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Objective: To analyze the antiretroviral resistance in people living with HIV (PLWH) who developed low-level viremia (LLV) during 
antiretroviral therapy (ART) via sequencing of their HIV-1 proviral DNA and RNA and comparisons of their proviral DNA genotyping 
data with their past and synchronous RNA genotyping data.
Patients and Methods: PLWH with LLV while receiving ART for 6 months or longer from January 2020 to September 2021 were included. 
HIV-1 proviral DNA and RNA were extracted from white-blood cells and concentrated plasma by ultracentrifugation, respectively, and HIV-1 
pol gene fragments were amplified and sequenced. The concordance in the detection of resistance-associated mutations (RAMs) were examined 
between proviral DNA vs past RNA genotyping and proviral DNA vs synchronous RNA genotyping.
Results: Of the 150 PLWH with LLV, 117 proviral DNA pol sequences detected in 105 PLWH were successfully amplified and RAMs 
were present in 27.6% and the rate of RAMs conferring low-level or greater resistance to antiretrovirals examined was 17.1%. Fifty- 
six and 57 PLWH had results of past and synchronous RNA genotyping, respectively, for comparisons with those of proviral DNA 
genotyping; and the concordance rates were 76.8% and 75.4%, respectively. However, proviral DNA genotyping lost than gained 
partial information on antiretroviral resistance compared with past or synchronous RNA genotyping.
Conclusion: We found that the concordance between proviral DNA and past and synchronous RNA genotyping was moderate. 
Proviral DNA genotyping lost than gained more information on antiretroviral resistance compared with past or synchronous RNA 
genotyping. To optimize ART in PLWH with LLV, antiretroviral resistance profile should be interpreted in combination with proviral 
DNA and RNA genotyping and a comprehensive review of previous treatment history.
Keywords: genotypic resistance testing, resistance-associated mutation, nucleoside reverse-transcriptase inhibitor, non-nucleoside 
reverse-transcriptase inhibitor, protease inhibitor

Introduction
Antiretroviral therapy (ART) can effectively suppress HIV-1 replication and maintain plasma viral load (VL) below the 
detection limit for most of the people living with HIV (PLWH) who adhere to the regimens prescribed,1 which helps 
reduce morbidity, mortality, and HIV-1 transmission, and consequently result in improving life expectancy of PLWH. 
However, in approximately 3–10% of PLWH receiving ART, low-level viremia (LLV) may occur.2 LLV usually refers to 
VL of 50–1000 copies/mL after ART.3 Although LLV is not equivalent to virological failure (VF), it was reported that the 
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presence of LLV may result in emergence of antiretroviral resistance and increased risk for VF.4,5 Therefore, standard 
genotyping resistance testing (GRT) in PLWH with LLV can provide clinicians with additional valuable information for 
designing more specific and effective antiretroviral treatment strategies to reduce the risk of VF.

The Department of Health and Human Services (DHHS) guidelines suggest that PLWH with virologic failure (VF) 
and HIV-RNA levels >200 copies/mL undergo HIV drug-resistance testing to assist the selection of active 
antiretrovirals.6 The World Health Organization (WHO) guidelines recommend conducting GRT when VL is greater 
than 1000 copies/mL during ART and adjustment of treatment regimens based on the results of GRT.7 However, when 
VL is <1000 copies/mL, the low concentration of virus in plasma significantly reduces the success rate with conventional 
GRT. Therefore, there are challenges to the conventional genotyping in PLWH with LLV.

One possible approach to detection of antiretroviral resistance in PLWH with LLV is to sequence proviral HIV-1 
DNA. Some studies have shown that proviral DNA sequencing cannot identify all resistance-associated mutations 
(RAMs) compared with RNA sequencing after ART initiation,8,9 while other studies indicated a good agreement between 
the two methods and suggested that RAMs detected by proviral DNA GRT could predict VF.10,11 In this study, we aimed 
to compare the results of proviral DNA genotyping with those of RNA genotyping performed on the same day and those 
of historical RNA genotyping to investigate the concordance rates between proviral DNA genotyping and RNA 
genotyping and whether proviral DNA genotyping can provide additional information.

Materials and Methods
Study Participants
PLWH who had received ART for at least 6 months were recruited at Beijing Youan Hospital in January 2020 and were 
followed until September 2021. The inclusion criteria were as follows: PLWH having at least two documented VL 
testing; and having at least one VL of 50–1000 copies/mL during follow-up. Exclusion criteria were PLWH without 
follow-up after ART initiation; and those without important information such as HIV transmission route, 
baseline CD4+T cell count and VL, history of previous VF, time since ART initiation, number of antiretrovirals since 
ART initiation, number of past RNA genotyping, and follow-up time et al.

The study was approved by the Research Ethics Committee of Beijing Youan Hospital, Capital Medical University 
(approval number: LL-2020-127-K) and the study conduct adhered to the Declaration of Helsinki. All PLWH participat-
ing in this study provided written informed consent.

Data Collection
Demographic and clinical data, such as age, gender, HIV transmission route, time since ART initiation, VL and 
CD4+T cell count at baseline and after ART, and the number of antiretrovirals since ART initiation were collected 
from the database of the National Free Antiretroviral Treatment Program. The results of previous HIV-1 RNA genotyping 
tests were retrieved from hospital medical records.

LLV was defined as having at least once VL of 50–1000 copies/mL after 6 months of ART. Persistent LLV (pLLV) 
was defined as two or more consecutive VL of 50–1000 copies/mL, at least 1 month apart, and otherwise intermittent 
LLV (iLLV/blip).12

Sample Collection and HIV-1 viral load testing
All included PLWH were routinely followed for VL testing every 6 to 12 months after ART initiation. If more than one episode of 
LLV occurred, only the first episode of LLV was included for analysis. The subsequent follow-up visit after LLV occurred was 
every 3 months. The observation continued until loss to follow-up, occurrence of VF (defined as VL >1000 copies/mL at least 
once after 6 months of ART), death or end date of this study on 31 September 2021, whichever occurred earlier.

The peripheral venous blood was collected at each follow-up visit and the sample was centrifuged at 3000 r/min for 
10 min at room temperature within 6 hours. Plasma and the concentrated white-blood cells (buffy coat) were frozen at 
−80°C for further testing. Abbott Real-Time HIV-1 RNA Test was performed with the Abbott molecular m2000 system 
(Abbott Diagnostics Inc, USA), according to the manufacturer’s instructions.
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HIV-1 Pol Gene Amplification
DNA extraction and PCR amplification were performed as follows: HIV-1 DNA was extracted from buffy coat using 
a DNA Extraction kit (SUPBIO, Guangzhou) for pol gene amplification with the use of nested polymerase chain reaction 
(PCR). The target pol gene fragments included the entire protease (PR 1–99 aa) and mostly reverse transcriptase (RT, 1– 
320 aa) regions. The amplified products were detected by 1% agarose gel electrophoresis, after which positive amplicons 
were sent to Beijing SinoGenMax Limited Company for Sanger sequencing.

RNA extraction and RT-PCR amplification were performed as follows: about 1 mL of plasma was dispensed into 
2 mL Eppendorf centrifuge tubes and then centrifuged at 20,000×g for 1h at 4°C. Next, the supernatant was gently 
removed, leaving about 50 µL of the concentrated solution at the bottom; 120 µL of Abbott m2000 lysis solution was 
added, lysing for 10 min for RNA extraction. HIV-1 RNA was extracted from plasma using QIAamp Viral RNA Mini Kit 
(Qiagen, USA) for pol gene amplification using reverse transcription and nested-PCR. The remaining steps were the 
same as DNA. Sequences of primers for amplification are shown in Table S1.

Analysis of Subtype sequences and Detection of RAMs
Sequence data were edited and assembled with Sequencher version 5.0, and the pol sequences were manually corrected 
with BioEdit software version 7.2.6.1. HIV-1 subtyping was performed using the COMET HIV-1 (https://comet.lih.lu). 
RAMs and the levels of resistance were interpreted using the Stanford University HIV Drug-Resistance Database (https:// 
hivdb.stanford.edu). According to the results, HIV-1 drug resistance levels were divided into five categories: susceptible, 
potential low-level resistance, low-level resistance, intermediate resistance, and high-level resistance. Low-level or above 
resistance was considered drug resistance in this study.

Statistical Analysis
For continuous variables, descriptive statistics are presented as medians with interquartile ranges (IQRs), and for 
categorical variables, as counts and proportions. A scoring system was used in order to assess the information gained 
or lost by proviral DNA genotyping results. The detailed information was as follows: compared with RNA genotyping 
results, RAM identified in RNA but not in proviral DNA genotyping was defined as a score of −1. Conversely, if RAM 
found in proviral DNA was not in RNA genotyping, the score was 1. A score of 0 indicated that RAM was consistent 
both in proviral DNA and RNA genotyping. An increase or decrease in scores indicated the amount of information 
gained or lost from proviral DNA genotyping compared with RNA genotyping. If the same individual had successful 
amplification of several sequences at different time points, the resistance analysis would mainly focus on the sequences 
with more information. All statistical analyses were performed with SPSS (IBM SPSS Statistics, version 26.0).

Results
Study Population
Among 10693 PLWH who were screened, 228 (2.1%) experienced LLV during follow-up; after excluding those who 
were unable or unwilling to provide informed consent, 150 were included in the analysis (Figure 1). Among them, 49 
patients (32.7%) developed pLLV and 101 (67.3%) developed iLLV/blip. Table 1 shows the characteristics of the 
included PLWH. Of those 150 PLWH, 142 (94.7%) were male and their median age was 37 years (IQR, 32–46). The 
median ART duration was 3.12 years (IQR 1.10–5.23) and the median follow-up time was 5.13 months (range, 2.97 to 
8.12). One hundred and seventeen (78.0%) PLWH had been receiving regimens containing 2 nucleoside reverse- 
transcriptase inhibitors (NRTIs) plus 1 non-nucleoside reverse-transcriptase inhibitor (NNRTI) when LLV occurred and 
22 (14.7%) had experienced VF before developing LLV. PLWH had received a median of 1 (IQR 1–2) RNA genotyping 
test from ART initiation before proviral DNA genotyping. Finally, 7 PLWH (4.7%) developed VF, and 3 (2.0%) were lost 
to follow-up or transferred out of care.
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DNA Samples Amplification
A total of 154 blood samples were collected from 150 PLWH, including 137 samples with VL 50–200 copies/mL, 9 with VL 201– 
400 copies/mL, and 8 with VL 401–1000 copies/mL. In total, 125 proviral DNA sequences and 95 ultracentrifuged synchronous 
RNA sequences were obtained after amplifying 154 samples with VL of 50–1000 copies/mL. By combining past RNA sequences, 
ultracentrifuged synchronous RNA sequences, and proviral DNA sequences, the phylogenetic trees were constructed using 
the neighbor-joining (NJ) method to determine whether different sequences originating from the same individual in order to 
eliminate potential risk of laboratory contamination. Eight proviral DNA sequences that were not clustered with other sequences 
in the phylogenetic trees were removed, which left 117 DNA sequences from 105 PLWH for analysis, giving an overall 
amplification success rate of 76.0%. The entire analysis flow is presented in Figure 1 and the details of amplification are 
shown in Table 2. Evolutionary tree is presented in Figure S1.

RAMs Detected in Proviral DNA Genotyping
RAMs were identified in 29 out of 105 PLWH, with an overall resistance mutation rate of 27.6%. RAMs to NNRTIs accounted for 
22.9% (24/105), with the most common mutations being V106I/M and V179D/E/L, which accounted for 10.5% (11/105) and 

total of 10693 patients on ART were screened

228 patients experienced LLV during follow-up

total of 150 patients were included

78 PLWH unable to provide written informed 
consent or unwilling to participate in the study 

were excluded

total of 154 blood samples were included

91 blood samples from 1 
follow-up point of 91 patients

60 blood samples from 2 
follow-up points of 30 patients

3 blood samples from 3 
follow-up points of 1 patient

95 ultracentrifuged RNA Sequences

137 samples with VL 50-200 copies/mL
9 samples with VL 201-400 copies/mL
8 samples with VL 401-1000 copies/mL

amplified 154 VL samples with 50-1000 copies/mL 

117 DNA sequences from 
105 patients

remove 8 RNA sequences
that are not clustered with

other sequences in the 
phylogenetic trees

87 ultracentrifuged RNA 
sequences from 70 patients

125 DNA sequences

combined past RNA, ultracentrifuged RNA, and DNA sequences
 to construct evolutionary trees using the NJ method

remove 8 proviral DNA sequences
that are not clustered with other 
sequences in the phylogenetic

trees

Figure 1 Study flow. 
Abbreviations: ART, antiretroviral therapy; LLV, low-level viremia; NJ, neighbor-joining; VL, viral load.
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11.4% (12/105), respectively. The proportion of RAMs to NRTIs and protease inhibitors (PIs) was 10.5% (11/105) and 4.8% (5/ 
105), respectively, with the most common RAMs to NRTIs being M184V/I (7.6%, 8/105), and those to PIs being M46L and L33F 
each accounting for 1.9% (2/105).

Table 1 Characteristics of the included people living with HIV (PLWH) who presented with low-level viremia

characteristics Total  
(n=150)

PLWH with DNA 
Genotyping 

(n=105)

PLWH with RAM Conferring 
low-Level or Above Resistance 

(n=18)

Sex

Female 8 (5.3) 7 (6.5) 0 (0.0)
Male 142 (94.7) 98 (93.3) 18 (100.0)

Age

Median (IQR), years 37 (32–46) 39 (33–48) 38 (35–48)
Risk group for HIV transmission

MSM 116 (77.3) 84 (80.0) 15 (83.3)
Heterosexuals 15 (10.0) 11 (10.5) 2 (11.1)

PWID 4 (2.7) 2 (1.9) 0 (0.0)

Unknown 15 (10.0) 8 (7.6) 1 (5.6)
VL at LLV (copies/mL)

50–200 118 (78.7) 81 (77.1) 15 (83.3)

201–400 16 (10.7) 13 (12.4) 1 (5.6)
400–1000 16 (10.7) 11 (10.5) 2 (11.1)

Virological failure ever occurring

Yes 22 (14.7) 15 (14.3) 4 (22.2)
No 128 (85.3) 90 (85.7) 14 (77.8)

CD4+T cell count at LLV, median (IQR), cells/µL 488.2 (289.8–699.9) 490.2 (296.1–700.5) 424.6 (262.0–561.6)

Time since ART initiation, median (IQR), years 3.1 (1.1–5.2) 3.1 (1.0–4.8) 3.3 (1.0–6.8)
Treatment regimen when LLV was detected

2NRTI+NNRTI 117 (78.0) 80 (76.2) 13 (72.2)

2NRTI+PI 19 (12.7) 10 (9.5) 2 (11.1)
2NRTI+INSTI 12 (8.0) 14 (13.3) 3 (16.7)

2NRTI 1 (0.7) 0 (0.0) 0 (0.0)

NRTI+NNRTI 1 (0.7) 1 (1.0) 0 (0.0)
Number of antiretrovirals since ART initiation 4 (3–5) 4 (3–5) 4.0 (3.8–5.0)

Number of RNA genotyping performed before inclusion 1 (1–2) 1 (1–2) 1 (1–2)

Duration of follow-up, median (IQR), months 5.1 (3.0–8.1) 5.4 (3.0–8.7) 6.0 (3.5–10.2)

Notes: DNA genotyping indicates the patients who were successfully amplified and sequenced. Drug resistance indicates the patients who were identified with resistance 
mutations. 
Abbreviations: ART, antiretroviral therapy; INSTI, integrase strand-transfer inhibitor IQR, interquartile range; LLV, low-level viremia; NRTI, nucleoside reverse-transcriptase inhibitor; 
NNRTI, non-nucleoside reverse-transcriptase inhibitor; MSM, men who have sex with men; PI, protease inhibitor; PWID, people who injected drugs; VL, viral load.

Table 2 Sequencing results of DNA samples

VL (Copies/mL) Total  
Number

Number of Success 
Sequencing

Success Rate of 
Sequencing (%)

Inferred Drug 
Resistance

Incidence of 
Resistance (%)

SN1 (PN1) SN2 (PN2) SN2/SN1 SN3 (PN3) PN3/PN2

50–200 137 (114) 106 (97) 77.4 18 (17) 17.5

201–400 9 (9) 7 (7) 77.8 1 (1) 14.3

401–1000 8 (8) 4 (4) 50.0 1 (1) 25.0
Total 154 (122) 117 (105) 76.0 20 (18) 17.1

Abbreviations: VL, viral load; SN, samples number; PN, patients number.
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Resistance to Commonly Used ARVs
According to the Stanford University HIV Drug-Resistance Database, 18 RAMs (17.1%, 18/105) were categorized as 
conferring low-level or above resistance and 11 (10.5%, 11/105) potential resistance. RAMs conferring low-level or 
above resistance to zidovudine, lamivudine, and tenofovir disoproxil fumarate accounted for 1.9% (2/105), 7.6% (8/105), 
and 1.9% (2/105), respectively. RAMs to efavirenz and nevirapine accounted for 9.5% (10/105) and 10.5 (11/105), 
respectively, while RAMs to ritonavir-boosted lopinavir were not found.

Detection of Antiretroviral Resistance by Proviral DNA and RNA Genotyping
After sequence alignment by phylogenetic analysis, 57 of 105 (54.3%) PLWH with successful proviral DNA genotyping had 
simultaneously obtained RNA sequences from the same blood sample, and 56 (53.3%) PLWH had past RNA sequences for 
analysis, which included 35 before initiation of ART, 11 who developed VF during ART, and 10 who developed LLV during 
ART. The median interval between the performance of past RNA and proviral DNA genotyping was 1.66 years (IQR 0.77– 
3.02). Therefore, two groups were defined for comparisons: 56 PLWH with both proviral DNA and past RNA genotyping 
(Group 1); and 57 PLWH with both proviral DNA and RNA genotyping obtained on the same day (Group 2).

As shown in Figure 2, a total score of 0 indicated that, compared with RNA genotyping, proviral DNA genotyping 
results showed no increase or decrease in RAMs. The concordance rates of RAMs for Groups 1 and 2 were 76.8% (43/ 
56) and 75.4% (43/57), respectively. There were more PLWH with loss than gain in the resistance information (Group 1: 
score of <0, 16.1% and score of >0, 7.1%; Group 2: score of <0, 21.1% and score of >0, 3.5%) with proviral DNA 
genotyping compared to compared with past or synchronous RNA genotyping.

Comparisons of RAMs to individual antiretrovirals are summarized in Figure 3A for group 1 and Figure 3B for group 
2. As shown in Figure 3A, compared with past RNA genotyping, the loss of information on RAMs in proviral DNA 
genotyping could be found within all classes of antiretrovirals, which is also shown in Figure 3B.

Discussion
Currently, two hypotheses have been proposed to explain the underlying mechanisms of LLV. One suggests that low- 
level viral replication is probably derived from resting CD4+T lymphocytes as the HIV-1 reservoir. These latently 
infected CD4+T lymphocytes become activated, resulting in clonal expansion to produce virus particles.13,14 Another 
hypothesis is that ART may not completely suppress viral replication, and the insufficient antiretroviral concentrations in 
the sanctuary site may lead to active virus replication.15,16 At the same time, studies have also confirmed that the 
emergence of new RAMs in PLWH with lower VL might be caused by continuous viral replication,17 and RAMs 

Figure 2 Histogram of the net change in resistance information between HIV-1 DNA and RNA genotyping results. (A) Group 1 and (B) Group 2. The score of 0 indicates 
that drug resistance mutation (DRM) was consistent both in proviral DNA and RNA genotyping results. The score of <0 indicates that, compared with past RNA, proviral 
DNA genotyping lost information on resistance-associated mutations; conversely, the score of >0 indicates that proviral DNA genotyping gained information.
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detected in PLWH with LLV could be a risk factor for VF.4,5 Therefore, understanding the characteristics of antiretrovrial 
resistance in PLWH with LLV will be beneficial in guiding the clinicians in optimizing treatment regimens to reduce the 
risk of subsequent VF.

The incidence of LLV varies from region to region. In a retrospective study of 2795 PLWH in the United States from 
2005 to 2015,18 9.4% of PLWH experienced LLV defined as VL of 51–500 copies/mL. In a national observational study 
of 6956 PLWH in Sweden, 9% experienced LLV during the follow-up for an average of 5.7 years.19 The discrepancies in 
incidence may be related to the different clinical characteristics of the study populations, ART used, definitions of LLV 
used and VL testing frequency. The definitions used by major international HIV treatment guidelines vary, which should 
be considered when interpreting the LLV data presented. For example, the WHO guidelines,7 International Antiviral 
Society (IAS USA) guidelines,20 and DHHS guidelines6 define LLV as VL of 50–1000 copies/mL, 50–200 copies/mL, 
and less than 200 copies/mL, respectively, when PLWH continue to receive ART.

When PLWH develop LLV, conventional genotyping methods are often unsuccessful because the viral RNA levels 
are often too low for detection of RAMs. The proviral DNA can be viewed as an archive of viral quasispecies in 
PLWH.21 Previous studies have found a good agreement between past RNA and proviral DNA genotyping results in 
PLWH who did not develop VF,11,22,23 and some additional information can be obtained from proviral DNA 
genotyping.24 However, research suggesting the lack of sensitivity of proviral DNA genotyping compared with historical 
cumulative RNA genotyping remains limited.8,9

In this study, we used ultracentrifugation of blood samples for RNA genotyping and, at the same time, we 
combined the sequences obtained from past RNA genotyping to evaluate the concordance of proviral DNA genotyping 
with RNA genotyping. We found that the rate of RAMs detected by proviral DNA genotyping was present in 27.6% of 
the included PLWH with LLV, and the rate of RAMs conferring low-level resistance or greater to antiretrovirals was 
17.1%. Compared with the results of synchronous RNA or with past RNA genotyping, we also found that more PLWH 
had a loss than gain of information on RAMs provided by proviral DNA genotyping, and the loss of information on 
RAMs in proviral DNA genotyping could be found for all classes of antiretrovirals.

In theory, compared to the information on RAMs obtained by RNA genotyping, that obtained by proviral DNA 
genotyping will be more comprehensive. The HIV-1 continuously accumulates secondary RAMs when it replicates under 
the selective pressure of antiretrovirals. After treatment interruption, replicating HIV-1 may gradually switch to more 
adaptable wild strains, which results in the continuous attenuation of drug-resistant quasispecies into minor drug-resistant 
strains.25 As the conventional Sanger sequencing can only detect major HIV-1 strains, the information on RAMs of the 
minor virus strains with RAMs, which account for less than 15–25%, are often missed.26 Some minor RAMs may be 
found using deep sequencing with higher sensitivity; however, this approach may not be routinely available in clinical 

Figure 3 The percentage of proviral HIV-1 DNA genotyping yielding resistance-associated mutations conferring resistance to individual antiretroviral is compared with that 
past RNA genotyping or synchronous RNA genotyping. (A) Group 1 and (B) Group 2. 
Abbreviations: ABC, abacavir; AZT, zidovudine; FTC, emtricitabine; 3TC, lamivudine; TDF, tenofovir disoproxil fumarate; DOR, doravirine; EFV, efavirenz; ETR, etravirine; 
NVP, nevirapine; RPV, rilpivirine; ATV/r, ritonavir-boosted atazanavir; DRV/r, ritonavir-boosted darunavir; IDV/r, ritonavir-boosted indinavir; LPV/r, ritonavir-boosted lopinavir.
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laboratories due to the high cost and operational complexity.27 As proviral DNA is an archive of HIV quasispecies,21 it is 
often considered to provide more information on RAMs. Moreover, APOBEC3 cytidine deaminases are known to induce 
G to A hypermutation of GG or GA dinucleotides in DNA,28 which might also result in proviral DNA genotyping to gain 
more mutation information.29,30 These mutations are frequently associated with hypermutated sequences and represent 
the majority of defective proviruses in HIV-1-infected host,31 while a previous study has found that the concordance in 
detecting RAMs between proviral DNA and RNA genotyping is compromised in the presence of defective proviruses.32

In this study, we found that in 10 individuals, RAMs were detected in the proviral DNA genotyping but not in the 
previous and current RNA genotyping. At the same time, three individuals in our study showed polymorphic accessory 
NNRTI-selected mutation V179D, and the other three showed non-polymorphic mutation I47L, K70T, and M46L, which 
contributes to the decreases in antiretroviral susceptibility; however, it remains unclear the extent to which these 
mutations might affect the effectiveness of future treatment options. Compared to RNA genotyping, we found more 
resistance information was lost by proviral DNA genotyping. Longitudinal analyses have also found that RAMs in 
plasma HIV-1 emerge more than a year earlier before being found in peripheral blood mononuclear cells (PBMCs).33 In 
contrast, because genetic changes in proviral DNA occur more slowly than HIV-1 in plasma, plasma HIV-1 is more 
sensitive to changes in antiretroviral selection pressure.34 Therefore, emerging RAMs may be present in plasma HIV-1 
but not yet expressed in proviral DNA.

Furthermore, as the drug-resistant quasispecies transfer to minor drug-resistant strains in plasma, the storage capacity 
of RAMs in proviral DNA tends to decrease gradually.35 It has been hypothesized that archived resistant provirus- 
infected cells could be diluted by more recently uninfected cells in PLWH who were on effective ART, thus making 
RAMs less easily detectable in proviral DNA. In the present study, the incidence of RAMs detected in proviral DNA 
genotyping was low, and there was a certain degree of loss of information on antiretroviral resistance when compared 
with past RNA and current RNA genotyping results as 90.8% of the samples with successful amplification in our study 
had VL of 50–200 copies/mL.

It was reported that a longer duration of ART and the number of cumulative antiretrovirals used could account for the 
loss of information on RAMs by proviral DNA genotyping.29 In the present study, when comparing the results of proviral 
DNA with those of past and ultracentrifuged RNA genotyping by multivariable logistic regression analysis, we were not 
able to identify any factors associated with the loss of information on RAMs by proviral DNA genotyping (P>0.05). We 
speculate that this could be contributed to the smaller sample size of our study.

In this study, we also found that the information obtained by synchronous RNA genotyping was greater than that by 
past RNA genotyping. It can be speculated that continuous active viral replication in PLWH with LLV might cause new 
RAMs to emerge during ART, which was found to be a risk factor for VF in previous studies.4,5

The present study has several limitations. Firstly, because of a relatively small sample size, the power in the detection 
of factors associated with the difference in proviral DNA and RNA genotyping results is significantly limited. Secondly, 
we did not obtain the blood samples when the included PLWH first developed VL 50–1000 copies/mL, but instead, we 
obtained the blood samples after 3–6 months of follow-up; the RAMs detected might not fully reflect the drug resistance 
characteristics associated with LLV in real time. Thirdly, limited by the sample size in this study, no separate analysis was 
conducted for PLWH with pLLV that only accounted for 32.7% (n = 49), although pLLV might have a greater impact on 
clinical management. Fourthly, we did not adopt some technologies such as single-genome amplification (SGA) to 
minimize the loss of information on RAMs by the population sequencing. Finally, detection of RAMs to integrase strand- 
transfer inhibitors (INSTIs) was not performed in this study because only a small proportion of included PLWH were 
receiving INSTI-based regimens. Additional studies are warranted to investigate the concordance between proviral DNA 
and RNA genotyping as INSTI-based regimens have become the recommended first-line therapy in major HIV treatment 
guidelines.6

Conclusion
We conclude that while proviral DNA genotyping may provide some more information on RAMs that were not detected 
by RNA genotyping, the concordance between proviral DNA and past and synchronous RNA genotyping was moderate. 
Proviral DNA genotyping lost more information on antiretroviral resistance compared with past or synchronous RNA 
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genotyping. To optimize treatment strategies for PLWH with LLV, comprehensive evaluation of the data obtained by 
proviral DNA and RNA genotyping and antiretroviral treatment history is needed.
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