in 2024. Overall, the subtype distribution remained stable over the two-
year period.

Discussion

Given that PLWH require lifelong ART, the long-term selective pressure inevitably leads to the accumulation of DRMs,
particularly in individuals with suboptimal treatment adherence. These drug-resistant strains may subsequently be
transmitted to uninfected populations.®° Therefore, HIV drug resistance genotyping prior to ART initiation or resump-
tion is essential for optimising individualised treatment regimens.

In this study, the amplification efficiency and sensitivity of the optimised primer system were validated by comparing
its performance with that of commercial HIV-1 drug resistance genotyping kits**2® and a previously reported in-house
method.?” The system demonstrated robust performance across a wide range of VLs and HIV-1 subtypes. In samples with
viral loads >1,000 copies/mL, the amplification success rates for both PR/RT and IN regions approached 100%,
indicating high stability and consistency. Even in low VL samples (50-200 copies/mL), success rates exceeded 80%
for PR/RT and 70% for IN, suggesting improved sensitivity in challenging clinical conditions. This approach has the
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Figure 3 HIV-I subtype distribution among successfully genotyped samples in 2023 (A) and 2024 (B).

potential to enhance the identification rate of drug-resistant mutations in individuals with low VLs, thereby reducing the
risk of false negative results caused by HIV DNA contamination or nucleic acid degradation.’

To assess the detection stability of key NNRTI resistance mutations in the extended amplification region, gradient
dilution experiments were performed on eight samples harbouring Y318 or N348 mutations. All samples were success-
fully amplified at viral load levels ranging from 1,000 to 100 copies/mL. Notably, three samples consistently yielded
positive mutation detection across all gradients, suggesting good stability. However, overall detection efficiency declined
with lower viral loads: only 3/8 (37.5%) samples retained detectable mutations at 100 copies/mL. NGS analysis revealed
that failed detections were associated with lower mutation frequencies (eg, <30%), likely falling below the detection
threshold after dilution. This pattern aligns with the well-recognised limitation of population-based Sanger sequencing,
which generally requires variants to comprise approximately 15-20% of the viral population to be reliably visualised.

These findings highlight that, while the expanded primer system improves amplification coverage, its ability to detect
low-frequency variants remains constrained by the intrinsic characteristics of Sanger sequencing rather than by the
primer design itself. Nevertheless, within its amplification range, the assay can detect both previously reported and newly
emerging mutations provided that their variant frequencies exceed the analytical threshold. Mixed viral populations can
also be identified when the minority component is present at detectable levels. For samples requiring higher sensitivity—
such as those with low-frequency variants or suspected mixed infections—NGS or ddPCR can serve as complementary
approaches.

As HIV treatment strategies evolve toward dual-drug regimens and long-acting injectables, newer NNRTIs such as
doravirine are increasingly being explored. Existing studies suggest that mutations such as Y318F and N348I can reduce
susceptibility to NNRTIs, including doravirine, efavirenz, and nevirapine.'*® Therefore, expanding the amplification
range to cover these clinically relevant resistance sites is crucial for improving the comprehensiveness of resistance
monitoring and providing valuable data to guide both clinical treatment and new drug development.'

Furthermore, the optimised primer system demonstrated high subtype compatibility, showing consistent amplification
success across multiple HIV subtypes, including CRF07 BC, CRF01_AE, subtype B, and their recombinant forms. The
subtype distribution observed in this study was consistent with current HIV epidemiological patterns in China,**'
supporting its potential for broader application in routine clinical practice. Although the assay was designed based on
Chinese circulating strains, the expanded coverage of conserved regions within the pol gene suggests the potential for
broader applicability.

In addition to viral subtype diversity, demographic factors such as age may also influence the prevalence and
detectability of drug-resistant mutations. Previous studies have shown that increasing age is often associated with longer
infection duration and cumulative antiretroviral selective pressure, which may contribute to higher resistance rates.*? In
the present study, the median age of the eight individuals harbouring Y318 or N348 mutations was 35.5 years, consistent
with the age distribution commonly reported among PLWH both domestically and internationally.** 7 As half of these
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individuals were treatment-naive and all detected mutations corresponded to established NNRTI resistance pathways, the
impact of age on the mutation patterns observed in this cohort is likely limited. Nevertheless, studies with larger cohorts
encompassing a wider age range are warranted to further clarify whether age-related differences play a role in the
emergence or detection of resistance mutations.

In recent years, advanced technologies such as NGS,* ' WGS,'"""* and ddPCR?® have markedly improved the
sensitivity and genomic coverage of HIV drug resistance testing, particularly for identifying low-frequency variants and
analyzing viral population diversity. NGS and WGS enable the detection of minority variants and generate comprehen-
sive genomic information; however, their implementation requires specialized laboratory infrastructure, trained person-
nel, and extensive bioinformatics support, in addition to higher operational costs. These factors limit their routine use in
many clinical settings. ddPCR is mainly applied for high-sensitivity quantitative analysis, and its role in qualitative
resistance detection remains under investigation, requiring further methodological refinement.*®**' In contrast, Sanger
sequencing remains the predominant approach for HIV drug resistance surveillance in most regions due to its robustness,
reproducibility, cost-effectiveness, and well-established workflow. The optimised primer system developed in this study
—designed based on the sequence characteristics of HIV-1 strains circulating in China—successfully expands the
coverage of the RT region and demonstrates reliable amplification across major subtypes. Notably, it maintains high
amplification performance even in samples with low viral loads, supporting its suitability for large-scale clinical
implementation. Nevertheless, emerging sequencing platforms continue to offer unique advantages for detecting low-
abundance mutations, characterising viral quasispecies, and achieving more comprehensive resistance profiling. Future
work may focus on adapting the current primer system for compatibility with NGS/WGS workflows or integrating it with
high-sensitivity enrichment methods such as ddPCR to further enhance detection performance—particularly for low-viral
-load samples and low-frequency drug resistance mutations.

Despite these promising results, this study has several limitations. First, amplification efficiency in the IN region was
slightly lower than in the PR/RT region, possibly due to lower sequence conservation or suboptimal primer specificity.
Second, amplification failure mechanisms were not fully explored; future studies should investigate contributing factors
such as sample storage duration and RNA quality. Finally, for samples with low-frequency mutations or compromised
RNA integrity, next-generation sequencing or repeat testing may still be necessary to ensure result reliability.

Conclusion

In conclusion, the optimised PCR-Sanger—based method demonstrated expanded amplification coverage and improved
sensitivity, particularly for low viral load samples and key NNRTI resistance sites. It also exhibited strong performance
across major circulating HIV subtypes in China. These attributes underscore its potential utility in resistance
monitoring, especially in resource-limited or early screening settings, and support its further development for clinical
application.
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