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Abstract

Protease inhibitors (PIs) remain important components of HIV-2 treatment, but resistance
genotyping is frequently challenging in individuals with low or undetectable plasma
viremia. Proviral DNA sequencing may provide access to archived viral variants and
improve understanding of long-term resistance and clinical evolution. In this retrospec-
tive longitudinal study, 27 individuals with HIV-2, both ART-experienced and ART-naïve,
followed at a hospital in Lisbon, were analyzed. The HIV-2 protease gene was amplified
from peripheral blood mononuclear cell-derived proviral DNA, cloned, and sequenced
(Sanger sequencing) at baseline and, for ART-treated participants, after eight years of
follow-up. Resistance profiles were interpreted using the Stanford HIVdb, HIV-2EU, and
Rega algorithms. Clinical data, including ART history, CD4 counts, and plasma viral load,
were collected longitudinally. Amino acid diversity was assessed using Shannon entropy,
and longitudinal CD4 dynamics were evaluated using mixed-effects models with time-
varying ART exposure. Sensitivity analyses were performed using generalized estimating
equations (GEE). A total of 222 clonal HIV-2 protease sequences clustered within group
A. Major PI resistance mutations were detected in 21.4% of ART-experienced and 23.1%
of ART-naïve individuals at baseline. Longitudinal resistance trajectories varied across
participants, including persistence, apparent emergence, and non-detection of previously
identified mutations. Mixed-effects modeling revealed substantial inter-individual vari-
ability in CD4 trajectories, with no statistically significant associations observed between
CD4 evolution and ART status, time, or their interaction. GEE analyses yielded consistent
results, supporting robustness across modeling frameworks. Entropy analysis identified
localized sequence diversity changes restricted to a small number of protease residues,
with positions 60 and 75 differing between groups at baseline and position 21 showing
longitudinal variation among treated participants. This study demonstrates that proviral
DNA sequencing captures archived HIV-2 protease diversity and reveals persistent and
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dynamic resistance patterns within the viral reservoir. While no population-level associ-
ation between ART exposure and CD4 trajectory was observed, marked inter-individual
variability highlights the complexity of longitudinal immune recovery in HIV-2 infection.
These findings support the value of proviral sequencing as a complementary research tool
for characterizing long-term viral evolution in settings where plasma-based genotyping
is limited.

Keywords: HIV-2; protease inhibitor resistance; proviral DNA sequencing; antiretroviral
therapy; viral reservoirs

1. Introduction
Human immunodeficiency virus type 2 (HIV-2) is predominantly endemic in West

Africa, with significant prevalence rates in countries such as Guinea-Bissau, Senegal, and
Cape Verde [1–3]. Due to historical and migratory ties, Portugal has the highest number of
people living with HIV-2 outside of West Africa [4]. In 2023, HIV-2 was responsible for 3%
of all HIV infections in the country [5]. A total of 2171 HIV-2 infection cases were reported
in Portugal from 1983 to 2023. Of these, 698 progressed to an AIDS diagnosis, with 588
resulting in death. The median age at death was 62 years, and the mean interval between
HIV-2 diagnosis and death was approximately 10 years [5].

HIV-2 is classified into nine phylogenetic groups (A–I), although only groups A and B
have demonstrated epidemic spread in humans [6]. Group A predominates in West Africa
and has been reported as the principal circulating group in Portugal [4,7].

HIV-2 is associated with slower disease progression, lower transmissibility, and lower
plasma viral loads (VL) compared to HIV-1 [8,9]. Nonetheless, without effective antiretrovi-
ral therapy (ART), HIV-2 infection can ultimately lead to acquired immunodeficiency syn-
drome (AIDS)-related morbidity and mortality [9–11]. The management of HIV-2 infection
poses distinctive challenges due to the intrinsic resistance to non-nucleoside reverse tran-
scriptase inhibitors, reduced susceptibility to certain protease inhibitors (PIs), and limited
therapeutic options overall [12–15]. Current HIV-2 treatment relies primarily on integrase
strand transfer inhibitors, with selected protease inhibitors and nucleoside reverse transcrip-
tase inhibitors remaining essential components of effective regimens [16]. The limited avail-
ability of clinical trials, standardized resistance interpretation algorithms, and validated
diagnostic tools for HIV-2 restricts the implementation of individualized treatment strate-
gies, particularly in resource-limited settings where HIV-2 is most prevalent [12,17–20].
Ensuring long-term treatment efficacy requires continuous monitoring, access to second-
line therapies, and global efforts to improve drug availability and resistance surveillance.

The World Health Organization (WHO) has issued guidelines recommending the
implementation of HIV-2 RNA-based genotyping as a method for detecting drug resistance
mutations [21]. However, RNA-based testing can pose significant challenges in the context
of HIV-2 infection, particularly in cases where VL is low or undetectable. In such cases,
proviral DNA genotyping provides a valuable alternative, allowing the identification
of archived resistance mutations [22–24]. In addition, clonal sequencing improves the
resolution of resistance testing by enabling the detection of minority variants that may
influence treatment outcomes and contribute to the evolution of drug resistance over
time [25–27].

This eight-year retrospective longitudinal study of a Portuguese HIV-2 cohort explored
the potential of proviral DNA as a tool for investigating archived resistance mutations
and long-term clinical and virological evolution. By analyzing peripheral blood mononu-
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clear cell (PBMC)-derived proviral reservoirs, we evaluated resistance patterns, sequence
diversity, and longitudinal clinical trajectories in individuals with predominantly low or
undetectable viral loads, providing insight into the long-term dynamics of HIV-2 infection
during antiretroviral therapy.

2. Results
2.1. Study Population

Twenty-seven PLWHIV-2 were enrolled in this study (Table 1). The median age of the
participants was 49 years (interquartile range, IQR: 27–64 years), and the majority (70%)
were female. Of these, 14 (52%) were ART-experienced and 13 (48%) were ART-naïve.
Sex, age, and country of origin were not associated with ART exposure status (p > 0.05).
Baseline CD4 counts differed significantly between ART groups in univariate analysis
(Mann–Whitney U test: W = 57, p = 0.0015), with lower values observed in the treated
group. Of the ART-experienced participants (n = 13, 93%), all but one were on a baseline
regimen comprising a boosted PI (2NRTI + LPV/r, IDV/r or SQV/r; NRTI + RAL + DRV/r).
Six participants on ART were severely immunosuppressed at baseline, with a CD4+ T cell
count of less than 200 cells/µL (range 72–190 cells/µL). Five patients had no baseline VL
data. Of the remaining participants, 17 (63%) had an undetectable VL: eight (62%) of those
who were ART-naïve and nine (64%) of those on ART. Overall, three patients died and one
was lost to follow-up in the ART-experienced group, and six patients were lost to follow-up
in the ART-naïve group. An additional death occurred among those lost to follow-up.

Table 1. Demographic characteristics, clinical outcomes and immunovirological parameters of the
participants at baseline.

Variable Total (%) ART-Experienced
Participants (%)

ART-Naïve
Participants (%) p Value *

No. of subjects (%) 27 (100) 14 (52) 13 (48)
Sex [n (%)]

0.6957Female 19 (70) 10 (67) 9 (75)
Male 8 (30) 5 (33) 3 (25)
Age (years), [median (IQR)] 49 (37–58) 48 (40–57) 49 (33–60) 1.0000
Country of origin [n (%)]
Portugal 8 (30) 5 (33) 3 (25) 0.6957
Guinea-Bissau 12 (45) 5 (33) 7 (58) 0.2576
Cape Verde 3 (11) 3 (20) 0 (0) 0.2308
Mozambique 2 (7) 2 (14) 0 (0) 0.4872
Unknown 2 (7) 0 (0) 2 (17) 0.1880
Median CD4+ T cell count
(cells/µL), [median (IQR)] 448 (259–579) 264 (159–409) 552 (455–1069) 0.0015

Viral load, category [n (%)]
Undetectable (<40 RNA copies/mL) 17 (63) 9 (64) 8 (62)
Detectable (≥40 RNA copies/mL) 5 (19) 3 (21) 2 (15)
Unknown 5 (19) 2 (14) 3 (23)
Viral load (>40 RNA copies/mL),
[median (IQR)] 13,627 (9633–87,786) 75,571 (8841–100,000) 12,026

(10,425–13,627) 1.0000

Baseline regimen includes [n (%)]
Boosted PI 12 (44) 12 (86) 0 (0)
Non-boosted PI 1 (4) 1 (7) 0 (0)
NRTI 1 (4) 1 (7) 0 (0)
No baseline treatment 13 (48) 0 (0) 13 (48)

* p value obtained comparing ART-experienced with ART-naïve individuals at baseline; ART, antiretroviral
therapy; IQR, interquartile range.
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2.2. Follow-Up of Clinical Outcomes

The longitudinal trend of CD4+ T cell counts and VL among participants in this study
is shown in Tables S1–S3.

Longitudinal CD4 dynamics were evaluated using linear mixed-effects models in-
corporating repeated observations within individuals and treating ART exposure as a
time-varying covariate throughout follow-up (Figure 1). Two model structures were com-
pared: a random-intercept model and a random-intercept plus random-slope model. Model
comparison demonstrated that inclusion of patient-specific slopes significantly improved
model fit (AIC = 2464 vs. 2490; likelihood ratio test χ2 = 28.1, df = 2, p < 0.001), indicating
substantial inter-individual variability in longitudinal CD4 trajectories.

Figure 1. Longitudinal CD4 trajectories and inter-individual variability assessed using linear mixed-
effects models. (A) Individual CD4 trajectories over time for each participant, stratified by antiretro-
viral treatment (ART) status. Each line represents repeated measurements from a single individual.
(B) CD4 trajectories estimated using a linear mixed-effects model including ART status, time since
baseline, and their interaction, with patient-level random intercepts and slopes. Solid lines represent
model-based predicted trajectories and shaded areas indicate 95% confidence intervals; points repre-
sent observed group means. No statistically significant effects of time, ART status, or their interaction
were observed in the model. (C) Distribution of patient-specific random slope estimates from the
mixed-effects model, illustrating inter-individual variability in CD4 trajectories over time.
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In the selected random-slope model, the estimated baseline mean CD4 count for the
reference (ART-naïve) group was approximately 609 cells/µL (p < 0.001). In contrast to
the univariate analysis (Table 1), no statistically significant associations were observed
for ART status (β = −96.0, p = 0.233), follow-up time (β = 16.0 cells/year, p = 0.265), or
the ART-by-time interaction (β = −2.5 cells/year, p = 0.870), indicating no evidence of
differential CD4 trajectories according to treatment status at the population level.

Random-effects estimates demonstrated marked between-patient heterogeneity in
both baseline CD4 levels and temporal slopes (Figure 1). As a sensitivity analysis, general-
ized estimating equations (GEE) with an exchangeable correlation structure were also fitted
to assess population-averaged longitudinal effects. Consistent with the mixed-effects model
results, no statistically significant associations were observed for ART status (p = 0.111),
follow-up time (p = 0.743), or the ART-by-time interaction (p = 0.161), supporting the
robustness of the findings across alternative longitudinal modeling approaches.

Regarding VL, the proportion of participants with undetectable HIV-2 RNA remained
high throughout the follow-up period, ranging from 38% to 64% across different years.
However, a subset of participants continued to exhibit detectable VL (>40 RNA copies/mL),
with proportions varying between 14% and 33% over time, highlighting potential viro-
logic failure. It should be noted that VL data availability decreased at later timepoints,
particularly in the final year of follow-up.

2.3. HIV-2 Genetic Diversity

A total of 89 clonal sequences were obtained from ART-experienced participants and
100 from ART-naïve participants at baseline (median: 8 clones/participant; min–max: 1–11)
(Table S4). Thirty-three clonal sequences were obtained from the samples collected on the
final year of the study, all from ART-experienced participants (median: 3 clones/participant;
min–max: 0–9) (Table S5). Screening for APOBEC-associated G-to-A hypermutation re-
vealed no hypermutated HIV-2 protease sequences, and all sequences were retained for
subsequent analyses.

All sequences analyzed were HIV-2 group A (Figure 2). Clonal sequences consistently
formed participant-specific monophyletic clades, with no evidence of cross-participant clus-
tering. The mean intra-patient genetic distance was 0.021 ± 0.012 substitutions per site, with
no significant difference between ART-experienced and ART-naïve participants (0.02447
vs. 0.01587, p = 0.100). No evidence of epidemiological linkage between participants was
found, except for PTHSM8 and PTHSM23, who were identified as a couple.

2.4. Amino Acid Diversity Analysis

Site-specific entropy analysis of HIV-2 protease sequences identified localized differ-
ences in amino acid diversity between treated and treatment-naïve individuals at baseline.
Across the protease sequence, most residues showed no significant entropy differences after
correction for multiple testing, indicating that sequence variability was largely conserved
and restricted to a small number of discrete sites rather than broadly distributed along the
protein (Figure 3).

Among the 99 amino acid positions analyzed, residues 60 and 75 displayed the
strongest deviations from the null distribution, each reaching the minimum empirical
p-value attainable with the permutation framework (p ≈ 1 × 10−4) (Table S4). Both posi-
tions remained significant following Benjamini–Hochberg correction (FDR = 0.005). Residue
60 (lysine in the treated consensus sequence) exhibited increased diversity in treated indi-
viduals relative to treatment-naïve patients (Hdiff = 0.442), whereas residue 75 (isoleucine)
showed reduced diversity (Hdiff = −0.293), indicating opposing patterns of sequence
variability at these positions.
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Figure 2. Maximum likelihood phylogenetic tree analysis of HIV-2 protease sequences. Alignment of
PR nucleotide sequences was used to construct a maximum likelihood tree under the TIM2+F+R4
substitution model. HIV-2 reference sequences from different locations were also used. Clonal PR
sequences (PTHSM1–PTHSM27) are associated with the participant number next to the respective
cluster. The clonal PR sequences from baseline are represented by filled circles, while those from
year 8 are represented by open circles. Sequences without symbols correspond to HIV-2 reference
sequences. Tree scale is number of substitutions per site. The country codes are based on ISO 3166-1
alpha-2 code. Bootstrap values at least 70% are shown.

To investigate the longitudinal effect of treatment, protease diversity was further
compared between baseline and study-end sequences obtained exclusively from treated
individuals (Table S5). In contrast to the baseline comparison, a single residue remained
significant after FDR correction: position 21 (FDR = 0.010; Figure S1). Position 21 (glutamic
acid in the study-end consensus sequence) exhibited reduced variability at study end
relative to baseline (Hdiff = −0.363), suggesting increased sequence conservation over
prolonged treatment exposure.

Together, these findings indicate that protease evolution under antiretroviral exposure
is characterized by site-specific shifts in sequence diversity rather than widespread changes
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across the protein. The distinct signatures observed in the cross-sectional and longitudinal
analyses further suggest that baseline treatment status and long-term treatment exposure
may exert different selective pressures on HIV-2 protease evolution.

Figure 3. Site-specific entropy differences in HIV-2 protease sequence of naïve (background dataset)
and ART treated individuals (query dataset) at baseline. (A) Ranked significance of amino acid posi-
tions based on −log10(p-values) derived from permutation testing (10,000 randomizations). Positions
are ordered from most to least significant, with residues 60 and 75 highlighted in red. (B) Volcano plot
showing entropy differences between PR sequences from treated and naïve individuals (Hdiff) versus
statistical significance (−log10 p-value). The horizontal dashed line indicates the nominal significance
threshold (p = 0.05), and vertical line marks no difference in entropy (Hdiff = 0). Significant positions
after false discovery rate (FDR) correction are shown in red. (C) Distribution of entropy differences
(Hdiff) across the protein sequence by residue position. Positive values indicate higher variability
in the query set (treated) relative to background (naïve), while negative values indicate reduced
variability. Residues 60 and 75 show the strongest and most statistically robust deviations and remain
significant after Benjamini–Hochberg FDR correction (FDR < 0.05).

2.5. Drug Resistance Mutations

At baseline, protease mutations associated with PI resistance (major and/or accessory)
were slightly more frequent in ART-experienced participants (6/14, 43%) than in ART-naïve
participants (5/13, 38%) (Figure 4A; Tables S6 and S8). Four ART-experienced individuals
(21.4%) carried major resistance mutations (PTHSM1, PTHSM3, PTHSM4, PTHSM11) with
mutations fixed in the viral population in two participants and mutations present at lower
frequencies in the remaining participants (≤50% of clones). The most frequent major
resistance mutations among these participants were I54M, I82F, I84V, and L90M, present in
two (14.3%) participants each. Accessory resistance mutations were more common, detected
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in all but one ART-experienced participant (83.3%), with three individuals showing fixation
across all clones.

Figure 4. Genotypic and estimated phenotypic resistance. (A) Frequency of PI resistance-associated
mutations in the study population. Results are shown separately for ART-experienced and ART-
naïve participants and further divided by study timepoint (study entry vs. study end in year 8).
(B) Level of resistance to each drug among participants with resistance mutations as assessed using
HIV-2EU 4. Results are shown separately for ART-experienced and ART-naïve participants and
further divided by study timepoint (baseline vs. study end in year 8). The figure is intended
as a descriptive and exploratory visualization of temporal patterns rather than a formal paired
comparison between baseline and year-8 resistance profiles. Longitudinal interpretation should be
performed cautiously because follow-up data were incomplete for some participants and the number
of clones analyzed differed across time points. Drug abbreviations: IDV/r—indinavir/ritonavir;
SQV/r—saquinavir/ritonavir; DRV/r—darunavir/ritonavir; LPV/r—lopinavir/ritonavir.

Among the ART-naïve participants, three individuals (23.1%) carried major resistance
mutations. Here, however, major mutations never exceeded 36.4% of clones, while acces-
sory mutations displayed striking heterogeneity, ranging from rare (1% of clones) to fixed
(100%). Among these participants, L90M was the most frequent major resistance mutation
(15%), followed by I84V (8%).
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By year 8, all participants with available clonal sequences (n = 9) were receiving
antiretroviral therapy (ART), either from the start of the study (n = 6) or after initiating treat-
ment between two- and eight-years post-enrollment (n = 3). Two individuals, PTHSM11
and PTHSM12, carried two to three major resistance mutations, with I54M being the most
common, while PTHSM18 acquired an accessory resistance mutation (V10I) (Figure 4A;
Tables S7 and S8). While PTHSM11 showed a doubling of major resistance mutations
compared to study entry, no resistance mutations were present at baseline in PTHSM12
and PTHSM18. Major (PTHSM1, PTHSM14) or accessory (PTHSM27) resistance mutations
detected at baseline were not detected at study end in three participants (33.3%). Finally,
participants PTHSM6, PTHSM13, and PTHSM26 remained free of resistance mutations
throughout the study.

Overall, the longitudinal patterns observed across participants highlight substantial
heterogeneity, including persistence, apparent emergence, and non-detection of previ-
ously identified mutations during ART. Despite this variability, a subset of participants-
maintained mutation-free profiles, underscoring the potential for durable viral suppression
under effective therapy.

2.6. Impact of PI Resistance-Associated Mutations

Of the four ART-experienced individuals who showed resistance mutations at the
start of the study, three (PTHSM3, PTHSM4 and PTHSM11) were resistant or intermediate
resistant to all five PIs (Figure 4B). By the end of the study, both participants with resistance
mutations (PTHSM11 and PTHSM12) exhibited resistance or intermediate resistance to all
PIs. The three ART-naïve individuals with drug resistance mutations (PTHSM14, PTHSM23
and PTHSM25) showed intermediate resistance to all PIs.

The clinical impact of PI resistance was evident in both PTHSM3 and PTHSM4, who
died during the study. At the start of the study, both individuals exhibited viral loads (VLs)
of >100,000 and 75,571 HIV-2 RNA copies/mL, respectively. PTHSM3, who was receiving
DRV/r-based treatment, harbored mutations I84V and L90M, which are associated with
resistance to this drug [28], in all proviral DNA clonal sequences obtained at baseline
(Tables S6 and S8). The VL remained detectable one year later, accompanied by persistently
low CD4+ T cell counts, and the individual subsequently died. PTHSM4, who was initially
on an LPV/r-based regimen, harbored I54M, I82F and L90M mutations in all baseline
proviral DNA clones, which confer resistance to all PIs [28]. Despite transitioning to an
SQV/r-based regimen, the individual experienced continued immunological decline and
died two years after study entry, consistent with treatment failure.

Participants PTHSM1 and PTHSM14 lost their major resistance mutations (I84V and
L90M, respectively) during the follow-up period (Table S7). PTHSM14 started treatment
in the fifth year of the study, taking DRV/r + RAL, which led to undetectable VL and
complete immunological recovery with a CD4+ T cell count of 1369 cells/mm3 at the end
of the study. Similarly, PTHSM1 maintained an undetectable VL and elevated CD4+ T cell
counts throughout the study period with an LPV/r-based regimen.

PTHSM12 exhibited fluctuating CD4+ T cell counts and VL throughout the study.
The participant was initially on an SQV/r-based regimen, which was switched to LPV/r
in year 2 and subsequently to a DRV/r-based regimen from year 3 to 8. In the final
genotypic analysis, resistance mutations I54M and I84V were identified in one clone, both
associated with resistance to DRV/r [28]. Despite low CD4+ T cell counts (163 cells/mm3),
the participant completed the study with a suppressed VL.

PTHSM11 was taking an LPV/r-based regimen at baseline and exhibited major resis-
tance mutations (I54M, I82F) in one of two sequenced clones (Tables S6 and S8). In response
to a high VL (9309 HIV-2 copies/mL) and decreasing number of CD4+ T cells (from 161 to
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124 cells/µL) at year 1, treatment was switched to an SQV/r-based regimen, followed by a
transition to DRV/r-based regimens in year 3. By year 8, the patient had achieved virologic
suppression and CD4+T cells rose to 420 cells/µL; however, two additional resistance
mutations, L90M and V47A, were detected, neither of which had been present at baseline
(Table S7). The final mutation profile of this participant is usually associated with resistance
to all PIs [28].

3. Discussion
This study provides longitudinal insight into HIV-2 genetic diversity, archived drug

resistance, and clinical evolution in a Portuguese cohort followed over eight years. Using
proviral DNA clonal sequencing, we identified resistance-associated mutations in both
ART-naïve and ART-experienced individuals and evaluated their relationship with long-
term clinical and evolutionary patterns. These findings support the utility of proviral
DNA genotyping for studying resistance in individuals with low or undetectable plasma
viral loads.

Longitudinal CD4 analysis incorporating time-updated ART exposure demonstrated
substantial between-patient variability in both baseline values and temporal trajectories.
Model comparison strongly supported inclusion of patient-specific slopes, indicating
marked inter-individual heterogeneity in CD4 evolution over time. Although no sta-
tistically significant associations were observed for ART status, follow-up time, or their
interaction in the mixed-effects model, these findings were consistent with results from
sensitivity analyses using generalized estimating equations (GEE), which also showed no
significant population-averaged effects of ART exposure or time. Similar heterogeneity
in longitudinal CD4 trajectories has been reported in HIV-1 cohorts, where substantial
inter-individual variation persisted despite long-term antiretroviral therapy and virological
suppression [29]. In addition, HIV-2 infection has been associated with heterogeneous
immunological responses and slower or less predictable CD4 recovery patterns compared
with HIV-1 [30]. Notably, participants receiving ART in our cohort had substantially lower
baseline CD4 counts than untreated individuals, suggesting differences in disease stage
at treatment initiation that may have contributed to divergent immunological trajectories.
Overall, these findings suggest that CD4 dynamics in this cohort may be primarily driven
by individual-level factors rather than by uniform, treatment-associated trends. This hetero-
geneity could be due to differences in treatment history, adherence, infection duration, host
characteristics or baseline immune status that are not accounted for in the current model.

Site-specific entropy analysis showed that sequence diversity differences between
ART-experienced and ART-naïve individuals were restricted to a small number of discrete
protease residues rather than distributed broadly across the protein. After correction for
multiple testing, only positions 60 and 75 remained significant. Position 60 exhibited
increased diversity in treated individuals, whereas position 75 showed reduced diversity,
indicating distinct directions of entropy shift. In the longitudinal comparison between
baseline and study-end samples from treated participants, only residue 21 remained signifi-
cant after FDR correction. Although these positions are not currently recognized as major
HIV-2 PI resistance sites [12,31], their localized changes in diversity may reflect treatment-
associated evolutionary processes or selective pressures acting on the viral reservoir.

Importantly, 21.4% of ART-experienced individuals and 23.1% of ART-naïve individu-
als carried at least one proviral clone containing major PI resistance mutations at baseline.
The most frequently observed mutations included I54M, I82F, I84V, and L90M, which
have been associated with resistance to clinically relevant HIV-2 protease inhibitors [12,31].
While directly comparable proviral HIV-2 datasets are limited, previous studies have
demonstrated persistence of archived resistance mutations in proviral reservoirs despite
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sustained virological suppression [12]. The unexpectedly high prevalence of resistance
mutations among ART-naïve participants may reflect transmitted resistance or undocu-
mented prior treatment exposure and highlights the potential clinical relevance of baseline
resistance assessment [21,32,33].

Longitudinally, resistance trajectories varied across participants, including persistence,
apparent emergence, and non-detection of previously identified mutations. Detection
of resistance-associated mutations in ART-treated individuals with sustained virologic
suppression (e.g., PTHSM11 and PTHSM12) suggests that these variants may persist within
the proviral reservoir over extended periods despite effective treatment [34–39]. However,
absence of a previously detected mutation cannot be interpreted as definitive loss of that
variant because follow-up sequence numbers were lower and clone sampling depth varied
across timepoints. Therefore, these findings should be interpreted cautiously.

The favorable clinical outcomes observed in some participants despite detectable
resistance-associated mutations may partly reflect regimen optimization during follow-up,
including initiation or switching to darunavir/ritonavir-based therapy. Darunavir has
a high genetic barrier to resistance, and isolated mutations such as I54M or I84V alone
may not substantially reduce susceptibility [31]. Improved tolerability and adherence
associated with newer regimens may also have contributed to sustained immunologic
benefit. Although this cohort reflects historical treatment strategies (2007–2015), including
indinavir/ritonavir and saquinavir/ritonavir, these regimens are now largely obsolete.
However, several protease inhibitor resistance-associated mutations identified in this study
(e.g., I54M, I82F, I84V, L90M) confer cross-resistance across the PI class, including agents
still used in HIV-2 treatment such as darunavir/ritonavir. Therefore, archived resistance
patterns remain relevant for understanding long-term resistance persistence and for inter-
preting contemporary resistance profiles.

We acknowledge that alternative sequencing strategies, particularly next-generation
sequencing (NGS), offer important opportunities for studying archived HIV-2 drug resis-
tance. NGS enables high-throughput analysis of large numbers of samples, increasing
statistical power for inter-participant comparisons and supporting broader epidemiolog-
ical assessments of resistance patterns [40–42]. At the same time, accurate haplotype
reconstruction using NGS can be challenging due to higher per-base error rates, shorter
read lengths, and the need for complex bioinformatic processing, which, if not carefully
controlled, may inflate estimates of viral diversity [42,43]. Moreover, while NGS is now
widely implemented and standardized for HIV-1 resistance testing, its application to HIV-2
remains comparatively less mature, with fewer validated assays, reference datasets, and an-
alytical frameworks available [41,44,45]. Practical considerations, including infrastructure
requirements, cost, quality assurance, and the need for specialized expertise, may also limit
routine implementation in some settings [40]. In this context, we selected a cloning-based
Sanger sequencing approach, which provides highly accurate, full-length reads, preserves
linkage between resistance mutations, and supports robust phylogenetic reconstruction of
individual proviral haplotypes. This approach is particularly well suited to longitudinal
analyses of the HIV-2 reservoir, as it enables precise tracking of specific resistance variants
within and between participants over time.

Several limitations should be considered. Proviral DNA may contain archived
or defective genomes and therefore may not fully reflect actively replicating viral
populations [46–49]. In addition, clonal sequencing and variable clone numbers may intro-
duce sampling bias and limit detection of low-frequency variants [50,51]. The retrospective
design resulted in incomplete clinical information, including limited data on duration of in-
fection, prior ART exposure, and treatment adherence before study inclusion. Longitudinal
follow-up was additionally affected by patient loss to follow-up, deaths, and incomplete
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viral load data at later timepoints, potentially introducing survivorship and ascertainment
biases [52]. Despite these limitations, the use of longitudinally collected samples combined
with haplotype-resolved proviral sequencing provides valuable insight into long-term
HIV-2 reservoir evolution and resistance dynamics in a real-world clinical setting.

4. Materials and Methods
4.1. Ethics Statement

The study was approved by the Ethics Committee of the Hospital de Santa Maria,
Lisbon, Portugal (Process number: 465/09), and was conducted according to the Declaration
of Helsinki. Written informed consent was obtained from all the participants.

4.2. Study Population and Data Collection

This retrospective longitudinal study examined 27 people living with HIV-2 (PLWHIV-2)
who were monitored at Hospital de Santa Maria in Lisbon, Portugal, from 2007 to 2015.
Demographic characteristics, clinical outcomes, immunovirological parameters, and ART
usage data were obtained from the patients’ medical records. At the beginning of the
study, the participants were classified as either ART-experienced (n = 14) or ART-naïve
(n = 13). Three individuals in the ART-naïve group started ART during the follow-up
period. Plasma viral load was determined using an in-house test with a quantifica-
tion limit of 40 HIV-2 RNA copies/mL. Viremia was categorized as either undetectable
(<40 HIV-2 RNA copies/mL) or detectable (≥40 HIV-2 RNA copies/mL).

4.3. HIV-2 DNA Extraction

Blood samples were collected in EDTA tubes. PBMCs were isolated by centrifu-
gation through a Ficoll-Hypaque gradient (Ficoll-Paque™ PLUS, GE Healthcare, Upp-
sala, Sweden). Proviral DNA was extracted from the PBMCs using the Wizard® Ge-
nomic DNA Purification Kit (Promega Corporation, Madison, WI, USA), according to the
manufacturer’s protocol.

4.4. PCR Amplification, Cloning and Sequencing

The HIV-2 protease coding region (PR) was amplified from proviral DNA us-
ing BIOTAQ™ DNA polymerase (Bioline, London, UK) and the primer set CRPR1
(5′-CCTAGAAGACAGGGMTGCTGGAA-3′; positions 2314–2336 in HIV-2ALI) and CRPR2
(5′-AGCATYCTCCATTTGTTYTTGTC-3′; positions 3148–3126). A nested PCR was then
performed with a different primer set: CRPR3 (5′-TGCTGCACCTCAATTCTCTCTTTGGA-
3′; positions 2624–2649) and CRPR4 (5′-TTGGTCCATCTTTYCCWGGCTT-3′; positions
2985–2964).

The thermocycling conditions consisted of an initial denaturation step at 95 ◦C for
2 min, followed by 40 cycles of denaturation at 94 ◦C for 1 min, annealing at 59 ◦C for
1 min and extension at 72 ◦C for 1 min, and a final extension step at 72 ◦C for 15 min. DNA
amplification was performed using a Biometra T-Gradient ThermoBlock Thermocycler
(Biometra, Jena, Germany). The amplified products were cloned into pCR4-TOPO® (Invit-
rogen, Waltham, MA, USA) and sequenced using an ABI PRISM® BigDye® Terminator v3.1
Cycle Sequencing Kit (Applied Biosystems, Foster City, CA, USA). Sanger sequencing was
performed using the primers CRPR3 and CRPR4 with an annealing temperature of 61 ◦C.
Capillary electrophoresis was conducted on an ABI 3100-Avant Genetic Analyzer (Applied
Biosystems, CA, USA).
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4.5. HIV-2 Genotype and Phylogenetic Analysis

Protease coding nucleotide sequences were aligned to HIV-2 reference sequences ob-
tained from the Los Alamos database (https://www.hiv.lanl.gov, accessed on 1 March 2026)
using the Clustal W algorithm implemented in the ClustalX 2.1 software [53] and manual
adjustments were made using Genedoc [54]. All nucleotide sequences were screened for
evidence of APOBEC-mediated hypermutation using the Los Alamos Hypermut v3 tool
(https://www.hiv.lanl.gov/content/sequence/HYPERMUT/hypermutv3.html, accessed
on 1 March 2026) [55].

The IQ-Tree 1.6.11 software [56] was used to construct a Maximum Likelihood tree
(ML) under the best fit evolutionary model TIM2+F+R4 selected using Model Finder
module [57] and the Akaike information criterion, with 1000 bootstrap replicates. Clusters
with bootstrap values of at least 70% were considered significant. Final visualization and
annotation of the ML tree was performed using iTOLV6 (https://itol.embl.de/, accessed
on 1 March 2026) [58].

4.6. Analysis of Drug Resistance Mutations

PI resistance-associated mutations and their estimated phenotypic impact were identi-
fied using the Stanford HIVdb Program for HIV-2 (beta) (https://hivdb.stanford.edu/
hivdb/hiv2/by-sequences/, accessed on 10 March 2026) and HIV-2EU 4.0 (https://
www.hiv-grade.de/HIV2EU/deployed/grade.pl?program=hivalg, accessed on 10 March
2026) [28].

4.7. Shannon Entropy Analysis

Site-specific amino acid diversity within HIV-2 protease (PR) sequences was quantified
using Shannon entropy, where higher values indicate greater sequence variability and lower
values indicate increased conservation. Entropy was calculated for each amino acid position
in aligned PR sequences using the ENTROPY tool from the Los Alamos National Laboratory
(LANL) HIV database. Sequences were partitioned into background and query datasets
according to the comparison being performed. For each residue position, entropy values
were calculated from amino acid frequency distributions within each dataset, and entropy
differences (Hdiff) were computed to quantify site-specific variation between groups.

Statistical significance of entropy differences was evaluated using a permutation-
based non-parametric framework. For each amino acid position, 10,000 randomized
datasets were generated by permuting group labels while preserving dataset structure.
Site-specific empirical null distributions of Hdiff values were constructed, and empirical p-
values were calculated as the proportion of permutations with absolute entropy differences
greater than or equal to the observed value. To account for multiple testing across amino
acid positions, p-values were adjusted using the Benjamini–Hochberg false discovery
rate (FDR) procedure [59]. Positions with FDR-adjusted p-values < 0.05 were considered
statistically significant.

4.8. Statistical Analysis

Baseline demographic and clinical characteristics, including ART status, were sum-
marized using descriptive statistics. Continuous variables are presented as median and
interquartile range (IQR), while categorical variables are presented as counts and percent-
ages. Continuous variables were compared using the Mann–Whitney U test. All statistical
tests were two-sided, and p-values < 0.05 were considered statistically significant.
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4.9. Longitudinal CD4 Analysis

Longitudinal CD4 dynamics were evaluated using linear mixed-effects models to
account for repeated measurements within individuals over time. CD4 count was modeled
as the dependent variable, with antiretroviral therapy (ART) status, time since baseline
(Year_centered), and their interaction included as fixed effects. ART was treated as a time-
varying covariate, updated according to documented treatment status at each follow-up
visit. Time was centered at baseline (Year = 0).

To account for within-subject correlation and inter-individual heterogeneity in CD4
trajectories, patient identity was included as a random effect, with both random intercepts
and random slopes for time. Model selection was performed using Akaike Information
Criterion (AIC), comparing random-intercept and random-slope structures.

Sensitivity analyses were conducted using generalized estimating equations (GEE) with an
exchangeable correlation structure to evaluate population-averaged longitudinal effects.

Models were fitted using restricted maximum likelihood (REML), and fixed effects
were assessed using Satterthwaite’s approximation for degrees of freedom.

Longitudinal analyses were performed in R version 4.6.0 (24 April 2026) [60] using the
packages lme4 [61], lmerTest [62], and nlme [63,64].

5. Conclusions
Proviral DNA genotyping identified archived and evolving resistance-associated mu-

tations in HIV-2 and provided longitudinal insight into reservoir dynamics in individuals
with low or undetectable viremia. These findings support the value of proviral sequenc-
ing as a complementary approach for resistance assessment and long-term monitoring of
HIV-2 infection.
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