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Abstract

Background Transmitted drug resistance (TDR) is becoming an obstacle to the success of antiretroviral therapy (ART)
as the HIV epidemic continues to spread. This study aimed to investigate the characteristics of TDR and the molecular
epidemiology of ART-naive HIV-1 infections in Lishui.

Methods A total of 481 plasma samples were collected from ART-naive HIV-1 infections in Lishui between 2020
and 2023.The sequences acquired from infections were used to analyze the characteristics of genotype, TDR, and
molecular transmission network.

Results This study discovered that the three most prevalent subtypes among the 455 sequences successfully
obtained from infections in Lishui were CRFO8_BC (35.8%), CRFO7_BC (26.4%), and CRFO1_AE (25.9%). The overall
prevalence of TDR was 12.1%, and the K103N (2.4%) was the most frequent mutation. Multivariate analysis showed
that CRFO8_BC (OR=5.401, P<0.001) and CD4" cell concentration of 200-499 cells/uL (OR=1.684, P=0.030) were
associated with a higher risk of entering the molecular transmission network and clustering, whereas the current
address in other cities (OR=0.328, P=0.004), junior middle school (OR=0.472, P=0.006), and junior college or above
(OR=0.387, P=0.045) were associated with a lower risk of clustering.

Conclusions This study revealed that the prevalence of TDR was at an intermediate level of drug resistance, and high
levels of resistance were predominantly concentrated in efavirenz (EFV) and nevirapine (NVP) among the NNRTIs.
Middle-aged and older infections represented a significant proportion of the molecular transmission network. This
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suggests that HIV surveillance and targeted prevention and treatment interventions are essential to reduce the risk of

HIV transmission.

Keywords Molecular epidemiology, Transmitted drug resistance, HIV-1, Transmission network

Introduction

Human immunodeficiency virus type 1 (HIV-1), the
causative agent of acquired immunodeficiency syndrome
(AIDS), is characterized by high rates of recombination
and mutation, and its genetic diversity increases during
transmission in high-risk populations. AIDS continues
to be a serious global public health issue, despite the tre-
mendous efforts made worldwide to control the spread
of HIV-1 [1]. According to UNAIDS, 39.9 million people
worldwide were living with HIV, and 630,000 died from
AIDS-related illnesses in 2023. Besides, 88.4 million peo-
ple have been infected with HIV, and 42.3 million have
died from AIDS-related diseases since the beginning of
the epidemic globally [2]. HIV-1 strains have been clas-
sified into four groups (M, N, O, and P), and group M is
the major group that has caused the global HIV-1 pan-
demic [3, 4]. Group M of HIV-1 is categorized based on
mutation levels. It includes 11 subtypes (A-D, F-H, ], K,
U), 6 sub-subtypes (A1, A2, A5, A6, F1, F2), 158 circu-
lating recombinant forms (CRFs), and numerous unique
recombinant forms (URFs) [5]. Antiretroviral therapy
(ART) is a treatment that significantly reduces AIDS-
related morbidity and mortality by suppressing viral
replication [6—8]. China launched a national free ART
program in 2003 [9].

However, new challenges have emerged with the wide-
spread use of ART. The accumulation of HIV-1 drug
resistance mutations allows the virus to reduce its sus-
ceptibility to antiretroviral drugs and develop drug resis-
tance [10]. A World Health Organization (WHO) study
concerning HIV drug resistance reveals that the number
of countries exceeding the 10% threshold for pretreat-
ment drug resistance (PDR) to non-nucleoside reverse
transcriptase inhibitors (NNRTIs) is growing [11].
Other studies also show that the prevalence of PDR has
exceeded 10% in some regions; in low-income regions,
the prevalence of PDR has even surpassed 20% [12, 13].
In China, the overall prevalence of PDR remained at an
intermediate level of 7.4% [14]. However, with the con-
tinuous spread of the HIV epidemic, understanding the
prevalence and transmission patterns of transmitted drug
resistance (TDR) in the environment over an extended
period holds significant importance. A recent nationwide
report in China showed that the overall prevalence of
TDR stood at 4.6% during the period from 2001 to 2022;
meanwhile, an alarming annual growth rate of 11.2%
was observed from 2016 to 2022 [15]. Accumulating evi-
dence indicates that geographic disparities may influence
HIV transmission patterns [16]. Moreover, elucidating

the dynamics of inter-regional epidemics through spa-
tial epidemiology approaches could reduce the risk of
HIV transmission, as demonstrated in a study [17]. Such
a trend highlights the necessity of strengthening drug
resistance surveillance and prevention efforts in Lishui,
and the HIV molecular transmission network analysis
method, which has been rapidly developing in recent
years, is a technological approach to rapidly identify
populations at risk of transmission and conduct precise
interventions by constructing an HIV molecular trans-
mission network to study the transmission characteristics
based on the similarity of HIV gene sequences and corre-
late them with the epidemiological information [18, 19].

This study aimed to utilize the HIV molecular trans-
mission network technique to characterize the molecu-
lar epidemiology and TDR of HIV-1 infections in Lishui
from 2020 to 2023, in order to provide practical recom-
mendations and a scientific basis for the formulation of
precise prevention and treatment interventions.

Methods and materials

Study population and data collection

In this study, demographic, behavioral, clinical, and sub-
type resistance data were collected retrospectively from
481 individuals from 2020 to 2023 in Lishui, Zhejiang
Province, China. The inclusion criteria were as follows:
(1) newly diagnosed HIV-1 infections; (2) had never
received ART before enrollment. The blood samples col-
lected from these participants were stored in a freezer
maintained at —-80 °C. Written informed consent was
obtained from all participants. Additionally, this study
obtained approval from the Medical Ethics Committee
of the Lishui Municipal Center for Disease Control and
Prevention.

HIV-1 nucleic acid extraction, amplification, and
sequencing

According to the manufacturer’s instructions, HIV-1
RNA was extracted from the isolated plasma by means
of Viral RNA Mini Kit (Tianlong, Suzhou, China) and
supporting kits. The extracted RNA samples served as
templates for amplification using an in-house nested
polymerase chain reaction (PCR) and reverse transcrip-
tion PCR protocol targeting the pol (1,316 bp, HXB2:
2147-3462) gene regions of HIV-1 [20]. The amplifica-
tion products from the PCR-positive samples were iden-
tified by 1% agarose gel electrophoresis. Subsequently,
they were sent to Hangzhou Qingke Biotechnology Co.
Ltd. for purification and Sanger sequencing.
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Sequence analysis

The calibration and sequence splicing of the obtained
sequence fragments were conducted using Sequencer
5.4.6 (Gene Codes, Ann Arbor, Michigan, United States).
Subsequently, all the obtained sequence fragments were
manually aligned and edited using BioEdit 7.7.1 software
(Gene Codes, Ann Arbor, Michigan, United States), and
they were compared to the reference sequence from the
HIV databases of the Los Alamos National Laboratory
(http://hiv.lanl.gov). After that, the phylogenetic tree
was constructed using the neighbor-joining method in
MEGA 6.0 software. The Kimura 2-par-ameter model
with 1000 bootstrap replicates was identified as the best
fitting model among the models considered [21]. The
CREFs of each sequence were initially analyzed based on
clustering with international reference sequences and
further reviewed with the assistance of the COMET
online analysis tool (https://comet.lih.lu/index.php?ca
t=hivl) [22]. Sequences that failed to be clustered were
regarded as URFs and their recombination types were
analyzed using the RIP online analysis tool (https://ww
w.hiv.lanl.gov/content/sequence/RIP/RIP.html) and the
jpHMM online analysis tool (http://jphmm.gobics.de/su
bmission_hiv.html).

Drug resistance analysis

The aligned sample sequences were uploaded to the Stan-
ford University HIV Drug Resistance Database (https://
hivdb.stanford.edu/), where the HIVdb program (version
9.7) was used to identify and evaluate the level of HIV-1
drug resistance mutations (DRMs). The level of DRMs
was classified according to the Stanford Penalty Score as
low level (score of 15-29), intermediate level (score of
30-59), or high level (score of 60) with respect to the fol-
lowing drugs: eight protease inhibitors (PIs) [atazanavir/r
(ATV/r), darunavir/r (DRV/r), fosamprenavir/r (FPV/r),
indinavir/r (IDV/r), lopinavir/r (LPV/r), saquinavir/r
(SQV/r), nelfinavir (NFV), and tipranavir/r (TPV/r)],
five NNRTIs [doravirine (DOR), etravirine (ETR), efavi-
renz (EFV), rilpivirine (RPV) and nevirapine (NVP)], and
seven nucleoside reverse transcriptase inhibitors (NRTIs)
[abacavir (ABC), zidovudine (AZT), lamivudine (3TC),
stavudine (D4T), didanosine (DDI), emtricitabine (FTC),
and tenofovir (TDF)].

Genetic transmission network analysis

The aligned sample sequences were opened using MEGA
6.0 software, and the genetic distances between all sample
sequences were estimated using the Tamura-Nei model.
And then the optimal genetic distance (GD) thresh-
old was found. The optimal GD threshold was defined
as the distance that identifies the maximum number of
TCs. The results showed that 0.009 was the optimal GD
among the sequences. The HIV-1 molecular transmission
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network was visualized and analyzed using Cytoscape
3.9.1 [23]. In addition, the network entry rate indicates
the percentage of sample sequences that have entered the
transmission network among the total number of sample
sequences. A node in the molecular network represents a
sequence or case. The transmission correlation between
two nodes is represented by a link or edge. Degree value
refers to the number of node connections. The higher the
degree value is, the higher the transmission risk of the
node is, and a degree of 0 indicates non-clustered cases;
> 1, clustered cases; < 3, low-risk transmission cases; > 4,
high-risk transmission cases [24].

Statistical analysis

EpiData 3.1 software was used to build a database. The
demographic information and distribution of genotype
were examined by chi-square tests. Fisher’s exact test was
used when the sample size was small (e.g., less than 40),
or when the expected frequency was less than 5. Univari-
ate and multivariate logistic regression models were used
to identify factors that influenced the inclusion of vari-
ables into the HIV molecular network. All the analyses
were conducted in SPSS Statistics version 26.0 software
(IBM, Armonk, NY, United States) and R 3.5.1. Statistical
significance was defined as a P value <0.05.

Results

Demographic characteristics of the study population
Following amplification and sequencing of 481 HIV-
infected patient samples collected between 2020 and
2023, 455 (94.6%) were successfully amplified and
included in the analysis. Of the 455 sequenced infec-
tions, the majority were male (76.5%, 348/455) and of
Han ethnicity (94.9%, 432/455). Among the other ethnic
groups, She ethnicity comprised the highest proportion
(43.5%, 10/23). More than half of the infections were 50
years old and above (52.3%, 238/455), with an average
age of 48.7 years. The vast majority had Lishui household
registration (90.3%, 411/455). In terms of marital status,
49.7% were married (226/455). Regarding the literacy
level, it was mainly composed of those with an elemen-
tary school (37.6%, 171/455) and junior middle school
(31.4%, 143/455) education. Moreover, the main route of
infection was heterosexual transmission (74.5%, 339/455)
(Table 1).

Subtype analysis

After genotyping the 455 successfully amplified samples
from infections, a total of 13 subtypes were obtained,
including 9 CRFs and 4 URFs. The CRFs comprised
163 cases of CRF08_BC (35.8%, 163/455), 120 cases of
CRF07_BC (26.4%, 120/455), 118 cases of CRFO1_AE
(25.9%, 118/455), 21 cases of subtype B (4.6%, 21/455), 14
cases of CRF55_01B (3.1%, 14/455), 4 cases of CRF85_BC
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Table 1 Characteristics of newly diagnosed HIV-1 infections in Lishui from 2020 to 2023
Characteristics Total HIV-1 subtypes X P-value
n (%) CRF07_BC CRF08_BC CRFO1_AE others
n (%) n (%) n (%) n (%)
Total 455 120 163 118 54
Gender 7.180 0.066
Male 348(76.5) 101(84.2) 115(70.6) 90(76.3) 42(77.8)
Female 107(23.5) 19(15.8) 48(29.4) 28(23.7) 12(22.2)
Ethnicity 1.502° 0.693
Han 432(94.9) 112(93.3) 157(96.3) 112(94.9) 51(94.4)
Others 23(5.1) 8(6.7) 6(3.7) 6(5.1) 3(5.6)
Age (years) 76471 <0.001
<30 67(14.7) 22(18.3) 4(2.5) 32(27.1) 9(16.7)
30-39 63(13.8) 27(22.5) 8(4.9) 16(13.6) 12(22.2)
40-49 87(19.1) 27(22.5) 29(17.8) 24(20.3) 7(13.0)
>50 238(52.3) 44(36.7) 122(74.8) 46(39.0) 26(48.1)
Current address 5.960 0.114
Lishui 411(90.3) 102(85.0) 151(92.6) 107(90.7) 51(94.4)
Other cities 44(9.7) 18(15.0) 12(7.4) 11(9.3) 3(5.6)
Marital status 34.266 <0.001
Unmarried 122(26.8) 38(31.7) 20(12.3) 46(39.0) 18(33.3)
Married 226(49.7) 55(45.8) 91(55.8) 57(48.3) 23(42.6)
Divorced or widowed 107(23.5) 27(22.5) 52(31.9) 15(12.7) 13(24.1)
Level of education 51.032 <0.001
Primary school or below 209(45.9) 39(32.5) 100(61.3) 48(40.7) 22(40.7)
Junior middle school 143(31.4) 38(31.7) 50(30.7) 35(29.7) 20(37.0)
Senior high school 45(9.9) 17(14.2) 11(6.7) 10(8.5) 7(13.0)
Junior college or above 58(12.7) 26(21.7) 2(1.2) 25(21.2) 5(9.3)
Route of transmission 77.605 <0.001
MSM 116(25.5) 52(433) 3(1.8) 40(33.9) 21(38.9)
Heterosexual transmission 339(74.5) 68(56.7) 160(98.2) 78(66.1) 33(61.1)
Transmitted drug resistance 9.906 0.019
Sensitive 400(87.9) 97(80.8) 143(87.7) 110(93.2) 50(92.6)
Resistance 55(12.1) 23(19.2) 20(12.3) 8(6.8) 4(7.4)
CD4*cell count (cells/pL) 29.097 0.001
<200 151(33.2) 30(25.0) 56(34.4) 43(36.4) 22(40.7)
200-499 255(56.0) 73(60.8) 98(60.1) 62(52.5) 22(40.7)
>500 45(9.9) 17(14.2) 9(5.5) 12(10.2) 7(13.0)
Unknow 4(0.9) 0(0.0) 1(0.8) 3(5.6)

“The group was examined by Fisher’s exact test

(0.9%, 4/455), 2 cases of subtype Al (0.4%, 2/455), 2
cases of subtype A6 (0.4%, 2/455), 1 case of subtype C
(0.2%, 1/455). The URFs contained URF (CRF07_BC/
CRFO1_AE) in 7 cases (1.5%, 7/455), URF (B/C) in 1
case (0.2%, 1/455), URF (CRFO01_AE/B) in 1 case (0.2%,
1/455), URF (CRF65_cpx/ C/CRF07_BC) in 1 case (0.2%,
1/455) (Fig. 1). x° test/Fisher’s exact test analysis showed
that the distribution of subtypes of HIV infections was
significantly correlated with age (P<0.001), marital sta-
tus (P<0.001), level of education (P<0.001), route of
transmission (P<0.001), transmitted drug resistance
(P=0.019) and CD4" cell count (P=0.001) (Table 1).

Drug resistance analysis

The overall prevalence of TDR from 2020 to 2023 was
12.1% (55/455) with NNRTI resistance being the most
prevalent (5.9%, 27/455), followed by PI resistance (4.6%,
21/455) and NRTI resistance (2.4%, 11/455). More-
over, four infections exhibited dual-class resistance (2
NNRTI +NRTI, 1 NNRTI +PI, and 1 NRTI + PI). In total,
11.2% (51/455) showed single-class resistance and 0.9%
(4/455) dual-class resistance. TDR had been continu-
ously increasing from 6.8% in 2021 to 13.3% in 2023, and
NNRTI resistance also showed an increasing trend (from
2.5% in 2021 to 19.5% in 2023). In contrast, PI resistance
showed a decreasing trend (from 8.3% in 2020 to 1.9% in
2023). Additionally, the percentage of NNRTI resistance
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Fig. 1 Phylogenetic tree of 455 newly diagnosed HIV-1 infections in Lishui, 2020-2023

in TDR showed an increasing trend (from 33.3% in 2020
to 66.7% in 2023). The percentage of PI resistance in TDR
showed a decreasing trend (from 62.5% in 2021 to 13.3%
in 2023) (Fig. 2). Among the NNRTI resistance muta-
tions, K103N (2.4%, 11/455) showed the highest muta-
tion frequency, followed by E138A/G (1.5%, 7/455), and
for NRTI resistance, the most common mutations were
M41L/ML (1.1%, 5/455) and M184V/MV (0.9%, 4/455),
and for PI resistance, M461/L/MI/MV (2.0%, 9/455) and
Q58E (2.0%, 9/455) were the most frequent mutations
(Fig. 3).

According to the HIVdb Stanford database algorithm,
we found that TDR to single-class drugs was highest for
NVP (4.0%, 18/455), EFV (3.1%, 14/455), NFV (2.6%,
12/455), RPV (2.6%, 12/455), and TPV/r (2.2%, 10/455),
while the lowest rates were observed for TDF (0.2%,
1/455), DRV/r (0.2%, 1/455), FPV/r (0.2%, 1/455), IDV/r
(0.2%, 1/455), and LPV/r (0.2%, 1/455). Among the drug
classes, NNRTI resistance showed the highest proportion

of high-level resistance (11.0%, 50/455), followed by
NRTI resistance (6.8%, 31/455) and PI resistance (6.8%,
31/455). Among NNRTI agents, both NVP and EFV
showed the highest proportion of high-level resistance
(2.9%, 13/455). As for NRTT agents, both 3TC and FTC
showed the highest proportion of high-level resistance
(0.9%, 4/455). Among PI agents, both NFV and ATV/r
showed the highest proportion of high-level resistance
(0.4%, 2/455) (Fig. 4).

Molecular transmission network analysis

As shown in Fig. 5, a total of 55.8% (254/455) infections
were contained in the HIV molecular transmission net-
work when the GD threshold was 0.9%, which formed
49 transmission clusters. The median cluster size was 2
(IQR 2-4), with the largest size of 91 (1 cluster) and the
smallest size of 2 (25 clusters). Among those included
in the molecular transmission network, 75.6% (192/254)
were male and 24.4% (62/254) were female. In addition,
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Fig. 2 Trends in drug-resistant mutations and TDR in ART-naive infections

the subtype with the highest percentage was CRF08_BC,
accounting for 52.0% (132/254), followed by CRF07_BC
(22.4%, 57/254), CRFO1_AE (19.3%, 49/254), CRF55_01B
(3.5%, 9/254), and subtype B (2.0%, 5/254). Meanwhile,
subtype Al had the lowest number of cases, accounting
for 0.8% (2/254). Regarding the route of transmission,
83.1% (211/254) were infected through heterosexual
transmission, while 16.9% (43/254) were infected through
MSM. Within the network of CRF55_01B sequences,
88.9% (8/9) were infected through MSM. The primary
drug resistance mutations within the network were
K103N (22.6%, 7/31), followed by M41L (9.7%, 3/31),
M46L (9.7%, 3/31), M461 (9.7%, 3/31), and Q58E (9.7%,
3/31). Regardless of subtype, TDR was exclusively iden-
tified in the heterosexual population, and heterosexual
population showed 35.5% (11/31) of TDR among CRF07_
BC sequences, followed by 11.6% (5/43) among CRFO01_
AE sequences and 11.5% (15/130) among CRF08_BC
sequences. Notably, the number of infections with high-
transmission-risk was 140 cases, accounting for 55.1%

(140/254), distributed in 10 transmission clusters of
three subtypes, including CRF08_BC, CRF07_BC, and
CRFO01_AE, and the CRF08_BC Contained the maximum
number of infections, 102 cases, accounting for 72.9%
(102/140).

Univariate analysis showed that, when comparing the
infections included with those not included in the net-
work, there were significant differences in the following
aspects: for age groups, the age of 40-49 (OR=2.050,
95% CI=1.063-3.952, P=0.032) and =50 (OR=3.924,
95% CI=2.214-6.955, P<0.001); for current address,
other cities (OR=0.372, 95% CI=0.194-0.715, P=0.003);
for level of education, junior middle school (OR=0.462,
95% CI=0.299-0.716, P=0.001) and junior college or
above (OR=0.235, 95% CI=0.126-0.437, P<0.001); for
subtype, CRF08_BC (OR=6.614, 95% CI=3.869-11.305,
P<0.001); for transmission route, heterosexual trans-
mission (OR=2.799, 95% CI=1.809-4.328, P<0.001);
and for CD4" cell count, = 500 cells/puL (OR =0.444, 95%
CI=0.221-0.891, P=0.022) (Fig. 6). After adjusting for
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Fig. 4 Distribution of drug resistance levels in newly diagnosed HIV-1 infections

significant baseline covariates (P<0.05), multivariate
analysis showed that, compared with the reference group,
infections with current address in other cities had an OR
of 0.328 (95% CI=0.152-0.705, P=0.004), indicating a
67.2% lower risk of clustering; those with a junior middle
school education had an OR of 0.472 (95% CI=0.275—
0.809, P=0.006), and those with a junior college educa-
tion or above had an OR of 0.387 (95% CI=0.153-0.980,
P=0.045), corresponding to 0.472 and 0.387 times the
risk of clustering, respectively; those with CRF08_BC had
an OR of 5401 (95% CI=2.936-9.937, P<0.001), sug-
gesting a 5.401-fold higher risk of clustering; those with

CD4" cell count of 200-499 cells/pL had an OR of 1.684
(95% CI=1.051-2.697, P=0.030), meaning a 1.684-fold
higher risk of clustering (Fig. 7).

Discussion
In this study, we investigated the characteristics of demo-
graphics, subtype distribution, TDR, and molecular
transmission networks of HIV-1 infections who were
newly diagnosed with HIV and had never obtained ART
from 2020 to 2023 in Lishui.

Our study identified that the predominant sub-
types among HIV-1 infections in Lishui were as
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Fig. 5 Molecular transmission network among newly diagnosed HIV-1 infections in Lishui

follows: CRF08_BC (35.8%, 163/455), CRF07_BC (26.4%,
120/455), CRFO1_AE (25.9%, 118/455), and subtype B
(4.6%, 21/455). These findings were different from the
results shown by the 4th National HIV Molecular Epi-
demiology Survey conducted in 2015 [25]. It indicated
that the distribution of subtypes among HIV-1 infections
in Lishui showed certain regional characteristics, which
was consistent with the results of significant spatial het-
erogeneity of HIV transmission revealed by an analysis
of genomic and spatial epidemiology in Sichuan Province
[26]. Other studies has shown that floating populations
tend to influence the distribution of HIV-1 subtypes [27].
We hypothesize that this may be due to the location in a
mountainous area, which limits communication with the
outside world, fosters more stable demographic charac-
teristics, and contributes to localized epidemics.

By 2020, Lishui’s resident population was 2,508,000,
which accounted for only 3.9% of the total resident popu-
lation in Zhejiang Province (64,680,000), according to
the Lishui Municipal Bureau of Statistics [28]. Moreover,
Lishui had a floating population of 975,700, accounting
for 3.49% (975,700/279,197,000) of the Zhejiang Prov-
ince’s floating population, which was only higher than
Quzhou’s 2.11% (588,600/279,197,000) and Zhoushan’s
1.31% (366,500/279,197,000), according to the Zhejiang
Provincial Bureau of Statistics [29]. These statistics sug-
gest that the limited resident and floating populations
may restrict the prevalence of HIV subtypes.

Although subtype B was ranked fourth in this study,
ethnicity has been demonstrated to be a major determi-
nant of AIDS progression, and subtype B may progress
more rapidly in the Han Chinese population than in
Western ethnic groups [30]. Furthermore, some research
indicates that subtype B is undergoing natural selec-
tion, potentially leading to increased virulence [31].
Recent studies have shown that the prevalence of TDR

in CRF07_BC is lower than in subtype B and CRFO01_
AE [32, 33]. Chinese patients infected with CRF07_BC
showed better correlation with immune recovery after
ART compared to those infected with CRFO1_AE [34,
35]. Notably, while subtype B was associated with viru-
lence enhancement, similar phenomenon was also
observed in other CRFs in regions with high recombina-
tion rates [36]. This suggests that virulence enhancement
may be a broader evolutionary adaptation rather than a
subtype-specific trait, underscoring the need for longi-
tudinal studies to track viral dynamics across different
genetic backgrounds. In addition, although the preva-
lence of the three main dominant subtypes, CRF07_BC,
CRF08_BC, and CRFO1_AE, varied in Lishui City, their
combined prevalence remained relatively stable through-
out the study period, with an average combined preva-
lence of 88.3%. This suggests that these subtypes may
indicate similarly stable transmission rates of HIV infec-
tion in Lishui. In recent years, it is worth noting that
CRF55_01B has shown a trend of expanding prevalence
and has become the fifth major prevalent dominant
subtype in China [37, 38]. This consistency aligns with
our findings. The circulating recombinant form virus of
CRF55_01B was first discovered and reported in 2012
[39], and subsequently spread rapidly across the country
[40]. Although some research has found that CRF55_01B
can be transmitted among heterosexuals [41], the MSM
route still plays a dominant role in the spread of this sub-
type. In this study, it was evidenced by the result that the
majority of CRF55_01B infections (78.6%, 11/14) were
transmitted through MSM.

Due to the lack of pre-ART drug resistance test-
ing among HIV infections, the prevalence of TDR has
increased rapidly in recent years [42]. In this study,
drug resistance was defined by detecting any single
major mutation associated with antiretroviral failure.
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Variable In cluster n(%) OR(95% CT) P-Value
Gender
Male 192(75.6) 1
Female 62(24.4) —_ 1.119(0.722-1.735)  0.614
Age(years)
<30 23(9.1) 1
30-39 26(10.2) —_—r 1.344(0.660-2.738)  0.415
40-49 45(17.7) 2.050(1.063-3.952)  0.032
>50 160(63.0) 3.924(2.214-6.955) < 0.001
Ethnicity
Han 241(94.9) 1
Others 13(5.1) —_— 1.030(0.442-2.401)  0.945
Current address
Lishui 239(94.1) 1
Other cities 15(5.9) —— 0.372(0.194-0.715)  0.003
Marital status
Unmarried 49(19.3) |
Married 144(56.7) 2.616(1.664 4.112)  <0.001
Divorced or widowed 61(24.0) 1.976(1.167-3.346)  0.011
Level of education
Primary school or below 141(55.5) 1
Junior middle school 70(27.6) —— 0.462(0.299 0.716)  0.001
Senior high school 24(9.4) —t 0.551(0.287-1.059)  0.074
Junior college or above 19(7.5) —— 0.235(0.126-0.437) < 0.001
Subtype
CRF07_BC 47(18.5) 1
CRF08 BC 132(52.0) —  6.614(3.869 11.305) < 0.001
CRF0O1 AE 59(23.2) 1 — 1.553(0.929 2.598)  0.093
Others 16(6.3) —— 0.654(0.328 1.303) 0.227
Year
2020 70(27.6) 1
2021 66(26.0) —_— 1.124(0.683-1.851)  0.646
2022 62(24.4) - 1.445(0.851-2.453)  0.173
2023 56(22.0) —— 1.012(0.606 1.692)  0.963
Route of transmission
MSM 43(16.9) 1
Heterosexual transmission 211(83.1) 2.799(1.809-4.328) < 0.001
Transmitted drug resistance
Sensitive 223(87.8) 1
Resi_s‘_lancc 31(12.2) O 1.025(0.581-1.810)  0.932
CD4 cell count (cells/pL)
<200 80(31.5) 1
200-499 156(61.4) T 1.398(0.931-2.101)  0.106
> 500 15(5.9) ——— 0.444(0.221-0.891)  0.022
Unknow 3(1.2) 2.662(0.271-26.177) 0.401

05 1 2 3

Hazard ratio

Fig. 6 Univariate analysis of factors associated with infections within clusters. Red lines indicate factors with a higher risk of clustering and green lines

indicate factors with a lower risk of clustering (Reference groups: OR=1)

The prevalence of TDR among HIV infections in Lishui
was 12.1% (55/455), which is classified as an intermedi-
ate level of resistance (5-15%) under the WHO criteria
based on single-mutation surveillance [43]. This preva-
lence exceeds the national average of 7.4% reported in
China, where resistance is similarly defined by individ-
ual key mutations [14]. The K103N mutation, a single
amino acid substitution conferring high-level resistance
to EFV and NVP, was identified as the most prevalent in
this study. Recent regional studies in Wenzhou, Chongg-
ing, and Ningbo also reported K103N as a dominant

single-mutation driver of resistance, particularly in
CRF07_BC subtypes [44—46]. Additionally, this study
observed high-level resistance against NVP and EFV
(2.9%, 13/455) and 3TC and FTC (0.9%, 4/455), each
linked to specific single mutations. Given that NVP, EFV,
and 3TC are first-line ART drugs in China [47], targeted
monitoring of these single-mutation hotspots is critical
to mitigating TDR transmission.

The HIV molecular transmission network is essen-
tial for developing precision intervention and treatment
measures as well as enhancing the efficiency of public
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Variable In cluster n(%) OR(95% CI) P-Value

Age(years)

<30 23(9.1) 1

30-39 26(10.2) e e 0.995(0.419-2.360) 0.990

4049 45(17.7) ——— 0.931(0.355-2.442) 0.884

> 50 160(63.0) I 1.124(0.437-2.886) 0.878

Current address

Lishui 239(94.1) 1

Other citics 15(5.9) —-— 0.328(0.152-0.705) 0.004

Marital status

Unmarried 49(19.3) 1

Married 144(56.7) s 1.780(0.951-3.330)  0.071

Divorced or widowed 61(24.0) —— 1.118(0.539-2.317) 0.764

Level of education

Primary school or below 141(55.5) ]

Junior middle school 70(27.6) = 0.472(0.275-0.809) 0.006

Senior high school 24(9.4) ——— 0.794(0.337 1.871) 0.597

Junior college or above 19(7.5) — 0.387(0.153-0.980) 0.045

Subtype

CRF07 BC 47(18.5) ]

CRF08 BC 132(52.0) 5.401(2.936-9.937) <0.001

CRFOI_AE 59(23.2) S B a— 1.511(0.861 2.651) 0.150

Others 16(6.3) —— 0.513(0.240-1.095) 0.085

Route of transmission

MSM 43(16.9) 1

Heterosexual transmission 211(83.1) - 0.833(0.455-1.526) 0.577

CD4"cell count (cells/pL)

< 200 80(31.5) 1

200499 156(61.4) ——— 1.684(1.051-2.697) 0.030

> 500 15(5.9) —— 0.624(0.278-1.400) 0.253

Unknow 3(1.2) 14.418(1.161-179.040) 0.038
05 1 2 3 4 5 6

Hazard ratio

Fig. 7 Multivariate analysis of factors associated with clustered HIV-1 infections. Red lines indicate factors with a higher risk of clustering and green lines

indicate factors with a lower risk of clustering (Reference groups: OR=1)

health based on the characterization of HIV-1 transmis-
sion clusters and associated TDR [48]. Unlike other
densely populated cities, such as Hangzhou and Shen-
zhen [49, 50], HIV infections in the Lishui molecular
transmission network were predominantly transmitted
through heterosexual routes (83.1%, 211/254). Multivari-
ate analysis demonstrated that compared with infections
with education level of elementary school and below,
infected persons with education level of junior middle
school (OR=0.472, 95% CI=0.275-0.809, P=0.006) and
those with a junior college education or above (OR=0.
387, 95% CI=0.153-0.980, P=0.045) had a lower risk of
entering the transmission, suggesting that an increased
education level helps to reduce the risk of entering the
HIV molecular transmission network into clusters to
some extent. Compared with CRF07_BC, CRF08_BC
(OR=5.401, 95% CI=2.936-9.937, P<0.001) had a higher
risk of entering the transmission network, suggesting that
CRF08_BC is more likely to cluster. Meanwhile, we found
a tremendous CRF08_BC cluster in the molecular trans-
mission network, containing 91 sequences, and hetero-
sexual transmission was the predominant route, which
partly explains the highest proportion of CRF08_BC

observed in this study. In addition, the majority of the
drug-resistant infections in the network were middle-
aged and elderly (71.0%, 22/31), with all transmission
routes being heterosexual. This finding indicates that
heterosexual transmission among the middle-aged and
elderly populations is an important driver of the sexual
transmission within the Lishui TDR clusters.

This study has several limitations. First, although it
encompasses 455 newly confirmed HIV-1 infections
diagnosed from 2020 to 2023 in Lishui, the voluntary
nature of HIV testing may introduce selection bias,
potentially compromising sample representativeness.
Furthermore, the current dataset does not allow us to
accurately calculate infection duration or assess potential
confounding factors (e.g., coinfections, comorbidities,
medications, or environmental exposures) due to lim-
ited follow-up data. Additionally, the acute HIV infection
(AHI) could not be systematically diagnosed in this study
due to limited availability of HIV RNA viral load testing
and seroconversion markers. Finally, the amplified region
included only the pol gene sequence, which focused on
protease and reverse transcriptase mutations; thus, it did
not include resistance mutations associated with INSTIs.
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Conclusion

This study revealed that the prevalence of TDR was at an
intermediate level of drug resistance, and resistance to
NNRTIs was the most prevalent, with high levels of resis-
tance concentrated mainly in EFV and NVP. Middle-aged
and older infections represented a significant proportion
of the molecular transmission network. These findings
suggest that HIV surveillance and targeted prevention
and treatment interventions are essential to reduce the
risk of HIV transmission.
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