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In China, Henan Province is a region with a high HIV burden. Furthermore, drug resistance (DR) among
people living with HIV/AIDS (PLWHA) on antiretroviral therapy (ART) is becoming a critical barrier

to achieving viral suppression. Monitoring DR in PLWHA with detectable viremia after ART is crucial,
especially given the widespread use of NNRTI and NRTI, which have historically been the backbone of
China’s national ART program due to affordability and availability. In this study, plasma samples from
PLWHA with viral load (VL) = 40 copies/mL after =6 months of ART from January 2023 to December
2023 were collected for genotypic DR testing. Of 804 individuals with detectable viremia, a total of 14
HIV-1 subtypes were detected. The top five subtypes were B (55.97%, 450/804), CRFO1_AE (22.14%,
178/804), CRFO7_BC (15.42%, 124/804), CFR55_01B (3.36%, 27/804), and CRF08_BC (1.00%, 8/804).
DR analysis revealed a prevalence of 67.79% (545/804). The resistance rates for non-nucleoside reverse
transcriptase inhibitors (NNRTIs), nucleoside reverse transcriptase inhibitors (NRTIs), protease
inhibitors (Pls), and integrase strand transfer inhibitors (INSTIs) were 62.94% (506/804), 53.23%
(428/804), 7.34% (59/804), and 3.98% (32/804), respectively. The prevalence of DR among PLWHA
below and 2200 copies/mL were 40.63% (13/32) and 68.91% (532/772), respectively. Multivariate
regression analysis showed that age <29 years and 40-49 years, baseline CD4 count <500 cells/pL,
current VL of 10°-10° copies/mL, and initial ART regimen of NRTIs + NNRTIs were closely associated
with the occurrence of DR. These findings highlight the urgent need for expanded access to drug
resistance testing and the adoption of WHO-recommended regimens, such as dolutegravir (DTG), to
mitigate the growing threat of DR. Our results suggest that drug resistance testing should be applied
to all PLWHA with detectable viremia, and treatment strategies should be optimized to align with
global guidelines.
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Since China launched antiretroviral therapy (ART) in 2003, the viral load (VL) of most human immunodeficiency
virus type 1 (HIV-1) infected individuals can be effectively controlled, greatly prolonging the life expectancy
of people living with HIV/AIDS (PLWHA)!. However, widespread ART inevitably leads to the emergence of
drug resistance (DR) due to multiple factors, such as low genetic barrier of non-nucleoside reverse transcriptase
inhibitors (NNRTIs) and nucleoside reverse transcriptase inhibitors (NRTIs) and poor adherence’. The
National Free Antiretroviral Treatment Program initially adopted NNRTIs and NRTIs as the main drugs in
the standardized regimens due to their affordability and availability, which subsequently brings new challenges
to the effectiveness of current mainstream ART in China3. In Henan Province, a region with a historical HIV
burden linked to blood-selling practices in the 1990s, the epidemic has shifted to sexual transmission (92.78% in
newly diagnosed HIV-1 infection)*. It is reported that about 10-30% of patients cannot effectively control their
viral load (VL) after receiving standard ART>. Socioeconomic challenges, such as stigma and financial barriers
to follow-up care, further exacerbate suboptimal treatment outcomes®”. Understanding the prevalence and drug
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resistance characteristics of this group and timely adjusting effective ART regimens have positive significance for
achieving the "95-95-95" goal and ending the AIDS epidemic by 2030°.

The overall incidence of acquired drug resistance mutations (DRMs) in PLWHA in China from 2001 to
2017 is about 44.7%8. According to the previous data of Henan Province, the incidence of DRMs in PLWHA
with failed ART from 2018 to 2022 exceeded 80%°'°. This alarming rate underscores the urgency of aligning
treatment protocols with the WHO’s 2021 Consolidated Guidelines, which emphasize routine resistance testing
and rapid transition to integrase strand transfer inhibitors (INSTIs) like dolutegravir (DTG)'!. While China has
adopted DTG, its rollout in Henan is limited.

Currently, research on DR mainly focuses on treatment-naive patients or PLWHA with complete ART failure.
However, more detailed research reveals that DR in other patient groups, like those with low-level viremia
(LLV), cannot be overlooked. LLV refers to a relatively low HIV-1 VL in the blood during ART (usually with a
VL between 50 and 999 copies/mL)'2. Apart from the facts that PLWHA with a VL <1,000 copies/mL exhibit a
reduced risk of transmitting the infection as opposed to those with a VL of > 1,000 copies/mL, further researches
indicated that, relative to those with a VL of <50 copies/mL, individuals with LLV carry an increased risk of ART
failure'>!* and DR&>,

Given the significance of understanding the DR profiles in PLWHA with different levels of VL and its
potential impact on ART effectiveness, in this study, we specifically focused on PLWHA with detectable viremia
(VL>40 copies/mL) after ART in Henan Province in 2023. By analyzing the distribution and drug resistance
characteristics of HIV-1 subtypes among them, we aim to provide valuable data to support for the clinical
treatment and management of HIV-1, which is crucial for optimizing ART regimens and achieving better
treatment outcomes.

Results

Patient characteristics

A total of 987 PLWHA with detectable viremia after ART were included in this study. Samples from 804
patients were successfully genotyped, giving a detection rate of 81.46%. Among the 804 successfully genotyped
individuals, the median age was 49 years (IQR, 34-58), 73.51% (591/804) were male, 56.97% (458/804) were
married, and 99.13% (797/804) were of Han ethnicity. The main route of transmission was sexual transmission
(61.57%, 495/804), within which MSM accounted for 40.92% (329/804). Farmers accounted for 40.17%
(323/804). According to the analysis, those with educational levels below junior college accounted for 68.28%
(549/804). Detailed demographic characteristics of the patients are presented in Table 1.

Genotype distribution

The obtained pol gene sequences were submitted to the REGA online HIV-1 subtype analysis tool for subtype
analysis. Furthermore, a phylogenetic tree was constructed based on the pol gene sequences. All determined
subtypes clustered with reference strains, indicating accurate subtype classification (Supplementary Fig. 1). A
total of 14 subtypes were detected. The subtype with the highest frequency was subtype B (55.97%, 450/804),
followed by CRF01_AE (22.14%, 178/804), CRF07_BC (15.42%, 124/804), CRF55_01B (3.36%, 27/804), CRF08_
BC (1.00%, 8/804), C (0.62%, 5/804), and other subtypes (1.49%, 12/804), including CRF67_01B (0.50%, 4/804),
CRF62_BC (0.25%, 2/804), CRF02_AG (0.12%, 1/804), CRF03_A6B (0.12%, 1/804), CRF52_01B (0.12%, 1/804),
CRF59_01B (0.12%, 1/804), CRF68_01B (0.12%, 1/804), and G (0.12%, 1/804) (Table 2).

Characteristics of DR

Among 804 PLWHA with detectable viremia after ART, 545 samples showed low-level or greater resistance
to at least one ART drug, resulting in a total DR incidence of 67.79% (545/804). The prevalence of DR among
PLWHA with the VL of below and =200 copies/mL were 40.63% (13/32) and 68.91% (532/772), respectively
(data not shown). Chi-squared analysis results indicated significant differences in DR incidence rates among
different subtypes (Table 2). Further analysis of DRMs revealed that NNRTIs-related mutations had the highest
frequency (62.94%, 506/804), with mutation sites dominated by K103 (33.58%), G190 (18.16%), V106 (17.91%),
V179 (14.30%), and Y181 (14.05%). NRTIs-related mutations had a frequency of 53.23% (428/804), dominated
by M184 (45.90%), K65 (19.28%), K70 (17.41%), S68 (16.04%), and D67 (11.94%). PIs-related mutations had a
relatively low frequency of 7.34% (59/804), dominated by M46 (3.73%), V82 (3.23%), and 154 (2.86%). INSTIs-
related mutations had the lowest rate (3.98%, 32/804), dominated by E157 (1.37%), G163 (1.00%), and E138
(0.75%) (Fig. 1). Further analysis showed DRMs incidences: 20.90% (168/804) for single-class drugs, 45.77%
(368/804) for dual-class drugs, 6.47% (52/804) for triple-class drugs, and 0.37% (3/804) for quadruple-class
drugs.

Since over 90% of PLWHA in China were prescribed with free ART drugs, namely abacavir (ABC), zidovudine
(AZT), and lamivudine (3TC) of the NRTIs, tenofovir (TDF), efavirenz (EFV), and nevirapine (NVP) of the
NNRTIs, and lopinavir/ritonavir (LPV/r) of the PIs, we thus analyzed the DRMs against these seven drugs
separately. The results showed that the prevalence of DRMs against the seven drugs is 65.30% (525/804), with
ABC at 51.74% (416/804), AZT at 14.43% (116/804), 3TC at 51.12% (411/804), TDF at 37.31% (300/804),
EFV at 60.95% (490/804), NVP at 61.32% (493/804), and LPV/r at 4.85% (39/804). For individual drugs, NVP
(60.32%, 485/804), EFV (55.22%, 444/804), and 3TC/emtricitabine (FTC) (45.77%, 368/804) showed the highest
incidence of high-level resistance. Doravirine (DOR; 21.64%, 174/804), etravirine (ETR; 17.16%, 138/804),
and TDF (17.04%, 137/804) have the highest incidence of medium-level resistance. Rilpivirine (RPV; 13.31%,
107/804), ABC (12.69%, 102/804), and TDF (9.95%, 80/804) have the highest incidence of low-level resistance
(Fig. 2). Detailed information on the drug resistance of ART drugs related to DRMs are presented in Fig. 2.
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All (N=804) DR(N=545) b P
Sex, n (%) 804 100.00% | 545 67.79%
Male, n (%) 591 73.51% | 406 68.70% | 0.848 | 0.393
Female, n (%) 213 26.49% | 139 65.26%
Age at diagnosis, Years, Median, (IQR) 49 (34, 58) 48 (34,57)
<20 years, n (%) 30 3.73% |21 70.00%
20-29 years, n (%) 106 13.18% |70 66.04%
30-39 years, n (%) 141 17.54% | 88 62.41%
40-49 years, n (%) 136 16.92% | 112 82.35% 18891 0.002
50-59 years, n (%) 207 25.75% | 142 68.60%
260 years,n (%) 178 22.14% | 109 61.24%
Marital Status, n (%) 800 99.50% | 543 67.88%
Married 458 56.97% | 302 65.94%
Single 342 42.54% | 241 70.47% 1842 0.193
Ethnicity, n (%) 0.00%
Han 797 99.13% | 540 67.75%
Others 7 0.87% |5 71.43% 0043 11
Transmission category, n (%) 166 20.65% | 109 65.66%
HSX 329 40.92% | 217 65.96%
MSM 166 20.65% | 109 65.66%
PL 197 24.50% | 141 71.57% | 3.635 | 0.458
MTCT 62 7.71% | 46 74.19%
OTH 50 6.22% |32 64.00%
Occupation, n (%)
Farmers 323 40.17% | 222 68.73%
Workers 218 27.11% | 148 67.89%
Non-workers 56 6.97% |38 67.86% | 1.386 | 0.847
Students 34 423% |20 58.82%
Other/Unknown 173 21.52% | 117 67.63%
Education, n (%)
College below 549 68.28% | 378 68.85%
College 40 4.98% |25 62.50%
Bachelor and above 36 4.48% 22 61.11% 1578 | 0664
Unknown 179 2226% | 120 67.04%
Baseline CD4+ T cell count (cells/pl), N (%) | 486 60.45% | 348 71.60% | 0.564 | 0.003
CD4+, median (IQR) 193.00 (65.00/332.25) | 173 (50/298)
Baseline HIV viral load (copies/ml plasma) | 246 [3060% | 165 [67.07% [-07 [ 0485
VL, median (IQR) (626,’;)59358/157,750.00) %3?,)17(());).00/170,885.50)
Recent CD4+ T cell count (cells/pl), N (%) | 790 [9826% | 540 [6835% [276 [ 0.006
CD4+, median (IQR) 133.00 (42.75/266.00) | 117.5 (38.25/257.00)
Recent HIV viral load (copies/ml plasma) | 788 ‘ 98.01% | 538 ‘ 68.27% | 1.717 | 0.086
VL, median (IQR) (127,’2:69.'558/74,757.75) (126,)875501..38/67,202.00)

Table 1. Characteristics of PLWHA who presented with detectable viremia after ART in Henan Province,
China, 2023. Data are presented as n (%) or median (IQR); IQR, interquartile range; significance for
differences was measured using Chi-squared test, Fisher’s Exact test, or Kruskal-Wallis test. HSX, heterosexual
orientation; MSM, men who have sex with men; MTCT, mother-to-child transmition; PL, plasmapheresis;
OTH, others, including patients whose risk factors were unknown or patients who did not provide
information; DR, drug-resistance; NRTI, nucleotide reverse transcriptase inhibitors; NNRTI, non-nucleoside
reverse transcriptase inhibitors; PI, protease inhibitors; INSTI, integrase strand transfer inhibitors.

Analysis of factors influencing DRMs

Univariate logistic regression analysis found that patients aged 40-49 years old, baseline CD4 <200 cells/pL,
current VL of 10°-10° copies/mL, current CD4 <100 cells/uL, years of infection > 10 years, and those initially
using the NRTI plus NNRTI ART regimen had a higher possibility of developing DR. Further multivariate
logistic regression analysis showed that age <29 years old and 40-49 years old, baseline CD4 <500 cells/uL,
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Total

Patients DR
Subtype n % n % X P
B 450 55.97% | 307 | 68.22%
CRF01_AE | 178 22.14% | 133 | 74.72%
CRF07_BC | 124 15.42% | 65 | 52.42%
CRF55_01B | 27 3.36% |22 | 81.48%

20.416 | 0.002

CRF08_BC |8 1.00% | 5 62.50%
C 5 0.62% | 4 80.00%
Others 12 1.49% |9 75.00%
Total 804 100.00% | 545 | 67.79%

Table 2. Distribution and prevalence of DRMs among HIV-1 subtypes in PLWHA with detectable viremia
after ART. Univariate logistic regression analysis was performed. CRE, circulating recombinant forms; DR,
drug.Others, other subtypes, including CRF67_01B, CRF62_BC, CRF02_AG, CRF03_A6B, CRF52_01B,
CRF59_01B, CRF68_01B and G.
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Fig. 1. Distribution and prevalence of drug class-specific DRMs in PLWHA with detectable viremia after
ART.(A) prevalence of DRMs for the four drug classes (NNRTI, NRTI, PI, and INSTI); (B) Specific DRMs
stratified by NRTL(C) Specific DRMs stratified by NNRTL (D) Specific DRMs stratified by PI and INSTI. The
major and minor resistance mutations are highlighted in red and blue, respectively. Abbreviations: NNRTI,
non-nucleoside reverse transcriptase inhibitors; NRTI, nucleoside reverse transcriptase inhibitors; PI, protease
inhibitors; INSTTs, integrase strand transfer inhibitors; ABC, abacavir; AZT, zidovudine; FTC, emtricitabine;
3TC, lamivudine; TDE, tenofovir; DOR, doravirine; EFV, efavirenz; ETR, etravirine ; NVP, nevirapine; RPV,
rilpivirine; DRV/r, darunavir/r; LPV/r, lopinavir/r; BIC, bictegravir; CAB, cabotegravir; DTG, dolutegravir;
EVG, elvitegravir; RAL, raltegravir.

current VL of 10*-10° copies/mL, and the initial ART regimen consisting of NRTI plus NNRTI only were closely
related to the occurrence of DR (Table 3).

Discussion

Clarifying the occurrence of drug resistance at different VL levels is crucial for formulating personalized
treatment plans and enhancing ART effectiveness. In this study, we analyzed the genotype distribution and drug
resistance characteristics of PLWHA with detectable viremia (VL >40 copies/mL) after six months of ART in
Henan Province in 2023, and our results provided critical insights for local HIV management.
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Fig. 2. Predicted resistance to antiretroviral drugs among HIV-1 pol sequences with DRMs in PLWHA

with detectable viremia after ART in Henan Province, China, 2023. ABC, abacavir; AZT, zidovudine; FTC,

emtricitabine; 3TC, lamivudine; TDE, tenofovir; DOR, doravirine; EFV, efavirenz; ETR, etravirine ; NVP,

nevirapine; RPV, rilpivirine; DRV/r, darunavir/r; LPV/r, lopinavir/r; BIC, bictegravir; CAB, cabotegravir; DTG,

dolutegravir; EVG, elvitegravir; RAL, raltegravir.

The high prevalence of DR (67.79%) highlights urgent challenges in Henan, where historical blood-selling
practices and current socioeconomic disparities (40.17% farmers, 68.28% education below junior college) drive
suboptimal treatment outcomes. These factors lead to delayed diagnosis, poor treatment adherence, and limited
access to VL monitoring, all of which significantly exacerbate the DR risk”1¢, Moreover, residual viremia, even at
low levels (50-999 copies/mL), acts as a reservoir for continuous viral replication under the selective pressure of
ART, and over time, this facilitates the accumulation of DRMs!”18, Notably, DR prevalence among PLWHA with
VL <200 copies/mL was 40.63%, comparable to our previous data from Zhengzhou City (42.31% in 2022-2023)
among low-level viremia (LLV) cases'”, comfirming that LLV is not negligible and requires proactive resistance

testing beyond high VL cases.

Compared with the prevalence of DR (about 80%) of PLWHA with ART failure in Henan Province from
2018 to 2022%1°, our findings (67.79%) reflect a moderate decrease but slightly higher than the survey data of
Hainan Province from 2014 to 2020 (61.41%)2, Jilin Province from 2019 to 2021 (58.8%)*!, and Shanghai from
2017 to 2021 (48%)?2. Our findings, when combined with those from other regions such as India (NNRTT and
NRTI resistance rates of 73.13% and 68.83%, respectively)* and Tanzania®*, highlight the global severity of the
DR issue in HIV management. The data from these regions suggest that prolonged use of NNRTIs and NRTIs
significantly raises the DR risk, further emphasizing the need for treatment regimen optimization. Additionally,
studies from Eastern Europe, Central Asia®® and Russia’® emphasize the importance of high genetic barrier
regimens like dolutegravir (DTG), in reducing DR. Our data, with a low INSTI resistance (3.98%), support
WHO’s recommendation to shift to DTG-based regimens, especially in regions like Henan where NNRTI
resistance is high. Regional disparities in DR prevalence, for instance, Botswana (83.3%)?’, Indonesia (22.1%)%,
Suriname in South America (45.8%)2, underscore the need for context-specific interventions tailored to local

ART access and regimen choices.

In this study, a total of 14 subtypes were detected. The predominance of subtype B (55.97%), followed by
CRF01_AE, CRF07_BC, mirrors historical Henan profiles!?, but slightly differs from the subtype distribution
characteristics reported in other regions of China???, and also different from the subtype distribution
characteristics of newly diagnosed PLWHA in Henan Province (mainly CRF07_BC subtype, followed by
CRF01_AE, B, CRF55_01B and CRF08_BC)**, indicating different subtype distribution characteristics in
different regions and among different populations. This diversity implies that treatment policies cannot be
generalized. When formulating treatment strategies, local subtype distribution should be considered because

different subtypes may respond differently to drugs, which can affect treatment outcomes.
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Characteristics All(n, %) DR(n, %) OR (95% CI) P Adjusted OR (95% Cl) | P
Age at diagnosis,years, Median, (IQR) 49 (34, 58) 48 (34, 57)

<20 30 (3.73) 21 (70.00) 1.477 0.640-3.411) 0.361 | 0.174 (0.035-0.855) 0.031
20-29 106 (13.18) | 70 (66.04) 1.231 (0.745-2.034) | 0.418 | 0.415 (0.176-0.982) 0.045
30-39 141 (17.54) 88 (62.41) 1.051 (0.667-1.657) | 0.830 | 0.876 (0.405-1.894) 0.736
40-49 136 (16.92) 112 (82.35) 2.954 (1.732-5.040) | 0.000 | 0.356 (0.156-0.812) 0.014
50-59 207 (25.75) | 142 (68.60) | 1.383 (0.908-2.106) | 0.131 | 0.799 (0.419-1.521) 0.494
=60 178 (22.14) 109 (61.24) 1 1

Baseline CD4 + T cell count, cells/uL

<200 253 (31.47) | 196 (77.47) | 3.026 (1.589-5.764) | 0.001 | 0.262 (0.109-0.628) 0.003
200-499 186 (23.13) 127 (68.27) 1.894 (0.988-3.632) | 0.054 | 0.363 (0.157-0.839) 0.018
>500 47 (5.85) 25 (53.19) 1 1

Log (Recent HIV viral load)

<3 109 (13.56) 65 (59.63) 1 1

3-4.99 507 (63.06) 362 (71.40) 1.690 (1.101-2.594) | 0.016 | 0.489 (0.247-0.967) 0.040
=5 172 (21.39%) | 111 (64.53%) | 1.232 (0.752-2.019) | 0.408 | 0.657 (0.280-1.527) 0.329
Recent CD4+T cell count, cells/uL

<100 327 (40.67) 237 (72.48) 1.445 (1.002-2.084) | 0.049 | 2.643 (0.989-7.066) 0.053
100-249 240 (29.85) 159 (66.25) 1.077 (0.734-1.580) | 0.705 | 2.431 (0.900-6.567) 0.080
>250 223(27.74) | 144 (64.57) |1 1

HIV infection duration (years)

<5 243 (30.22) 152 (62.55) 1 1

6-9 139 (17.29) | 89 (64.03) 1.066 (0.691-1.643) | 0.773 | 0.682 (0.178-2.615) 0.577
=10 306 (38.06) 222 (72.55) 1.582 (1.102-2.271) | 0.013 | 0.615 (0.179-2.105) 0.438
Time since ART initiation, median (IQR), years | 5 (2.5-8.0) 5(3-9.75)

<1 126 (15.67%) | 77 (61.11) 1 1

2-5 164 (20.40) 113 (68.90) 1.410 (0.866-2.296) | 0.167 | 2.216 (0.883-5.560) 0.090
6-9 196 (524.38) | 132 (67.35) 1.312 (0.823-2.092) | 0.253 | 3.478 (0.855-14.154) 0.082
>10 281 (34.95) 203 (72.24) 1.656 (1.063-2.580) | 0.026 | 2.538 (0.540-11.915) 0.238
Initial ART regimen

NRTI+NNRTI 617 (76.74) 435 (70.50) 5.577 (2.506-12.409) | 0.000 | 1.546 (0.279-8.554) 0.018
NRTI+PI/r 48 (5.97) 23 (47.92) 2.147 (0.818-5.632) | 0.121 | 0.180 (0.043-0.746) 0.618
NRTI + INSTI 30 (3.73) 9 (30.00) 1 1

Unknown 109 (13.56) 78 (71.56)

Table 3. Analysis of influencing factors of DR among PLWHA with detectable viremia after ART.

In 2023, among PLWHA with detectable viremia, DRMs were predominantly in NNRTTs (62.94%, 506/804)
and NRTIs (53.23%, 428/804). DRMs for PlIs (7.34%, 59/804) and INSTIs (3.98%, 32/804) were relatively low,
in line with China’s ART regimens choices and the low DR barrier of NNRTIs drugs. The most common DRMs
were NRTIs-related M184, K65, K70 and NNRTIs-related K103, G190, V106. M184 confers high-level resistance
to 3TC and FTC; K65 causes medium-level resistance to TDF, ABC, and 3TC/FTC, and is common in TDF/3TC
regimen. K65R may increase sensitivity to AZT, but for INIST-naive patients with K65R, TDF/3TC/DTG are
more effective than AZT/3TC/DTG*"*2. K70 leads to low-level resistance to ABC and TDF. Mutations at K103,
G190, and V106 cause high-level resistance to NVP and EFV3, Notably, DRM:s related to PIs and INSTIs showed
an upward trend compared to 2018-2022 (PIs: 7.34% vs. 5.2%; INSTIs: 3.98% vs. 3.1%)°. The most common PI
mutation M461/L reduces susceptibility to ATV/r and LPV/r**. Among INSTIs mutations, minor mutations
E157 and G163 predominated. A R263K mutation (0.50%) was identified, resulting an approximately two-fold
reduction in susceptibility to DTG, BIC, and CAB3>. DRM profiles are crucial for accurate drugs selection, which
can improve treatment success.

Multivariate analysis indicated that age <29 years and 40—49 years, baseline CD4 <500 cells/uL, current VL
of 10°-10° copies/mL, and initial ART regimen of NRTI+NNRTI were closely associated with DR in PLWHA
with detectable viremia (Table 3). These populations require intensified monitoring and early initiation of WHO-
recommended INSTI-based regimens to mitigate resistance accumulation. Expanding free resistance testing to
all detectable viremia cases, including LLV, and integrating DTG into first-line treatment are critical steps to
align with global guidelines and address Henan’s unique epidemic context.

Materials and methods

Ethical statement

This study was approved by the Institutional Ethics Committee of The Sixth People’s Hospital of Zhengzhou,
China (IEC-KY-2022-005-2) and performed in compliance with all relevant ethical regulations such as the
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Declaration of Helsinki (2008). Signed informed consent was obtained from everyone before the collection of
blood samples.

Study population

From January to December 2023, PLWHA who visited the Sixth People’s Hospital of Zhengzhou, had received
ART for more than 6 months, and had a VL >40 copies/mL were included in this study. Demographic data and
medical records of the patients, including HIV VL, CD4 + T-cell count, and transmission route, were collected.
Informed consent for participating in the study was obtained from the patients prior to sample collection.

Genotypic drug resistance testing

The in-house genotypic drug resistance testing was carried out as described in our previous studies*>*. Briefly,
for patients with a viral load =400 copies/mL, whole blood was collected and centrifuged at low speed to obtain
plasma. RNA was then extracted using an RNA extraction kit (Liferiver, Shanghai, China) by following the
manufacturer’s instructions. For those with a viral load <400 copies/mL, 1-5 mL plasma was ultracentrifuged at
28,000 g for 30 min at 4 °C to enrich HIV. The pellet was resuspended in phosphate buffered saline (0.01 M, pH
7.2) and used for RNA extraction. After that, the HIV-1 partial pol and full-length integrase (INT) gene sequences
were reverse-transcribed and amplified. Finally, the determined sequences were submitted to the regularly
updated Stanford HIV-1 drug resistance database (http://hivdb.stanford.edu/) for analyses of drug resistance
mutations (DRMs) and antiretroviral susceptibility. The estimated level of resistance to a drug is determined by
adding up the penalty scores associated with each of the DRMs present in a sequence. Once the total score is
calculated the estimated level of resistance can be calculated as follows: susceptible (total score 0 to 9); potential
low-level resistance (total score 10 to 14); low-level resistance (total score 15 to 29); intermediate resistance (total
score 30 to 59); and high-level resistance (total score = 60). Polymorphic mutations and polymorphic accessory
mutations, when combined with other DRMs, may lead to reduced susceptibility to certain antiretroviral drugs,
so they are included in our analysis. The determined sequences have been deposited into the NCBI database, and
the assigned accession numbers range from PV347152 to PV347955.

Subtyping and phylogenetic analysis

Subtyping and phylogenetic analyses were carried out as described previously. Briefly, the subtypes of HIV-1
isolates based on the partial pol region was determined using the REGA HIV-1 Subtyping Tool (http://dbpartne
rs.stanford.edu:8080/RegaSubtyping/stanford-hiv/typingtool/) and further confirmed by phylogenetic analysis.
Phylogenetic analysis was conducted using Molecular Evolutionary Genetic Analysis software (version XI),
based on the maximum likelihood method and General Time Reversible model. Bootstrap analysis with 1000
replicates was performed to test the tree topology. Reference sequences included in the ML tree (GenBank No.
U51189, AF286226, AF286229, AF069670, AY945737, DQ207940, U21135, AF067155, JX574661, AF077336,
AF061642, AF190127, AF082395, AJ249235, AF286236) were downloaded from the Los Alamos HIV Sequence
Database (https ://www.hiv.lanl.gov/).

Statistical analysis

Statistical analysis was carried out using SPSS 20.0 software. For continuous variables with a normal distribution,
the mean *standard deviation is employed. In the case of skewed distributions, the median along with its
interquartile range (from the first to the third quartile) is utilized. Categorical variables are presented as frequency
or constituent ratio (%). The t-test or chi-square test is used to analyze differences between groups. A two-sided
test is conducted with a significant level of «=0.05. A p-value <0.05 is considered statistically significant.

Data availability

The data used and analyzed in this study are available upon reasonable request. Please contact the corresponding
author Yuqi Huo at 1246105,971@qq.com to inquire about accessing the relevant datasets. We will review each
request to ensure compliance with ethical and legal obligations and make every effort to provide the data in a
timely and appropriate manner.

Received: 27 December 2024; Accepted: 16 May 2025
Published online: 22 May 2025

References

1. Infectious Diseases Branch of Chinese Medical Association, A.a.H.C.G.C.C.£D.C.a.P,, Chinese Guidelines for the Diagnosis and
Treatment of AIDS (2021 Edition). . Medical Journal of Peking Union Medical College Hospital. 13(02): p. 203-226 (2022).

2. Godfrey, C. et al. Global HIV Antiretroviral Drug Resistance: A Perspective and Report of a National Institute of Allergy and
Infectious Diseases Consultation. J. Infect. Dis. 216, S798-S800 (2017).

3. The path that ends AIDS: UNAIDS Global AIDS Update 2023. Geneva: Joint United Nations Programme on HIV/AIDS. (2023).
Available at: https://www.unaids.org/en/resources/documents/2023/global-aids-update-2023. (2023).

4. Liu, ], Liu, C., Wang, Y. et al., Increased prevalence of pretreatment drug resistance mutations in treatment-naive people living with
HIV-1 in Henan Province, China (2022/23). Infection, genetics and evolution. 115: p. 105520 (2023).

5. Hermans, L. E. et al. Effect of HIV-1 low-level viraemia during antiretroviral therapy on treatment outcomes in WHO-guided
South African treatment programmes: a multicentre cohort study. Lancet Infect Dis. 18(2), 188-197 (2018).

6. Seth C, I, Silvia, B., Cissy M, K. et al., The relative contributions of HIV drug resistance, nonadherence and low-level viremia to
viremic episodes on antiretroviral therapy in sub-Saharan Africa. ADIS. 34(10): p. 1559-1566, (2020).

7. Momo Kadia, B.A.-O., Takah, N.E, Akem Dimala, C. & Smith, A., Barriers to and enablers of uptake of and adherence to antiretroviral
therapy in the context of integrated HIV and tuberculosis treatment among adults in sub-Saharan Africa: a protocol for a systematic
literature review. BMJ Open. (28;9(10):e031789).

Scientific Reports |

(2025) 15:17825 | https://doi.org/10.1038/s41598-025-02949-1 nature portfolio


http://hivdb.stanford.edu/
http://dbpartners.stanford.edu:8080/RegaSubtyping/stanford-hiv/typingtool/
http://dbpartners.stanford.edu:8080/RegaSubtyping/stanford-hiv/typingtool/
http://www.hiv.lanl.gov/
https://www.unaids.org/en/resources/documents/2023/global-aids-update-2023
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

. Zuo, L., Liu, K,, Liu, H. et al., Corrigendum to "Trend of HIV-1 drug resistance in China: A systematic review and meta-analysis of

data accumulated over 17 years (2001-2017)" [EClinicalMedicine 18 (2020) 100238]. EClinicalMedicine. 33(100696) (2021).

. Liu, J., Chen Z Fau - Wei, S., Wei S Fau - Ma, J. et al., Drug resistance mutations among people living with HIV with treatment failure

in Henan Province, China. Chin. Med. J. (Engl). 136(2542-5641) (2023).

Xuan, Y. et al. Characteristics of drug resistance in HIV/AIDS patients with antiretroviral treatment failure in Henan Province.
Chinese J. Epidemiol. 44(11), 1795-1801 (2023).

WHO, Consolidated guidelines on HIV prevention, testing, treatment, service delivery and monitoring. (2021).

Olof, E. et al. All-Cause Mortality and Serious Non-AIDS Events in Adults With Low-level Human Immunodeficiency Virus
Viremia During Combination Antiretroviral Therapy: Results From a Swedish Nationwide Observational Study. Clin. Infect Dis.
72(12), 2079-2086 (2021).

Appolonia, A., Sherri, P, Timothy, N. et al., Retrospective longitudinal analysis of low-level viremia among HIV-1 infected adults on
antiretroviral therapy in Kenya. EClinicalMedicine. 63(0) (2023).

Mirriam M, N., Cecilia N, W,, James M, K.e. & Nancy L M, B., HIV Virologic Failure among Patients with Persistent Low-Level
Viremia in Nairobi, Kenya: It Is Time to Review the >1000 Virologic Failure Threshold. Biomed. Res. (2023).

Jinjin, L. et al. Characteristics of drug resistance mutations in ART-experienced HIV-1 patients with low-level viremia in
Zhengzhou City China. Sci. Rep. https://doi.org/10.1038/s41598-024-60965-z (2024).

Zhang, F. et al. Five-year outcomes of the China National Free Antiretroviral Treatment Program. Annals Internal Med. 151(4),
241-251 (2009).

Hofstra, L. et al. Residual viremia is preceding viral blips and persistent low-level viremia in treated HIV-1 patients. PLoS ONE
9(10), e110749 (2014).

Sahu, G. Potential implication of residual viremia in patients on effective antiretroviral therapy. AIDS Res. Hum. Retroviruses.
31(1), 25-35 (2015).

Liu, J. et al. Characteristics of drug resistance mutations in ART-experienced HIV-1 patients with low-level viremia in Zhengzhou
City China. Sci. Rep. 14(1), 10620 (2024).

Yu, E. et al. HIV-1 Subtype Diversity and Factors Affecting Drug Resistance among Patients with Virologic Failure in Antiretroviral
Therapy in Hainan Province, China, 2014-2020. Biomed. Environ. Sci. 36(9), 800-813 (2023).

Qi, G., Hui, W, Xihui, Z. et al., Genotypic Drug Resistance Characteristics of HIV-1 Strains in HIV/AIDS Patients with Failed
Antiviral Therapy in Jilin Province Chinese Journal of Frontier Health and Quarantine. 46, 583-588, (2023).

Zhang, M. et al. The profile of HIV-1 drug resistance in Shanghai, China: a retrospective study from 2017 to 2021. J. Antimicrob
Chemother. 79(3), 526-530 (2024).

Karade, S. et al. HIV drug resistance following a decade of the free antiretroviral therapy programme in India: A review. Int. J.
Infect. Dis. 66, 33-41 (2018).

Ntamatungiro, A. et al. Strengthening HIV therapy and care in rural Tanzania affects rates of viral suppression. J. Antimicrob.
Chemother. 72(7), 2069-2074 (2017).

Kirichenko, A. et al. Prevalence of HIV-1 drug resistance in Eastern European and Central Asian countries. PLoS ONE 17(1),
€0257731 (2022).

Kapustin, D. et al. Patterns of HIV-1 drug resistance among HIV-infected patients receiving first-line antiretroviral therapy in
Novosibirsk Region Russia. J. Glob. Antimicrobial Resist. 35, 1-5 (2023).

Patrick T, M., Wonderful T, C., Dorcas, M. et al., High prevalence of pre-treatment and acquired HIV-1 drug resistance mutations
among non-citizens living with HIV in Botswana. Front Microbiol. https://doi.org/10.3389/fmicb.2024.1338191. (2024).
Nurjannah, Sri, J., Francisca Srioetami, T. et al., Major Drug Resistance Mutations on Reverse Transcriptase Gene in Human
Immunodeficiency Virus Type-1 in Indonesia: A Systematic Review. Curr. HIV/AIDS Rep. https://doi.org/10.1007/s11904-023-006
87-5, (2024).

Sno, R., Labadie-Bracho, M., Griinberg, M. & Adhin, M. First Assessment of Acquired HIV-1 Drug Resistance and Mutation
Patterns in Suriname. AIDS Res. Hum. Retro. 37(7), 557-565 (2021).

Liu, J. et al. Prevalence of transmitted drug resistance mutations among patients infected with human immunodeficiency virus
type 1 (HIV-1) in Henan Province China. Chinese Med. ]. 135(22), 27502752 (2022).

Paton, N. L. et al. Efficacy and safety of dolutegravir or darunavir in combination with lamivudine plus either zidovudine or
tenofovir for second-line treatment of HIV infection (NADIA): week 96 results from a prospective, multicentre, open-label,
factorial, randomised, non-inferiority trial. Lancet HIV. 9(6), e381-e393 (2022).

Paton, N. I. et al. Dolutegravir or Darunavir in Combination with Zidovudine or Tenofovir to Treat HIV. N. Engl. ]. Med. 385(4),
330-341 (2021).

Mazzuti, L. et al. Transmitted drug resistance mutations and trends of HIV-1 subtypes in treatment-naive patients: A single-centre
experience. ] Glob Antimicrob. Resist. 20, 298-303 (2019).

Kempf, D. J. et al. Identification of genotypic changes in human immunodeficiency virus protease that correlate with reduced
susceptibility to the protease inhibitor lopinavir among viral isolates from protease inhibitor-experienced patients. J. Virol. 75(16),
7462-7469 (2021).

Yang, Z. et al. Prevalence of integrase strand transfer inhibitor (INSTIs) resistance mutations in Henan Province, China (2018-
2020). Infection 49(6), 1195-1202 (2021).

Yang, Z. et al. Characterization of HIV-1 subtypes and drug resistance mutations in Henan Province, China (2017-2019). Arch.
Virol. 165(6), 1453-1461 (2020).

Acknowledgements
We would like to thank all the doctors, nurses, and patients who participated in this study.

Author contributions

Yuqi Huo and Qingxia Zhao: Conceptualization, Methodology, Software, Validation, Data curation, Visuali-
zation, Investigation. Jinjin Liu, Chaohong Fu, Xuan Yang, Xiaohua Zhang, Shuguang Wei and Jie Ma: Data
curation, Investigation, Software, Validation. Jinjin Liu: Visualization, Writing-original draft, review & editing.
Yuqi Huo: Writing-review & editing.

Funding
This study was supported by the Science and Technology Project of Henan Province (232102310203).

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2025) 15:17825 | https://doi.org/10.1038/s41598-025-02949-1 nature portfolio


https://doi.org/10.1038/s41598-024-60965-z
https://doi.org/10.3389/fmicb.2024.1338191
https://doi.org/10.1007/s11904-023-00687-5
https://doi.org/10.1007/s11904-023-00687-5
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-02949-1.

Correspondence and requests for materials should be addressed to Q.Z. or Y.H.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives
4.0 International License, which permits any non-commercial use, sharing, distribution and reproduction in
any medium or format, as long as you give appropriate credit to the original author(s) and the source, provide
a link to the Creative Commons licence, and indicate if you modified the licensed material. You do not have
permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in the article’s Creative Commons licence
and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to
obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommo
ns.org/licenses/by-nc-nd/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:17825 | https://doi.org/10.1038/s41598-025-02949-1 nature portfolio


https://doi.org/10.1038/s41598-025-02949-1
https://doi.org/10.1038/s41598-025-02949-1
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.nature.com/scientificreports

	﻿HIV-1 subtype distribution and drug resistance profiles among PLWHA with detectable viremia in Henan Province, China, 2023
	﻿Results
	﻿Patient characteristics
	﻿Genotype distribution
	﻿Characteristics of DR
	﻿Analysis of factors influencing DRMs

	﻿Discussion
	﻿Materials and methods
	﻿Ethical statement
	﻿Study population
	﻿Genotypic drug resistance testing
	﻿Subtyping and phylogenetic analysis
	﻿Statistical analysis

	﻿References


