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ABSTRACT

Lenacapavir (LEN) is a first-in-class capsid inhibitor (CAI) that targets multiple stages of the HIV-1 lifecycle, showing efficacy
in heavily treatment-experienced (HTE) individuals with multidrug-resistance (MDR) and in pre-exposure prophylaxis (PrEP).
This study aimed to characterize a novel in-house next-generation sequencing (NGS) protocol targeting HIV-1 capsid (CA)
region using both HIV-1 RNA from plasma and HIV-1 DNA from peripheral-blood-mononuclear-cells (PBMCs). A total of 60
samples (41 HIV-1 RNA and 19 HIV-1 DNA) with various HIV-1 subtypes and viremia levels were tested. Overall, molecular
amplification was successful in 83.3% of cases (75.6% for HIV-1 RNA and 100% for HIV-1 DNA), while high quality sequences
were obtained in 76.7% of samples (65.9% for HIV-1 RNA and 100% for HIV-1 DNA). Among RNA samples with viremia > 500
copies/mL, sequencing success reached 92.6%, showing a statistically significant association with viral load. Subtype-specific
analysis showed amplification and sequencing rates of 86.0% and 79.1% for subtype B, and 76.5% and 70.6% for non-B subtypes,
with no significant difference. Reproducibility was fully confirmed by pairwise similarity analyses at 10% and 20% frequency
cutoff, upon reprocessing 13 HIV-1 RNA samples. This protocol provides an important tool, primarily for subtype B, for
personalized HIV-1 treatment with CAI-based strategies, enabling efficient characterization of LEN resistance mutations in the
CA region, using both DNA and RNA samples.

1 | Introduction who harbor a multidrug-resistance (MDR) virus, often as a
result of exposure to suboptimal treatment and multiple treat-
ment failures [2]. For this fragile population ART options can
also be limited.

Despite the progress made in improving the efficacy and safety
of antiretroviral therapy (ART), HIV-1 cure is not feasible and
therefore continues to be a major global public health issue [1].
HIV-1 infection remains a serious concern in a proportion of  In this context, strategies for prevention of new infections and
heavily treatment experienced (HTE) people with HIV-1 (PWH) treatment are fundamental for reducing the individual and
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societal burden of HIV-1. In this light, a continuous development
of new agents active against resistant variants of HIV-1 and
targeting novel mechanisms of action is required, in order to
provide simpler and more efficacious treatment options to all
PWH, irrespective of their prior treatment history. Among new
antiretrovirals, lenacapavir (LEN) is a novel injectable first-in-
class HIV-1 capsid inhibitor (CAI). It inhibits selectively multiple
stages of capsid function, by directly binding to the interface
between the capsid protein subunits, preventing the nuclear
import of proviral DNA, hindering virus assembly and release by
interfering with the function of Gag/Gag-pol genes, and thereby
generating malformed capsids [3]. LEN use is indicated, in
combination with other antiretrovirals, for the treatment of HTE
individuals with MDR and has recently shown high efficacy for
prevention (more than 99%) when used as pre-exposure pro-
phylaxis (PrEP) in diverse populations (cisgender women, cis-
gender gay, bisexual, and other men, transgender women,
transgender men, and gender-nonbinary persons) [4-6].

Integrating into clinical routine new pharmacological targets,
such as the capsid, is crucial for optimizing treatment strategies
and improving clinical outcomes. Due to the novelty of this target,
a method for characterizing the resistance associated mutations in
the capsid is mandatory. Margot et al. in a recent study used the
Sanger sequencing method to evaluate the capsid resistance
mutations in 27 HIV-1 RNA plasma samples [7]. However, there
are limitations of Sanger sequencing in detecting low-frequency
variants and providing adequate resistance profiles [8]. This has
led to the need for the implementation of the genotypic test for
the capsid, by using next-generation sequencing (NGS) technol-
ogies, which offers greater sensitivity and accuracy in identifying
resistance-associated mutations. The advent of NGS has redefined
genome sequencing techniques. This technology sequences mil-
lions of fragments simultaneously per run, enabling the detection
of minority quasispecies with mutations occurring at frequencies
below 20%, with an accuracy greater than 99%. Evidence suggests
that some mutations present in HIV-1 resistant minority variants
may be clinically relevant [9, 10].

The aim of this study was to develop a novel NGS protocol to
sequence HIV-1 capsid region for assessing resistance to LEN by
using both HIV-1 RNA from plasma samples and HIV-1 DNA
from peripheral blood mononuclear cells (PBMCs) matrices,
with diverse subtypes and viremia levels.

2 | Materials and Methods
2.1 | Clinical Samples

For the protocol development, residual anonymized specimens
were used, originating from routine clinical practice and/or
research activities within two cohorts of PWH living in Italy: the

1 634

PRESTIGIO Registry (https://trials-ice2.advicepharma.com/
PRESTIGIO/) and the ICONA Foundation (https://www.
fondazioneicona.org/). Ethic Committee approval was deemed
unnecessary under Italian law for residual anonymized samples
used for diagnostic purposes since this was not considered a
clinical trial of medicinal products for clinical use (Art. 6 and
Art. 9, Law Decree 211/2003). For residual anonymized samples
obtained from research activities, approval was obtained by the
Ethic Committee of each participating center involved in the
above-mentioned Italian cohorts.

2.2 | HIV-1 Extraction and Amplification

Viral RNA was extracted from 1 mL of plasma using the QIAamp
Viral RNA Mini Kit (Qiagen GmbH, Hilden, Germany), after
ultracentrifugation at 23,000g for 2h at 4°C, following the
manufacturer's instructions, while DNA was extracted from a
pellet of 5 x 106 PBMCs using the High Pure PCR Template
Preparation Kit (Roche Diagnostics, Basel, Switzerland).

HIV-1 RNA from plasma and HIV-1 DNA from PBMCs were
subjected to reverse transcription/amplification and amplifica-
tion, respectively, using the SuperScript III One-Step RT-PCR
system for long templates (Invitrogen, Carlsbad, CA, USA). In
detail, each 50 uL reaction contained: 10 uL of extracted viral
genome, 25 puL of 2X reaction mix, 8 uL of MgSO, (5 mmol/L),
3 uL of DNase/RNase-free water, 0.75 uL each of forward and
reverse primers (10 pmol/uL), 1 uL of RNase Out (40 U/uL; re-
placed with 1 pL of water for HIV-1 DNA samples) and 1.5 uL of
RT/Taq enzyme. Thermal cycler conditions were 50°C for
30 min, 94°C for 2 min, followed by 45 cycles of 95°C for 30s,
53°C for 30s, and 72°C for 2 min; final extension at 72°C for
10 min. When no visible amplification product was detected after
agarose gel electrophoresis of the first-round PCR, a nested PCR
was performed. The 50 puL reaction mix contained: 5 pL of first-
round PCR product, 33 uL of DNase/RNase-free water, 5uL of
PCR buffer (10x), 3.5uL of MgCl, (25mM), 1uL of dNTPs
(10 mmol/L), 0.9uL each of forward and reverse primers
(10 pmol/uL) and 0.7 uL of AmpliTaq Gold DNA polymerase
(Life Technologies, Carlsbad CA, USA). Thermal cycler condi-
tions were 93°C for 12 min, 40 cycles of 95°C for 30s, 56°C for
30s, and 72°C for 2min, with a final extension at 72°C for
10 min. Amplicons were analyzed by agarose gel electrophoresis
to confirm band sizes (See Figure 1). Gag specific primers and
thermal profiles were adapted from Soria et al. [11] (See Table 1).

2.3 | HIV-1 Next Generation Sequencing

Each amplified sample was purified using (0.8X ratio) Ampure XP
Beads (Beckman Coulter, Pasadena, CA, USA), then quantified
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TABLE 1 | Primer sequence and thermal profiles for amplification.

Gene Primer? Sequence (5'—3') Position® Thermal profile Amplification
Gag Gag FW1 GCCTCAATAAAGCTTGCCTT 522-541 1 cycle 50°C, 30 min® I RT/PCR

Gag REV1I  CCAATTCCCCCTATCATTTTT  2384-2404 1 cycle to 94° C for 2 min

45 cycles (95°C 305, 53°C 30s,
72°C 2 min)
1 cycle at 72°C 10 min
Gag FW1 GCCTCAATAAAGCTTGCCTT 522-541 1 cycle to 93° C for 12 min II PCR Nested
Gag REV2 CCCTAAAAAATTAGCCTGTCT  2074-2094 40 cycles (95°C 305, 56°C 30,

72°C 2 min)
1 cycle at 72°C 10 min

#FW: Sense primer, REV: Antisense primer.

®Positions according to HXB2 (Accession number: K03455.1) Numbering System.

“Removed in case of HIV-1 DNA specimens. Min: minutes; sec: seconds.

using Qubit dsDNA HS Assay Kit (Invitrogen, Carlsbad, CA, USA)
with Qubit 2.0 Fluorometer (Life Technologies, Carlsbad, CA,
USA). For each sample, 1 ng of amplicon was involved in a tag-
mentation reaction by Nextera XT DNA Library Kit (Illumina Inc.,
San Diego, CA, USA) and uniquely indexed with Nextera XT
Index Kit v2 (Illumina Inc., San Diego, CA, USA) following the
manufacturer's instructions. After a second purification (0.6x
ratio) and second quantification, the libraries were diluted at 4 nM
and pooled. Finally, 15 pM of the denatured pool was sequenced
paired-end with MiSeq Reagent Kits v2 (2 X 250) (Illumina Inc.,
San Diego, CA, USA) with 6%-10% of PhiX Control V3 library to
monitor sequencing quality [12].

2.4 | Bioinformatics Analyses, Mutational
Pattern and Subtype Assignment

NGS data obtained as FASTQ files were analyzed using HIVdb
Stanford algorithm (version 9.8; https://hivdb.stanford.edu/) to
determine the mutational pattern of each sample. Sequences
were considered valid with at least 100 coverage reads per posi-
tion, based on commonly used parameters in the literature
[13-15]. The consensus sequences for all samples were
generated with prevalence cutoffs of 5%, 10%, and 20% mutation
detection threshold (MDT) as defined by the Stanford
HIDVB website (https://hivdb.stanford.edu/hivdb-capsid/by-
reads/). The HIV-1 subtype was assessed using two automated
tools, COMET (https://comet.lih.lu/) and Stanford (https://hivdb.
stanford.edu/) and the results for each sample were compared
with those obtained from a previous subtyping analysis on pro-
tease/reverse transcriptase. In addition, a quality control of the
raw data obtained in the FASTQ format was performed with
Trimmomatic [16] software in order to remove adapters, PCR
primers and poor-quality reads. FASTQ files were analyzed with
VirVarSeq software version 1 [17] using K03455.1 as reference
sequence. This biostatistical analysis was performed using a
higher coverage threshold of 1,000, to increase the robustness of
variant detection for each sample; a consensus sequence with
prevalence cutoff of 5%, 10% and 20% was generated using qua-
sitools (https://github.com/phac-nml/quasitools).

2.5 | Efficiency Assessment

The efficiency assessment of the protocol was conducted, con-
sidering the main variables that could influence the success

rate: the different compartment (HIV-1 RNA from plasma and
HIV-1 DNA from PBMCs), the HIV-1 subtype (B vs. non-B), and
viremia levels for the HIV-1 RNA samples. In particular, vire-
mia levels were stratified according to the following strata:
> 50-500; > 500-1000; > 1000-10,000; > 10,000 copies/mL. The
efficiency of the two main steps of the process (molecular
amplification and sequencing on the Miseq platform) were
considered separately.

2.6 | Reproducibility Assessment

For both precision and reproducibility testing, the variability in
the result is determined based on nucleotide sequence similarity
by comparison with the consensus sequences derived from the
replicates (at 5%, 10%, and 20% cutoffs, as described before.)
Briefly, sequences were aligned with the HXB2 reference for Gag
and CA regions using MAFFT v7.475. The CA region (positions
397-1089 of Gag or 1186-1878 relative to HXB2, resulting in 693
nucleotides and 231 residues) was manually extracted with
BioEdit v7.7. Pairwise sequence similarity for each sample across
two runs was assessed using the Needleman-Wunsch algorithm
implemented in EMBOSS Needle [18]. Acceptance criteria was
more than 90% of pairwise comparisons with at least 98% iden-
tical (with non-matching mixtures counted as a difference) [19].

2.7 | Statistical Analysis

Descriptive statistics were expressed as median values and
the interquartile range (IQR) for continuous variables and the
number (percentage) for categorical variables. To evaluate the
impact of HIV-1 subtype (B vs. non-B) and viral load stratifi-
cation (<500 vs. >500 copies/mL) on amplification and
sequencing success, the Fisher exact test was applied for cate-
gorical variables. All statistical analyses were performed using
the SPSS software package for Windows (version 23.0, SPSS
Inc., Chicago, IL). A two-sided p-value of less than 0.05 was
considered statistically significant.

3 | Results
3.1 | Sample Characteristics

Sixty samples were analyzed, of which 41 (68.3%) were HIV-1
RNA, obtained from plasma samples, and 19 (31.7%) were
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TABLE 2 | Sample characteristics.

Characteristics HIV-1 RNA Plasma HIV-1 DNA PBMCs*
Sample, N (%) 41 (68.3) 19 (31.7)
HIV-1 RNA, copies/mL, Median (IQR) 2014 (183-12,070) /
HIV-1 RNA, copies/mL, Minimum 52 /
HIV-1 RNA, copies/mL, Maximum 9.4 x10° /
Subtype B, N (%)° 25 (61.0) 18 (94.7)
HIV-1 RNA ranges, N (%)°

> 50-1,000 copies/mL 18 (43.9) /
a. > 50-500 copies/mL 14 (34.1) /
b. > 500-1,000 copies/mL 4(9.8) /

>1,000-10,000 copies/mL 13 (31.7) /

> 10,000 copies/mL 10 (24.4) /

#Even PBMC samples were obtained from viremic individuals and 12 during virological suppression.
®Percentages refer to subgroup (41 HIV-1 RNA and 19 HIV-1 DNA). IQR: interquartile range; PBMCs: peripheral-blood-mononuclear-cells.

HIV-1 DNA, extracted from PBMCs. Specifically, 42 PWH were
included in the study: 32 had only HIV-1 RNA samples, 2 had
only HIV-1 DNA samples (each with two HIV-1 DNA samples),
and 8 individuals had both HIV-1 RNA and HIV-1 DNA sam-
ples, with HIV-1 DNA samples collected at different time
points. Among these 8 individuals: 3 had one HIV-1 RNA and
two HIV-1 DNA samples, 3 had one HIV-1 RNA and one HIV-1
DNA sample, 1 had two HIV-1 RNA and two HIV-1 DNA
samples, and 1 had one HIV-1 RNA and four HIV-1 DNA
samples. All plasma samples had detectable viremia, with a
median [IQR] value of 2014 [183-12,070] HIV-1 RNA copies/
mL. Among plasma samples, 18 (43.9%) had HIV-1 RNA levels
in the range >50-1000 copies/mL (>50-500 copies/mL: 14
samples; > 500-1000 copies/mL: 4 samples), 13 (31.7%) had
HIV-1 RNA levels in the range > 1000-10,000 copies/mL, and 10
(24.4%) presented HIV-1 RNA levels > 10,000 copies/mL (See
Table 2). All HIV-1 DNA samples were collected from 10 in-
dividuals receiving LEN-based antiretroviral therapy at different
time points. Seven PBMC samples were obtained from viremic
individuals (with a median HIV-RNA of 23,554 [1447-32,200]
copies/ml), while 12 were collected during virological sup-
pression (plasma HIV-RNA < 50 copies/ml).

Overall, HIV-1 subtype B was detected in 43 samples (71.7%), of
which 25 were HIV-1 RNA samples and 18 were HIV-1 DNA
samples. Non-B subtypes were identified in the remaining 17
samples (28.3%), predominantly among HIV-1 RNA (n=16)
and in only one HIV-1 DNA sample (see Table 2). The non-B
subtypes included 4 samples with CRF02_AG (6.7%), 3 with
subtype F1 (5.0%), 2 with the DF recombinant form (3.3%, one
in the HIV-1 DNA sample), 2 with subtype C (3.3%), and 1 with
subtype G (1.7%). The remaining 5 samples (8.3%) harbored
other recombinant forms: CRF09_cpx (n=1), CRF12_BF
(n=1), CRF41. CD (n=1), CRF42 BF (n=1), and
CRF60_BC (n=1).

3.2 | Efficiency of the Developed NGS Protocol

Overall, high-quality CA region sequences were obtained from
46 out of 60 samples, corresponding to a global sequencing
success rate of 76.7%, with 1600 minimum reads per position
and 100% gag coverage found. The main factors potentially

affecting the success rate of the developed NGS protocol were
carefully evaluated. These included the viral genome specimen
(HIV-1 RNA vs. HIV-1 DNA), the HIV-1 subtype, and the level
of viremia in HIV-1 RNA samples.

The analysis was performed by evaluating amplification effi-
ciency of the CA region, sequencing efficiency among success-
fully amplified samples, and the overall sequencing success rate
across all samples. The results are summarized in Table 3.

3.2.1 | Efficiency by Sample Compartment: HIV-1 RNA and
HIV-1 DNA Samples

The first variable evaluated to assess the efficiency of the de-
veloped NGS protocol was the viral genome compartment,
considering different sample types: HIV-1 RNA from plasma
sample and HIV-1 DNA extracted from PBMCs.

Considering the compartment, successful sequences were
obtained from 27 of 41 HIV-1 RNA samples (65.9%) and in all
19 HIV-1 DNA samples (100%) (see Table 3).

In terms of amplification efficiency, the CA region was suc-
cessfully amplified in 31 of 41 HIV-1 RNA samples (75.6%), and
in all 19 HIV-1 DNA samples (100%). Among the 31 amplified
RNA samples, 27 (87.1%) yielded analyzable sequences, while 4
(12.9%) failed sequencing due to low coverage (< 100 reads).

3.2.2 | Efficiency by HIV-1 Subtype-Associated Variability: B
Subtype versus Non-B Subtypes

The second variable analyzed was the impact of HIV-1 subtype-
associated viral variability on the success rate. Specifically,
samples with different non-B subtypes were merged, and effi-
ciency was evaluated by comparing the B subtype versus non-B
subtypes (N =43 vs. N =17). For B subtype plasma samples, the
median [IQR] viremia was 1726 [171-14,415] copies/mL, while
for non-B subtype samples, the median viral load was 2788
[185-15,030] copies/mL.

Regarding sequencing success in the overall study population,
34 out of 43 samples with HIV-1 subtype B (79.1%) and 12 out of
17 samples with HIV-1 non-B subtypes (70.6%) yielded valid
sequences. In particular, among the 43 HIV-1 B subtype

4 of 10

Journal of Medical Virology, 2026

85UB017 SUOWILIOD 3A1RR1D 3|cedl|dde au Aq pausenob afe saie WO ‘@SN JO S9IN 10} Aeiq 1 8UIIUO AB|IM UO (SUOIPUOD-pUR-SLUIBY WD A8 | 1M ARR1q | U1 |UO//SHNY) SUO BIPUOD PUe SWiB L 83U} 885 *[9202/€0/TE] Uo ArigiTauliuo AB|IM ‘el eURILR0D AQ €220, NUIZ00T OT/I0p/L0d A IMAfeiq jouluo//Sdny Lol pepeojumoq ‘T ‘9202 ‘TL06960T



TABLE 3 |

Amplification and sequencing performance on HIV-1 RNA and HIV-1 DNA.

Amplification success

NGS success Overall success

HIV-1 RNA (N=41) Overall, N (%) 31 (75.6) 27/31 (87.1) 27/41 (65.9)
By HIV-1 subtype
B, N=25 19 (76.0) 16/19 (84.2) 16/25 (64.0)
Non-B, N=16 12 (75.0) 11/12 (91.7) 11/16 (68.8)
By HIV-1 RNA ranges
> 50-1000 copies/ml, N =18 9 (50.0) 5/9 (55.6) 5/18 (27.8)
a. > 50-500 copies/mL, N = 14 6 (42.9) 2/6 (33.3) 2/14 (14.3)
b. > 500-1000 copies/mL, N=4 3 (75.0) 3/3 (100) 3/4 (75.0)
>1000-10,000 copies/mL N =13 12 (92.3) 12/12 (100) 12/13 (92.3)
> 10,000 copies/mL, N =10 10 (100) 10/10 (100) 10/10 (100)
HIV-1 DNA (N=19) Overall, N (%) 19 (100) 19/19 (100) 19/19 (100)
By HIV-1 subtype
B, N=18 18 (100) 18/18 (100) 18/18 (100)
Non-B, N=1 1 (100) 1/1 (100) 1/1 (100)
Abbreviations: NGS, next generation sequencing.
HIV-1 non-B Subtype and Recombinant forms
100% =
80%
5
S 60%
E
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FIGURE 2 |

M Sequencing success rate (%)

Amplification and sequencing performance among HIV-1 non-B subtypes (N = 17). The figure shows (a) the amplification success

rates (yellow bars) calculated as the percentage of successfully amplified samples within each subtype group; (b) the sequencing success rates (green
bars), calculated as the percentage of samples, exclusively among those successfully amplified. Overall, four non-B subtype samples failed ampli-
fication: two CRF02_AG samples (HIV-1 RNA, 192 copies/mL and 222 copies/mL, respectively), one 09_cpx (HIV-1 RNA, 183 copies/mL) and one
subtype C (HIV-1 RNA, 101 copies/mL). Only one successfully amplified sample did not yield a valid sequence after sequencing (42_BF; HIV-1 RNA,
81 copies/mL). The only non-B HIV-1 DNA sample (DF) was successfully amplified and sequenced.

samples, amplification was successful in 37 (86.0%; 19 HIV-1
RNA, 18 HIV-1 DNA) samples. For the 17 non-B subtype
samples, 13 (76.5%; 12 HIV-1 RNA, 1 HIV-1 DNA) samples
were successfully amplified.

Regarding the sequencing success according to positive ampli-
fication: 34/37 (91.9%) subtype B samples yielded valid
sequences (16 HIV-1 RNA, 18 HIV-1 DNA), whereas 12/13
(92.3%) non-B samples generated valid sequences (11 HIV-1
RNA, 1 HIV-1 DNA).

A Fisher's exact test comparing samples with HIV-1 subtype B
(n=43) and non-B subtypes (n=17) showed no statistically
significant difference in amplification success rates (B = 37/43;
non-B = 13/17; p = 0.448), and in the overall sequencing success
(B=34/43; non-B=12/17; p=0.511). Thus, HIV-1 subtype
variability did not appear to affect the performance.

Figure 2 shows amplification success rates calculated within
each HIV-1 non-B subtype and sequencing success rates among
those successfully amplified.

3.2.3 | Efficiency by Viremia Levels of HIV-1 RNA Samples

Efficiency was additionally assessed by categorizing the 41
HIV-1 RNA plasma samples according to viral load ranges.

Amplification and sequencing success were both 100% (10/10)
in the >10,000 copies/mL range and 92.3% (12/13) in the
>1000-10,000 copies/mL range. To further investigate per-
formance at lower viral loads, a sub-analysis focusing on sam-
ples with viral loads below 1000 copies/mL was conducted. In
the >500-1000 copies/mL range, both amplification and
sequencing success were 75.0% (3/4). In the > 50-500 copies/
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FIGURE 3 | Amplification and sequencing performance by HIV-1 RNA viremia ranges. The figure shows the relationship between viremia levels

and performance (amplification and sequencing success). Each dot represents an individual, yellow dots indicate successful amplification, green dots

indicate successful amplification and sequencing. Failures are shown in white dots. The dashed line indicates the HIV-1 RNA threshold of 500

copies/mL. Only two amplification failures occurred in samples with viremia above 500 copies/mL (512 and 3,564 copies/mL), both with subtype B.

By Fisher's exact test a significant association was observed for viral loads < 500 copies/mL (n = 14) compared to > 500 copies/mL (n = 27), with both

amplification and overall sequencing success showing p < 0.001.

mL range, amplification success decreased to 42.9% (6/14), and
sequencing success was 14.3% (2/14), (see Table 3).

Notably, samples with viral loads above 500 copies/mL showed
high reliability, with 25 out of 27 (92.6%) successfully amplified
and sequenced.

Statistical analysis confirmed a significant association between
viral load and both amplification and sequencing success
(Fisher's exact test, both p <0.001), as shown in Figure 3.

3.3 | Evaluation of NGS Reproducibility

To evaluate the reproducibility of the developed protocol, 13
representative HIV-1 RNA samples with successful amplifica-
tion and analyzable sequences were reprocessed, starting from
the same extraction sample. All reprocessed samples showed
consistent performance, with successful amplification and
sequencing achieved in every case. Using the pairwise similarity
sequence test with EMBOSS Needle, nucleotide sequences
obtained from the two processes were compared for each
sample at NGS cut-offs of 5%, 10%, and 20% (see Table 4).

All samples demonstrated very high similarity values. Reproduc-
ibility acceptance criteria were met at all NGS analysis cut-offs,
excluding the most stringent 5% threshold. The proportion of
samples with at least 98% pairwise similarity was 100% (13/13) at
both the 20% and 10% cut-offs. The lowest pairwise similarity
observed was 96.7% at the 5% cut-off. The specific amino acid
changes identified at the three NGS cut-offs (5%, 10%, and 20%) for
each of the 13 sample pairs are detailed in Supplementary Table S1.

3.4 | LEN Resistance Profile

Overall, within the 46 CA sequences obtained, no major
mutations associated with resistance to LEN were detected,

except for two sequences derived from a single individual with a
virological failure during LEN-based therapy. In this case, the
resistance-associated mutation K70H (97.8%) and Q67K (98.5%)
were identified in the HIV-1 RNA sequence, and were also
confirmed in the corresponding proviral HIV-1 DNA at fre-
quencies of 75.6% and 75.7%, respectively. This was the only
individual among those who had both HIV-1 RNA and HIV-1
DNA samples who harbored LEN-resistance mutations.

Furthermore, the accessory mutation T107A was observed in
three sequences from three distinct individuals, with variant
frequencies of 98.2% and 66.9% in two HIV-1 RNA sequences,
and 5.9% in a HIV-1 DNA sequence, respectively.

Finally, the accessory mutation A105T, at a frequency of 6.0%,
was detected in only one sequence of the replicated HIV-1 RNA
samples used to assess protocol reproducibility at 5% cutoff (see
Table S1).

4 | Discussion

In this study, a novel and highly effective NGS protocol was
developed for sequencing the HIV-1 CA region to assess resist-
ance to LEN, a recently approved CA inhibitor for antiviral
treatment, with significant potential applicability to both current
and future antiretroviral drugs targeting this protein. The previ-
ously published protocol based on Sanger sequencing (Soria
et al., 2016) was modified and optimized for the Illumina NGS
platform to enable efficient amplification and deep sequencing of
the HIV-1 CA region across various sample matrices (HIV-1
DNA and HIV-1 RNA), different subtypes, and viremia levels.
The method is versatile and robust and can be implemented in
both diagnostic and research settings, particularly for assessing
LEN resistance in HTE PWH with MDR, either at baseline before
initiating LEN therapy or in cases of virological failure [20]. To
date, the novelty of this protocol lies in its ability to detect low-
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frequency variants through the implementation of an NGS-based
approach, and to efficiently analyze both HIV-1 RNA samples
and HIV-1 DNA derived from PBMCs.

The protocol achieved a 100% success rate with HIV-1 DNA
samples and about 66% with HIV-1 RNA samples. Amplifica-
tion failures were predominantly observed in HIV-1 RNA
samples with low-level viremia, particularly within the
> 50-500 copies/mL range, where a marked reduction in both
amplification and sequencing success rates was observed.
Accordingly, to better characterize performance in this critical
range, a sub-analysis was conducted on samples with viral loads
below 1000 copies/mL. Amplification and sequencing success
were substantially decreased in the > 50-500 copies/mL range,
with only 2 out of 14 samples (14.3%) successfully amplified and
sequenced. Conversely, performance improved considerably in
the >500-1000 copies/mL range, where 3 out of 4 samples
(75.0%) yielded successful results. Notably, a statistically sig-
nificant association was found between viral load > 500 copies/
mL and sequencing success, with 92.6% of these samples suc-
cessfully amplified and sequenced. This highlights the utility of
the protocol, especially considering that most commercial kits
are not validated for viral loads below 1,000 copies/mL.

The higher success rate observed with HIV-1 DNA samples can
likely be attributed to the type of starting material. In the study,
proviral DNA was extracted from PBMCs, resulting in higher
nucleic acid yield and purity compared to whole blood. This ex-
cellent performance will enable genotypic resistance testing (GRT)
in the HIV-1 DNA context, for individuals with undetectable or
with low-level viremia.

Regarding the subtype issue, similar success rates were
observed for both HIV-1 B and non-B subtypes (79.1% and
70.6%, respectively), with no statistically significant difference.
In the study population, this was likely due to the consistent
binding efficiency of the primers within the viral gag region.
Amplification success appeared to be influenced more by other
factors, particularly low-level viremia (< 500 copies/mL), which
substantially reduced amplification efficiency.

Concerning the resistance, the population included also sam-
ples from individuals treated with LEN. One of them, who ex-
perienced a virologic failure, showed the major resistance
mutation K70H with the Q67K at high prevalence (> 75%), in
both HIV-1 RNA and HIV-1 DNA matrices. Furthermore, the
accessory mutation T107A was identified in three distinct in-
dividuals: two in HIV-1 RNA samples (at 98.2% and 66.9%
prevalence, respectively) and one in a HIV-1 DNA sample (5.9%
prevalence). These results show that the protocol can effectively
detect resistance-associated mutations, highlighting its rele-
vance for monitoring the effectiveness of LEN and other future
CA inhibitors. Notably, even low-prevalence mutations were
identified, although their clinical significance remains to be
established.

No recurrent mutations were observed in specific regions of the
capsid across the study population. The distribution of differ-
ences appeared random, with no indication of sequencing bias.
The observed mutational patterns were largely attributable to
subtype variability relative to the reference sequence used for
alignment.

Finally, to evaluate the reproducibility and sensitivity of the
protocol, 13 representative HIV-1 RNA samples with different

subtypes and viral loads were reprocessed. The amplification
and sequencing results were confirmed. Using pairwise simi-
larity comparison, all sequences at 10% and 20% frequency
cutoff achieved the 100% criteria of reproducibility (>98%
similarity) [18]. While 76.9% reproducibility was achieved at the
5% threshold (with 10 out of 13 pairs showing > 98% similarity).
This result is likely due to technical limitations, and is in line
with other NGS protocols, since a 10% frequency threshold is
currently recommended for NGS-based GRT analyses [15].

A limitation of this study is the relatively small sample size (60
samples), particularly regarding the distribution of non-B sub-
types in HIV-1 DNA samples. Although 28.3% of the study
population carried non-B subtypes, only one HIV-1 DNA sam-
ple with a non-B subtype was available for analysis. This could
limit the interpretation of results obtained from HIV-1 DNA
samples, particularly with respect to non-B subtypes. Overall,
no statistically significant differences were observed between B
and non-B subtypes in terms of amplification or sequencing
success, suggesting that subtype variability did not substantially
impact assay performance. However, the small number of
non-B samples may have reduced the statistical power of the
analysis. Therefore, further studies with larger and more bal-
anced subtype representation are warranted. Indeed, the sub-
types analyzed were limited to the most common ones
circulating in Italy [21]. Even if, non-B subtypes are increasing
among newly diagnosed cases in Italy, LEN is primarily used in
patients with long treatment histories and multidrug resistance,
the majority of whom are infected with subtype B. Therefore,
this protocol is particularly applicable to this setting and other
European settings with similar HIV-1 molecular epidemiology.

It should be highlighted that all the amplification failures in
samples with non-B subtypes occurred with HIV-1 RNA levels
below 500 copies/mL. Additional data from non-B subtype
samples with higher viral loads would be useful to further
assess protocol performance. Having access to a larger number
of non-B samples, especially those that failed amplification with
low viremia (such as CRF02_AG or subtype C), would have the
opportunity to better investigate whether the observed failures
are attributable to low viral load, or if subtype-specific factors
may also play a role. In cases of low-level viremia, increasing
the input amount of viral RNA or modifying PCR cycling
parameters may improve the performance.

Finally, regarding the HIV-1 DNA analysis, the use of PBMCs
instead of whole blood could potentially limit the adoption of
the protocol in diagnostic routine, as Ficoll separation involves
additional steps, increased costs, and longer processing times.

5 | Conclusions

The study presents a novel highly effective NGS protocol for
analyzing the HIV-1 CA region, viral target of LEN and other
future CA inhibitors. The protocol achieved high success rates
for both HIV-1 DNA and RNA samples with viremia levels
> 500 copies/ml. High amplification and sequencing success
rates were achieved in HIV-1 subtype B samples, with similarly
favorable outcomes observed in non-B subtypes, despite the
limited number of cases. The overall reproducibility and
robustness of the protocol remained very high, supporting its
reliability and implementation in both clinical and research
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applications particularly for the management of PWH receiving
LEN, or future CA inhibitors, for treatment or HIV-1 prevention.
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