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Background: The emergence and spread of HIV-1 drug resistance may compromise HIV control globally. In
response to HIV/AIDS epidemic, China launched national HIV/AIDS treatment program in 2003, and started
to accumulate drug resistance data since 2001. In this study we aimed to assess the level, trend and distribu-
tion of HIV-1 drug resistance during a period of 17 years from 2001 to 2017, and to characterize crucial drug
resistance mutations.
Methods: We systematically reviewed 4737 studies published between January 1, 2001 and March 31, 2019 in
PubMed, Embase, China National Knowledge Infrastructure (CNKI), WanFang Database, Web of Science, confer-
ence abstracts from the Chinese Medical Association and the Chinese AIDS Academic Conferences, and selected
170 studies that met our study criteria. To assess the prevalence of drug resistance in whole country or a local
region, we performed pooled analyses of raw data. The transformed proportions were pooled using the
inverse variance fixed effects methods or the DerSimonian-Laired random effects methods. The temporal trend
of transmitted drug resistance (TDR) was determined using generalized additive model implemented in the
Mgcv version 1.8 package. HIV-1 genotypic resistance was analyzed using the Stanford HIVdb algorithm.
Findings: We assembled 218 datasets from 170 selected studies (129 in Chinese and 41 in English), covering
21,451 ART-naïve and 30,475 ART-treated individuals with HIV-1 infection. The pooled prevalence of TDR was
3.0% (95%CI: 2.8�3.2), including 0.7% (95%CI: 0.4�1.0), 1.4% (95%CI: 1.3�1.6) and 0.5% (95%CI: 0.4�0.6) for nucle-
oside reverse transcriptase inhibitor (NRTI), non-NRTI (NNRTI) and protease inhibitor (PI) resistance, respectively.
The acquired drug resistance (ADR) prevalence was 44.7% (95%CI: 39.3�50.2), including 31.4% (95%CI:
28.2�34.6), 39.5% (95%CI: 35.6�43.5) and 1.0% (95%CI: 0.8�1.2) for NRTI, NNRTI and PI resistance, respectively.
TDR and ADR prevalence had characteristic regional patterns. The worst prevalence of drug resistance occurred
in Central China, and higher ADR prevalence occurred in South China than North China. TDR in whole country
has risen since 2012, and this rise was driven mainly by NNRTI resistance. One NRTI-associated (M184V/I) and
three NNRTI-associated (K103N/S, Y181C/I and G190A/S) mutations had high percentages in ART-naïve and ART-
treated individuals, and these mutations conferred high-level resistance to 3TC, EFV and/or NVP.
Interpretation: These findings suggest that the current available first-line ART regimens containing 3TC and/
or EFV or NVP need to be revised. In addition, scale-up of multiple viral load measurements per year and
drug resistance testing prior to ART initiation are recommended. Furthermore, implementation of pre-treat-
ment education and counseling to improve patient adherence to ART is encouraged.
Funding: This work was supported by grants from the National Natural Science Foundation of China
(81672033, U1302224, and 81271888) and Open Research Fund Program of the State Key Laboratory of Virol-
ogy of China (2019IOV002).
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Research in context

Evidence before this study

We searched PubMed/Medline and Chinese literature databases
up until March 31, 2019 for meta-analysis papers on HIV-1 drug
resistance in China using the search terms used are (“HIV” OR
“human immunodeficiency virus” OR “AIDS” OR “acquired immu-
nodeficiency syndrome”), AND (“drug resistance” OR “drug resis-
tant”) AND “China” AND “meta-analysis”. Six meta-analysis papers
that contained original studies conducted before 2014 were found.
This paper is the most comprehensive systematic review and
meta-analysis that contained 170 original studies (129 in Chinese
and 41 in English) and covered the data from 2001 to 2017.

Added value of this study

We present the overall prevalence of acquired (ADR) and trans-
mitted (TDR) drug resistances in China, as well as the national
trend of TDR from 2001 to 2017, and report the region-specific
prevalence pattern of HIV-1 drug resistance in China. In addi-
tion, we report high percentages of one NRTI (M184V/I) and
three NNRTI (K103N/S, Y181C/I and G190A/S) mutations in
ART-naïve and ART-treated individuals, which confer high-level
resistance to 3TC, EFV and/or NVP. The results provide first-
hand information for non-Chinese researchers to include China
data into the estimate of global prevalence trend and evolution
of HIV-1 drug resistance.

Implications of all available evidence

Region-specific prevalence of HIV-1 drug resistance and SDRM
profile provide new insights into the design of region-specific
first-line and second-line ART regimens. Increased prevalence
of HIV-1 drug resistance suggests that a number of strategies,
including scale-up of multiple viral load measurements per
year, optimization of ART regimens, and early counseling and
pre-treatment education to improve ART adherence should be
implemented in China in order to achieve the WHO’s third 90%
goal by 2020 and to eliminate AIDS epidemic by 2030.
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1. Introduction

HIV/AIDS epidemic still remains a huge public health burden espe-
cially to low-income and middle-income countries (LMICs) [1]. In
response to the global HIV/AIDS epidemic, WHO and UNAIDS launched
in 2014 the “90�90�90” target to be achieved by 2020 [2], and set a
global goal in 2016 to end the AIDS epidemic as a public health threat by
2030 [1]. The AIDS epidemic in China started among injection drug users
(IDUs) in southwestern region (e.g., Yunnan province) of China in 1989
[3,4]. Since the mid-1990s, the large HIV/AIDS outbreak among former
plasma donors (FPDs) in Central China (e.g., Henan province) and the
rapid spread of HIV-1 infections to most provinces of the country raised
the public attention and concern from the Chinese government. In
response to the national HIV/AIDS epidemic, the Chinese government
initiated the “Four Frees and One Care” policy to fight against HIV/AIDS
in 2003, more than ten years earlier than the announcement of the
“90�90�90” target by WHO and UNAIDS [4,5]. The policy includes 4
“Frees” (i. Free treatment, ii. Free voluntary counseling and testing, iii.
Free prevention of mother to child transmission (MTCT), and, iv. Free
schooling for AIDS orphans) and one “Care” (provision of social relief for
AIDS patients) [4]. The costs were paid by government. By Oct. 30, 2019,
the scale-up of antiretroviral therapy (ART) for the treatment of HIV/
AIDS had reached 829,628 individuals, accounting for 86.6% of 958,000
estimated HIV-1 infections in China [6]. As a country with the largest
population, the Chinese efforts on the prevention and control of HIV/
AIDS are contributing substantially to the global goal of ending the AIDS
epidemic as a public health threat by 2030.

ART is the most effective tool to prevent and control HIV/AIDS
pandemic in the absence of an effective AIDS vaccine [7]. The national
scale-up of ART for the treatment of HIV/AIDS has markedly reduced
HIV/AIDS-related mortality from 39.3% in 2002 to 14.2% in 2009 in
China [8]. However, long-term ART brought about a huge concern on
the emergence of HIV-1 drug resistance [9]. Data showed that about
4.6%�57.1% of patients receiving first-line ART regimens in China had
virological failure (VF: defined as having viral load >1000 copies/ml)
after 12 months of treatment, and 39�%81.3% of the patients with VF
carried drug-resistant HIV-1 variants, resulting in a primary drug
resistance rate of 3.1�%47.1% [10�15]. Because there are only a few
free antiretroviral drugs (7 free drugs since 2014) for first-line and
second-line ART regimens in China (Appendix 1), and HIV-1 genetic
diversity is becoming more complex, increased prevalence of
acquired HIV-1 drug resistance (ADR) and consequential transmis-
sion of drug-resistant virus to newly infected people have further
increased the VF rate at a national level [16].

Some previous studies showed that the rates of VF and
drug resistance varied in different cohorts and different provinces and
regions of China, with the worst situation being observed in Henan
province [10�13,17]. However, prevalence trend and pattern of HIV-1
drug resistance in treated and untreated individuals with HIV-1 are
rarely systematically assessed at the national level since the rollout of
ART in China in 2003. In this study, we aimed to comprehensively
assess the levels, molecular epidemiological trends, and distributions
of both ADR and transmitted drug resistance (TDR) by a meta-analysis.
Additionally, we characterized the crucial drug resistance mutations
that are responsible for ADR and TDR in different regions.

2. Methods

2.1. Search strategy and selection criteria

This study is a meta-analysis that systematically reviewed the
regional and temporal trends of HIV-1 drug resistance among ART-
naïve and ART-treated adult patients in China (Fig. 1). We conducted
the research and reported the findings in line with the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses State-
ment (Appendix 2) [18]. We searched for studies published between
Jan. 1, 2001 to Mar. 31, 2019 in PubMed (Appendix 3), Embase, China
National Knowledge Infrastructure (CNKI), WanFang Database, Web
of Science, and conference abstracts from the Chinese Medical Associ-
ation and the Chinese AIDS Academic Conferences. The searches were
restricted to studies in English and Chinese using the search terms
(“HIV” OR “AIDS”) AND “antiretroviral therapy” AND (“transmitted
drug resistance” OR “naïve” OR “acquired drug resistance” OR “preva-
lence analysis” OR “infectious diseases surveillance”) AND “China”.
We included studies of HIV-1-infected adults (aged >14 years) who
were eligible for initiation of the first-line ART in China. The studies
that used the WHO-recommended methods to assess resistance in
ART-naïve patients and reported at least twenty HIV-1 pol sequences
were included. We excluded studies focusing on non-Chinese
patients, mother-to-child transmission patients, and co-infected
patients. The studies that did not report detailed ART status (receiv-
ing or not receiving), information on drug resistance and/or geo-
graphical origin were excluded. The review papers and conference
abstracts were also excluded from the analysis. We did not contact
study authors for publically unavailable data.

Two reviewers LZ and HL individually assessed study quality and
eligibility, and performed data extraction. Study quality was assessed
according to the optimal Quality Assessment of Diagnostic Accuracy
Studies (QUADAS-2) tool [19,20] (Appendix 4). Any discrepancies
were decided by LZ. The following data were extracted: the
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information of geographical origin (e.g., province and city), sampling
year, receiving or non-receiving ART, duration of ART, risk group,
transmission route, study type, CD4+ cell count, viral load (VL), num-
bers of patients with and without any surveillance drug resistance
mutation (SDRM), nucleoside reverse transcriptase inhibitor (NRTI)
mutations, non-nucleoside reverse transcriptase inhibitor (NNRTI)
mutations, and protease inhibitor (PI) mutations.

2.2. Statistical analysis

To investigate the prevalence of TDR and ADR in different geographi-
cal regions of China and characterize the trend of TDR over time, we
grouped the patients according to drug resistance types (i.e., NRTI, NNRTI
and PI), sampling years and geographical locations. Based on the website
of the Area Division Department, Ministry of Civil Affairs of China (http://
www.xzqh.org.cn/), China contains seven major regions: North (Beijing,
Hebei, Inner Mongolia, Shanxi, and Tianjin provinces/municipalities/
autonomous region), East (Anhui, Fujian, Jiangsu, Jiangxi, Shanghai, Shan-
dong, and Zhejiang provinces/municipality), Central (Henan, Hubei, and
Hunan provinces), Northwest (Gansu, Qinghai, Ningxia, Shaanxi, and Xin-
jiang provinces/autonomous regions), South (Guangdong, Guangxi, and
Hainan provinces), Southwest (Chongqing, Guizhou, Sichuan, Tibet, and
Yunnan provinces/municipality/autonomous region), and Northeast
China (Heilongjiang, Jilin, and Liaoning provinces) (Appendix 5). To assess
the prevalence of drug resistance, we estimated pooled proportions of
sequences with any SDRM (r) in all sequences (n). For studies including
sequences with no mutation, the proportion was estimated as: 1 �
(4 £ n). To minimize the variance of drug resistance rate across selected
studies, the rate was transformed using the Freeman-Turkey double arc-
sine square root transformation [21].

The heterogeneity between studies was assessed using the I-
squared statistic of the meta-analysis [22]. Because relatively few
datasets were available for certain regions, and high heterogeneity
was observed in the seven major regions, we performed further sub-
group analysis according to North, South and Central China (Fig. 2).
North China covers North, Northeast, and Northwest China. South
China covers East, South, and Southwest China. We also performed
subgroup analyses according to languages of studies and the duration
time of ART to assess potential causes of heterogeneity (Appendix
6�8). We pooled the transformed proportions using the inverse vari-
ance fixed effects methods if I-squared <75%, or the DerSimonian-
Laired random effects methods if I-squared >75% [22]. We also
assessed publication bias using Egger test (Appendix 9�10). Meta-
analysis was performed using Stata version 14.1. To assess the
temporal trend of HIV-1 drug resistance prevalence in ART-naïve
individuals in China or a specified region, we used generalized addi-
tive model (GAM) implemented in the Mgcv version 1.8 package to
fit the trend data. The correlations between drug resistance and vari-
ous characteristics (e.g., subtypes and regions) were performed using
SPSS Statistics 23.0. The nonparametric comparison was performed
using the Kruskal�Wallis method. Other comparisons were made
using Chi squared test with Yates' correction or Fisher's exact test.

2.3. Sequence analyses

To analyze HIV-1 SDRMs, we downloaded all available HIV-1 pol
sequences in China from HIV database (https://www.hiv.lanl.gov) with
a choice of “YES” or “NO” using advanced search term “drug naïve”. The
mutations were determined according to the 2009 WHO SDRM list
using the online tool (http://cpr.stanford.edu/cpr.cgi) [23]. HIV-1 geno-
typic resistance of each sequence with one or more SDRMs to antiretro-
viral drugs was analyzed using the HIVDB genotypic resistance
interpretation system (HIVdb version 8.9:https://hivdb.stanford.edu/
hivdb/by-mutations/) [24]. The percentage of a mutation was estimated
by calculating its proportion after pooling the numbers of the sequences
with this mutation and those with any SDRM.
2.4. Role of the funding source

The funders of the study had no role in study design, data collec-
tion, data analysis, data interpretation, and writing of the report.

3. Results

We initially identified 4737 study records from 5 electronic databases
according to our search strategy. After removing records notmeeting our
eligibility criteria, 218 datasets from 170 studies (129 in Chinese and 41
in English) were subjected to our meta-analysis (Fig. 1). 105 studies
focused on TDR and covered 21,451 individuals from 2001 to 2017 and
71 studies focused on ADR and covered 30,475 individuals from 2003 to
2016 were included. Among these studies, 51,660 sequences were used
to determine drug resistance, with a median of 96 (IQR: 49-229) for each
study. The median number of involved individuals per study was 64
(IQR: 60-169) for TDR and 127 (IQR: 67-202) for ADR. The involved
specimens were collected from 2001 to 2017, and covered almost all
provinces of China excluding Inner Mongolia (IM), Tibet (XZ), Qinghai
(QH), Hainan (HaiN), Taiwan (TW), Hong Kong (HK) andMacao (MAC).

3.1. Estimated prevalence of HIV-1 drug resistance in China

The pooled TDR prevalence in China was 3.0% (95%CI: 2.8�3.2),
including 0.7% (95%CI: 0.4�1.0) NRTI, 1.4% (95%CI: 1.3�1.6) NNRTI
and 0.5% (95%CI: 0.4�0.6) PI resistance (Fig. 2). The ADR prevalence
was 44.7% (95%CI: 39.3�50.2), including 31.4% (95%CI: 28.2�34.6)
NRTI, 39.5% (95%CI: 35.6�43.5) NNRTI and 1.0% (95%CI: 0.8�1.2) PI
resistance (Fig. 2). It was not surprising that the TDR prevalence was
substantially lower than ADR prevalence, and NNRTI resistance was
more prevalent than NRTI resistance. To avoid publication bias
(Appendix 9 and 10), we re-calculated the national prevalence of
drug resistance by re-analyzing all the raw data from included stud-
ies. The re-estimated prevalence of TDR and ADR was 4.5% and 35.9%,
respectively, slightly different from model-estimated prevalence
(4.5% vs. 3.8% for TDR, and 35.9% vs. 44.7% for ADR).

The spread of HIV-1 in China was generally from South to North
[25,26]. Furthermore, a unique HIV/AIDS epidemic occurred mainly
among FPDs in Central China [27]. To estimate the regional prevalence of
HIV-1 drug resistance, we analyzed the data from Central, North and
South China. The TDR prevalence had I-squared values of 42.3%�77.2%
for three main regions, indicating a low degree of heterogeneity (Appen-
dix 11�14). The pooled TDR prevalence was 4.5% (95%CI: 4.0�5.0), 5.1%
(95%CI: 4.1�6.1) and 2.4% (95%CI: 2.1�2.7) in North, Central and South
China, respectively (Fig. 2). A relatively high degree of heterogeneity was
observed for ADR with I-squared values of 99.5%�99.8% in three main
regions (Appendix 15�18). The pooled ADR prevalence was 30.8%
(95%CI: 20.1�41.5), 47.5% (95%CI: 34.2�60.8) and 47.7% (95%CI:
40.4�55.1) in North, Central and South China, respectively (Fig. 2). Cen-
tral China had the highest drug resistance prevalence regardless of TDR
or ADR. North China appeared to have higher prevalence of TDR but
lower ADR than South China (Fig. 2). Of particular importance is that PI
resistance had a prevalence rate of 1.5% in ART-naïve HIV-1 infected
individuals, similar to 1.7% in ART-treated individuals.

The difference in geographic prevalence of drug resistance was
observed between Central China and other regions, as well as
between South and North China. Similar trend of HIV-1 drug resis-
tance prevalence in geographic regions was also observed when
seven main regions of China were taken into account (Appendix 5).

3.2. Temporal trend of HIV-1 drug resistance prevalence in ART-naïve
individuals in China

China has an overall rising trend of HIV-1 drug resistance in ART-
naïve individuals from 2001 to 2017 (Fig. 3). A slow decrease of TDR
from 4.75% to 3.75% was observed during 2001�2011, followed by a

http://www.xzqh.org.cn/
http://www.xzqh.org.cn/
https://www.hiv.lanl.gov
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Fig. 1. Study selection.

4 L. Zuo et al. / EClinicalMedicine 18 (2020) 100238
rapid increase from 3.75% in 2012 to 6.25% in 2017. The trend of resis-
tance to NNRTI decreased from 2.25% in 2001 to 1.75% in 2012, and
then increased from 1.75% in 2012 to 5.0% in 2017; whereas the trends
of NRTI and PI remained stable. The trend of NNRTI resistance was well
consistent with the overall trend of HIV-1 drug resistance, indicating
that HIV-1 drug resistance was mainly driven by NNRTI resistance.

The prevalence of three classes of drug resistance in ART-naïve indi-
viduals appeared to be more serious and fluctuant in Central China than
in South and North China (Fig. 3 and Appendix 19). In Central China,
TDR showed a rising prevalence trend from 2001 to 2017. The dynamics
showed a rapid decrease from 9.0% in 2001 to 4.0% in 2007, followed by
a steep increase from 4.0% in 2007 to 17.75% in 2017 at an average
growth of 1.4% per year. The prevalence trends of NNRTI and NRTI resis-
tances were similar to the overall pattern that had a first decrease and
then an increase. A difference was that the prevalence of PI resistance
was relatively stable from 2005 to 2017with a small peak (2.75%) occur-
ring in 2011. In South China, HIV-1 drug resistance showed a rising
trend from 2001 to 2017 with an episode of decrease from 2007 to
2012 (Fig. 3). In North China, the overall prevalence of HIV-1 drug resis-
tance remained fairly stable from 2001 to 2017 (Fig. 3). The prevalence
of NNRTI appeared to slowly increase from 0.5% in 2001 to 3.0% in 2017,
accompanied by a slow decrease in PI resistance from 3.75% to 1.75%.

3.3. HIV-1 SDRMs in China

Having described the overall prevalence of HIV-1 drug resistance, we
went on to examine which mutations contributed to drug resistance.
From HIV database (https://www.hiv.lanl.gov), we downloaded 9010
available HIV-1 pol sequences from China, including 8439 and 571
sequences from ART-naïve and ART-treated individuals, respectively.
There were 293 (3.5%) and 158 (27.7%) sequences carrying at least one
SDRM to be identified from ART-naïve and ART-treated individuals,
respectively. The SDRM profile appeared to be very different between
ART-naïve and ART-treated individuals at the national level, especially for
PI mutations (Fig. 4). In spite of this, the most common NRTI and NNRTI
mutations observed in ART-naïve and ART-treated individuals were well
consistent. The top NRTI mutations identified in ART-naïve and ART-
treated individuals were M184V/I (16.3% and 41.8%) and T215I/Y/S/D/F
(20.9% and 9.5%), and the top NNRTI mutations were K103N/S (18.7% and
40.5%), Y181C/I (14.0% and 22.2%), and G190A/S (9.5% and 22.2%, respec-
tively). Furthermore, we found a very high proportion (29.4%) of PI muta-
tion M46I/L in ART-naïve individuals, significantly higher than that in
ART-treated individuals (1.3%) (Fig. 4). The most commonly observed
SDRM are involved in HIV-1 resistance to 10 antiretroviral drugs (includ-
ing NRTIs, NNRTIs and PIs) available in China, including 5 free drugs (i.e.,
AZT, 3TC, EFV, NVP and LPV/r) used in first- and/or second-line regimens
(Fig. 4 and Appendix 1).

The SDRM profile (especially several most commonly observed
SDRMs) varied largely in different regions of China (Fig. 4). Although the
SDRM profiles in North and South China were similar to each other and
to the national ones, lower percentages of NRTI and NNRTI mutations
were observed in ART-naïve individuals in South China than in North
China. Another difference was that a very high proportion of M184V/I
(NRTI mutation) occurred in ART-treated individuals in South China
(66.0%), higher than that in North China (42.4%). Dramatically distinct
from other regions, Central China had a unique mutation profile. The two
most commonly observed SDRMs M184V/I (NRTI) and M46I/L (PI) in
North and South China were rarely found in Central China (Fig. 4). Impor-
tantly, a very high percentage of K103N/S (18.71%) was observed in ART-
naïve, but rarely seen in ART-treated individuals in Central China. In
contrast, a high percentage of this mutation occurred in ART-treated but
rarely observed in ART-naïve individuals in other regions. Furthermore, a
higher percentage of V106A/M (13.29%) in ART-treated individuals was
observed in Central China than other regions.

3.4. Drug sensitivity of sequences with SDRMs

We further analyzed the resistance levels of sequences with any
SDRM to 13 NRTI, NNRTI and PI drugs available in China (Fig. 5). In ART-
naïve individuals, the proportion of sequences with any SDRM ranged
from 2.7% (TDF) to 17.1% (3TC/FTC) for seven NRTI drugs, from 3.75%
(ETR) to 42.7% (NVP) for five NNRTI drugs, and 0.7% (LPV/r) to 3.8%
(NFV) for PI drugs (Fig. 5(a)). Although TDR-associated SDRM profile to
antiretroviral drugs varied in different regions, resistance to two free
NNRTIs EFV and NVP was very common at the national level with the
worst in Central China. TDR to NFV was common in North (4.0%) and

https://www.hiv.lanl.gov


Fig. 2. Prevalence of HIV-1 drug resistance by three major regions of China. North, Central and South China contain 14, 3, and 13 provinces, respectively. The three major regions are
highlighted by different colors. NRTI, nucleoside reverse transcriptase inhibitor; NNRTI, non-nucleoside reverse transcriptase inhibitor; PI, protease inhibitor. HLJ, Heilongjiang; JL,
Jilin; LN, Liaoning; BJ, Beijing; TJ, Tianjing; SX, Shanxi; HE, Hebei; NM, Inner Mongoria IM; SN, Shaanxi; GS, Gansu; QH, Qinghai; NX, Ningxia; XJ, Xinjiang; GD, Guangdong; GX,
Guangxi; HI, Hainan; SH, Shanghai; JS, Jiangsu; AH, Anhui; FJ, Fujian; JX, Jiangxi; SD, Shandong; SC, Sichuan; GZ, Guizhou; YN, Yunnan; CQ, Chongqing; XZ, Tibet; HA, Henan; HB,
Hubei; HN, Hunan; HK, Hong Kang; MAC, Macao; TW, Taiwan.
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Fig. 3. Temporal trend of drug resistance prevalence in ART-naive individuals with HIV by three major regions of China since 2001. Every circle represents a study and the size of the
circle is proportional to the number of samples successfully sequenced in that study. The colored lines showed the predicted prevalence trends. The abbreviations of NRTI, NNRTI,
and PI are provided in Fig. 2.
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South (4.3%) China, but rare in Central China. Of particular importance is
that almost all resistant strains to EFV and NVP showed intermediate-
and high-level of resistance (Fig. 5(a)).

In ART-treated individuals, the proportion of sequences with any
SDRM ranged from 5.7% (TDF) to 43.0% (FTC) for NRTI drugs, and
from 6.3% (ETR) to 89.2% (NVP) for NNRTI drugs (Fig. 5(b)). Over 50%
resistance strains showed resistance to three NRTI drugs (ABC, FTC
and 3TC) and four NNRTI drugs (DOR, EFV, NVP and RPV) in North
and South China. Intermediate- and high-level resistance to two
NNRTI drugs EFV (88%) and NVP (90%), as well as two NRTI drugs 3TC
(48.1%) and FTC (48.7%) was common in the whole country. Resis-
tance to PI drugs was rarely found in ART-treated individuals
(0�1.9%). Central China had relatively lower percentage of resistance
to NNRTI and NRTI drugs, except for EFV (82.5%) and NVP (87.5%).

We further evaluated the percentages of TDR- and ADR-associated
SDRMs to three classes of antiretroviral drugs. The NNRTI resistance
was common in both ART-naïve (28.0%) and ART-treated (27.2%)
individuals (Fig. 6). NRTI (17.1% vs. 3.8%) and PI (37.5% vs. 7.0%) resis-
tance was more common in ART-naïve individuals than ART-treated
individuals. A significantly higher percentage of NRTI/NNRTI dual-
class resistance was observed in ART-treated individuals (62.0%) than
ART-naïve individuals (15.7%) (Fig. 6).
3.5. Correlation between SDRMs and virus subtypes

There are 76 (25.9%) subtype B, 151 (51.5%) CRF01_AE, 27 (9.2%)
CRF07_BC, and 39 (13.3%) other subtypes in 293 HIV-1 pol sequences
with any SDRM in ART-naïve individuals. The SDRM profile was very
different in subtype B, CRF01_AE and CRF07_BC sequences (Appendix
20). Four mutations T69D (NRTI), K103N/S (NNRTI), M46I/L (PI) and
L90M (PI) showed significantly different percentages in different sub-
types (p < 0.05) (Table 1). Low percentages of NRTI and NNRTI muta-
tions, but a very high percentage (47.7%) of PI mutation (M46I/L)
occurred in CRF01_AE; in contrast, high percentages of NRTI (M184I/V)
and NNRTI (K103N/S and Y181C/I) mutations were observed in subtype
B. For CRF07_BC, NNRTI mutations appeared to be more frequent than
NRTI and PI mutations.

The vast majority of the M46I/L mutation occurred in CRF01_AE in
ART-naïve individuals (Table 1), suggesting that this mutation was
likely a consequence of natural polymorphism of HIV-1. To address
this issue, we performed phylogenetic analysis using all available
sequences with any SDRM. The phylogenetic tree showed that the
majority of M46I/L-carrying CRF01_AE strains formed genetic clus-
ters with a few dispersed within the strains without this mutation
(Appendix 21), suggesting that most M46I/L-carrying CRF01_AE



Fig. 4. Estimated prevalence of HIV-1 drug resistance mutations in ART-naïve and ART-treated individuals with any SDRM. The major and minor resistance mutations are
highlighted by dark and light violets, respectively. ABC, abacavir; AZT, zidovudine; D4T, stavudine; DDI, didanosine; FTC, emtricitabine; 3TC, lamivudine; TDF, tenofovir; DOR, dora-
cirine; EFV, efavirenz; ETR, etravirine; NVP, nevirapine; RPV, rilpivirine; ATV, atazanavir; IDV, indinavir; LPV/r, lopinavir/ritonavir; NFV, nelfinavir.
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Fig. 5. Estimated levels of predicted genotypic drug resistance for samples successfully sequenced with any SDRM. (a) ART-naïve individuals with HIV; (b) ART-treated individuals
with HIV. The abbreviations of antiretroviral drugs are provided in Fig. 4 and Appendix 1.
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strains were more likely transmitted rather than generated by natu-
ral polymorphism. In contrast, most M46I/L variants in other sub-
types were scattered within the strains without this mutation,
implying natural polymorphism of HIV-1. Furthermore, very high
percentages of M184I/V (26.3%) and K103N/S (39.5%) were found in
subtype B strains in ART-naïve individuals (Table 1), and some of



Fig. 6. Prevalence of HIV drug resistance in ART-naïve and ART-treated individuals
with HIV by drug class. The abbreviations of NRTI, NNRTI, and PI are provided in Fig. 2.
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them were scattered within the strains without the mutations,
implying natural polymorphism of HIV-1 (Appendix 22). Because the
majority of these strains were isolated from Central China where
there was a long history of ART, a few of them were not excluded due
to undisclosed ART or prior exposures to ART.

Among 158 sequences with any SDRM in ART-treated individuals, 77
(48.7%) belonged to subtype B, 40 (25.3%) CRF01_AE, 15 (9.5%)
Table 1
HIV drug resistance mutation profiles in ART-naïve individuals by subtypes.

Mutation Proportion and (No.)
(%)

B n = 76 CRF01_AE n = 151 CRF07_BC n =

Resistance to nucleoside reverse transcriptase inhibitors (NRTIs)
M41L 7.9 (6) 1.3 (2) 3.7 (1)
K65R 2.6 (2) 1.3 (2) 3.7 (1)
D67G/N/E/H/T 10.5 (8) 4.6 (7)
T69D/I 5.3 (4) 0.7 (1)
K70R/E 7.9 (6) 2.7 (4)
L74I/V 2.6 (2) 1.3 (2)
V75M/T/A/S/I 2.6 (2) 1.3 (2)
F77L 4.0 (3)
F116Y 4.0 (3) 0.7 (1)
G151M 5.3 (4) 1.3 (2)
M184V/I 26.3 (20) 11.9 (18) 11.1 (3)
L210W 6.6 (5) 4.6 (7)
T215F/I/Y/S 14.5 (11) 6.6 (10) 7.4 (2)
K219E/Q/N/R 9.2 (7) 5.3 (8) 7.4 (2)
Resistance to non-nucleoside reverse transcriptase inhibitors (NNRTIs)
K101E/Q/H/P 6.6 (5) 2 (3)
K103N/S 39.5 (30) 7.3 (11) 37 (10)
V106A/M 5.3 (4) 3.3 (5) 3.7 (1)
V179F/D/E 1.3 (1) 0.7 (1)
Y181C/V/I/F 18.4 (14) 9.9 (15) 11.1 (3)
Y188C/L/H 6.6 (5) 2 (3) 7.4 (2)
G190A/S/E 15.8 (12) 7.3 (11)
P225H 1.3 (2) 7.4 (2)
M230L 1.3 (1) 0.7 (1)
Resistance to protease inhibitors (PIs)
L23I 1.3 (1) 1.3 (2) 7.4 (2)
D30N 0.7 (1)
M46I/L 5.3 (4) 47.7 (72) 7.4 (2)
I50V/L 1.3 (1) 0.7 (1)
F53L/Y 0.7 (1)
I54V/I 1.3 (1)
G73S 0.7 (1)
L76V 1.3 (2)
V82A/F 1.3 (1)
N83D 1.3 (1) 0.7 (1)
I84V 0.7 (1)
I85V 2.6 (2) 1.3 (2)
N88D/S 1.3 (1) 0.7 (1)
L90M 2.6 (2) 7.4 (2)
CRF07_BC, 16 (10.1%) CRF08_BC and 10 (6.3%) other subtypes. The per-
centages of four mutations K65R (NRTI), M184I/V (NRTI), G190A/S
(NNRTI) andM230L (NNRTI) were significantly correlated with subtypes
(p< 0.05) (Table 2). Subtype B had an obviously different ADR mutation
profile from other subtypes (e.g. CRF01_AE, CRF07_BC and CRF08_BC)
(Appendix 20). In NRTI mutations, T215I/Y/S/N/F/E had the highest per-
centage (31.2%) in subtype B, whereas M184I/V had the most predomi-
nant percentage (43.8�73.3%) in CRF01_AE and other subtypes (Table 2
and Appendix 20). In NNRTI mutations, K103N/S and G190N/S were the
two most common mutations in almost all subtypes (Table 2). Further-
more, Y181C/I was predominant in B, CRF01_AE and other subtypes,
whereas V106aA/M was predominant in CRF07_BC. There was very low
percentage of PI mutations in all subtypes in ART-treated individuals.
4. Discussion

We systemically investigated the overall prevalence of HIV-1 drug
resistance in ART-naïve and ART-treated HIV-infected individuals in
China, and analyzed the spatio-temporal trend of TDR from 2001 to
2017 by a system review and meta-analysis. Three important obser-
vations were presented here. First, TDR and ADR prevalence had
region-specific patterns with the worst in Central China. Second, TDR
was rapidly rising in China in recent years (typically since 2012), and
this rise was mainly driven by NNRTI resistance. Third, two NRTI
(M184V/I and K65R), three NNRTI (K103N/S, Y181C/I and G190A/S)
and one PI (M46I/L) mutations had higher prevalence than other
SDRMs in China. These observations have crucial implications for
27 CRF08_BC n = 6 Others n = 33 Total n = 293 X2 P

3 (1) 3.4 (10) 6.47 0.11
3 (1) 2.0 (6) 2.769 0.551

12.1 (4) 6.5 (19) 6.114 0.147
16.7 (1) 6.1 (2) 2.7 (8) 10.105 0.019

3.4 (10) 5.022 0.224
1.4 (4) 2.092 0.858
1.4 (4) 2.092 0.858
1.0 (3) 6.92 0.131
1.4 (4) 4.316 0.312
2.0 (6) 4.135 0.31

21.2 (7) 16.4 (48) 8.859 0.053
3 (1) 4.4 (13) 1.713 0.743

16.7 (1) 12.1 (4) 9.6 (28) 5.011 0.251
6.1 (2) 6.5 (19) 1.621 0.787

6.1 (2) 3.4 (10) 4.648 0.265
12.1 (4) 18.8 (55) 40.268 0
6.1 (2) 4.1 (12) 1.515 0.808

0.7 (2) 3.004 1
27.3 (9) 14.0 (41) 8.189 0.069

3.4 (10) 5.464 0.175
15.2 (5) 9.6 (28) 8.32 0.061

1.4 (4) 6.28 0.138
0.7 (2) 3.004 1

1.7 (5) 4.854 0.264
0.3 (1) 4.457 1

33.3 (2) 18.2 (6) 29.4 (86) 58.792 0
0.7 (2) 3.004 1
0.3 (1) 4.457 1

6.1 (2) 1.0 (3) 8.041 0.052
3 (1) 0.7 (2) 4.672 0.467

0.7 (2) 3.03 0.732
6.1 (2) 1.0 (3) 8.041 0.052

0.7 (2) 3.004 1
0.3 (1) 4.457 1

6.1 (2) 2.0 (6) 3.816 0.386
0.7 (2) 3.004 1

9.1 (3) 2.4 (7) 12.917 0.004



Table 2
HIV drug resistance mutation profiles in ART-treated individuals by subtypes.

Mutation Proportion and (No.)
(%)

B n = 77 CRF01_AE n = 40 CRF07_BC n = 15 CRF08_BC n = 16 Others n = 10 Total n = 158 X2 P

Resistance to nucleoside reverse transcriptase inhibitors (NRTIs)
M41L 16.9 (13) 10.0 (4) 6.7 (1) 10.0 (1) 12 (19) 3.769 0.408
K65R 1.3 (1) 7.5 (3) 20.0 (3) 10.0 (1) 5.1 (8) 9.538 0.019
D67G/N/E/H/T 10.4 (8) 15.0 (6) 13.3 (2) 6.3 (1) 20.0 (2) 12 (19) 1.998 0.75
K70R/E 11.7 (9) 15.0 (6) 13.3 (2) 6.3 (1) 10.0 (1) 12 (19) 0.932 0.947
L74I/V 2.6 (2) 2.5 (1) 20.0 (3) 3.8 (6) 6.953 0.073
V75M/T/A/S/I 1.3 (1) 5.0 (2) 1.9 (3) 2.575 0.705
F77L 2.6 (2) 7.5 (3) 3.2 (5) 2.4 0.608
F116Y 7.8 (6) 5.0 (2) 5.1 (8) 1.581 0.81
G151M 7.8 (6) 5.0 (2) 5.1 (8) 1.581 0.81
M184V/I 19.5 (15) 67.5 (27) 73.3 (11) 43.8 (7) 60.0 (6) 41.8 (66) 34.954 0
L210W 16.7 (13) 5.0 (2) 9.5 (15) 7.412 0.074
T215F/I/Y/S 31.2 (24) 12.5 (5) 6.7 (1) 12.5 (2) 10.0 (1) 20.9 (33) 8.635 0.059
K219E/Q/N/R 7.8 (6) 7.5 (3) 13.3 (2) 12.5 (2) 10.0 (1) 8.9 (14) 1.692 0.82
Resistance to non-nucleoside reverse transcriptase inhibitors (NNRTIs)
L100I 20.0 (3) 1.9 (3) 6.185 0.127
K101E/Q/H/P 9.1 (7) 17.5 (7) 12.5 (2) 10 (16) 4.312 0.31
K103N/S 40.3 (31) 32.5 (13) 60.0 (9) 37.5 (6) 50.0 (5) 41 (64) 3.876 0.427
V106A/M 9.1 (7) 17.5 (7) 26.7 (4) 6.3 (1) 20.0 (2) 13.3 (21) 5.346 0.216
V179F/D/E
Y181C/V/I/F 27.3 (21) 25.0 (10) 6.3 (1) 30.0 (3) 22.2 (35) 8.986 0.051
Y188C/L/H 3.9 (3) 5.0 (2) 6.7 (1) 6.3 (1) 10.0 (1) 5.1 (8) 2.182 0.669
G190A/S/E 19.5 (15) 32.5 (13) 6.7 (1) 50 (8) 30.0 (3) 25.3 (40) 10.169 0.031
P225H 2.6 (2) 5.0 (2) 13.3 (2) 6.3 (1) 10.0 (1) 5.1 (8) 4.728 0.235
M230L 10.0 (4) 2.5 (4) 7.925 0.037
Resistance to protease inhibitors (PIs)
L23I
D30N 1.3 (1) 0.6 (1) 3.609 1
M46I/L 1.3 (1) 2.5 (1) 1.3 (2) 2.21 1
I50V/L
F53L/Y
I54V/I 2.6 (2) 6.3 (1) 1.9 (3) 3.074 0.536
G73S
L76V 10.0 (1) 0.6 (1) 7.691 0.063
V82A/F
N83D 1.3 (1) 6.3 (1) 1.3 (2) 4.043 0.516
I84V
I85V 2.5 (1) 0.6 (1) 4.918 0.513
N88D/S 1.3 (1) 0.6 (1) 3.609 1
L90M 1.3 (1) 0.6 (1) 3.609 1
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policy formulation and clinical decision-making for the prevention
and control of HIV/AIDS in China.

The regional difference in HIV-1 drug resistance was mainly ascribed
to various coverage rates and durations of ART since its introduction.
China had a complex HIV-1 genetic diversity and experienced a distinct
history of HIV-1 epidemic from other countries/regions [25,26,28]. Early
HIV-1 epidemic occurred mainly among IDUs in southwestern border
regions [29]. The virus spread to Central China and other regions of
China with different subtypes via different transmission routes
[25,26,28,30]. In general, the national spread of HIV-1 was from South
to North [25,26]. Relative to North China, South China had an earlier
and higher prevalence of HIV-1; therefore started ART program earlier
[31]. Variable coverage rates and durations of ART may cause the differ-
ence in prevalence of HIV-1 drug resistance between South and North
China and provide an explanation for higher prevalence of ADR in South
China than North China.

The national free ART program started from Central China [32]. In the
early-mid 1990s, many small unlicensed commercial plasma collection
stations were established in rural areas of Central China (especially
Henan province), and tens of thousands of plasma donors were paid for
blood donation. After removing plasma, pooled red blood cells from
blood type-matched donors were re-infused into plasma donors to pre-
vent anemia. The unsanitary practices (e.g. returning of pooled red blood
cells from different donors) together with the reuse of contaminated
instruments caused thousands of FPDs to be infected by HIV-1 until ille-
gal blood donation (IBD) was banned in 1996 [33,34]. Besides, many peo-
ple who received contaminated blood transfusions/blood products were
also infected by HIV-1. In late 1990s and early 2000s, the vast majority of
HIV-infected FPDs in Central China developed clinical AIDS, which raised
huge concern from Chinese government and facilitated the implementa-
tion of free ART program for AIDS patients with low-income or living in
rural areas. The earliest free ART program was initially piloted in late
2002 in Shangcai County, Henan Province, one of the worst areas affected
by illegal blood donation (IBD)-associated HIV-1 infection [16]. The free
ART program was rapidly rolled out to all affected areas in Central China
after the implementation of the national “Four Frees and One Care”
policy in 2003 [5]. Rapid expansion of ART inevitably led to the emer-
gence and transmission of HIV-1 drug resistance. Compared to Central
China, South and North China initiated the free ART program later. For
example, Yunnan, another worst hit province by HIV/AIDS launched the
free ART program in 2004, one to two years later than Henan [35]. Fur-
thermore, Central China had higher ART coverage compared with South
and North China [36]. Higher coverage rate and longer duration of access
to ART might explain the highest ADR and TDR prevalence in Central
China [17,37,38]. Another potential explanation is that the majority of
ART-treated individuals in Central China live in rural areas, and have rela-
tively lower adherence to treatment, which facilitates the emergence and
transmission of HIV-1 drug resistance [39].

To guide the national free ART Program, four editions of the China
Free ART Manual had been released from 2004 to 2016. Accordingly,
available antiretroviral drugs increased from 8 in 2004 to 17 in 2019
(Appendix 1), of which 7 drugs, including 4 NRTI (AZT/ZDV, 3TC, TDF
and ABC), 2 NNRTI (EFV and NVP) and 1 PI (LPV/r) drugs, were free
for use in the first- and second-line ART regimens. Accompanied with
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the increase of individuals receiving ART from 80,000 in 2003 to
154,620 in 2012 [40], the virological suppression rate increased from
78% in 2004�2005 to 90% in 2013 [41], and accordingly the TDR prev-
alence declined from 4.75% in 2001 to 3.75% in 2012. During the same
period, there was only 11 available antiretroviral drugs, of which just
5�8 free drugs were used in the first- and second-line ART regimens.
Furthermore, only AIDS patients with CD4+ T cell counts less than
200 and 350 cells/mL are eligible to free ART before 2008 and 2013,
respectively [42]. Long duration of few antiretroviral drugs resulted
in the accumulation of resistance mutations, which drives the rise of
ADR, especially in some rural areas of Central China [17,39]. Further-
more, drugs out of supply and treatment interruptions also contrib-
uted to the emergence of ADR [43�45].

As a crucial component, NNRTI drugs are recommended to be used
in the first-line ART regimens in the low-income and middle-income
countries by WHO in 2016 [46]. EFV and NVP are two widely-used
NNRTI drugs in the first-line ART regimens especially in LMICs. It was
well demonstrated that a single point mutation can confer HIV-1 resis-
tance to EFV and NVP, and affect the efficacy of ART regimens contain-
ing NNRTI [47,48]. In China, EFV or NVP was used in the first-line ART
regimens since 2004, and retained today, in spite of two additional
NNRTI drugs were recently introduced into China (as self-paid drugs).
Strong selection pressure by long-term use of limited number of
NNRTI drugs facilitated the generation and spread of NNRTI-associated
drug resistance [49]. High prevalence of NNRTI mutations (e.g. K103N,
Y181C/I and G190S/A) conferred high percentages (88�90%) of high-
and intermediate-level resistance to EFV and NVP in ART-treated indi-
viduals across the country. Of particular importance is that a high
prevalence of NNRTI resistance to EFV and NVP also appeared in HIV-1
naïve individuals, leading to an increase of NNRTI-associated TDR since
2012. The most serious TDR to EFV and NVP occurred in Central China
where they conferred over 50% high- and intermediate-level resis-
tance and contributed to more than 10% NNRTI resistance. The dynam-
ics decrease of TDR in Central China during 2001 to 2007 might be
explained by a dramatic decrease of new HIV-1 infections, benefitted
from massive scale-up of ART, whereas the sharp rise of TDR after
2012might be mainly due to primary infection by HIV-1 drug resistant
strains from ART-treated individuals [50,51].

Another point of concern is the free NRTI drug 3TC, which was listed
and used in almost all the first- and second-line ART regimens during
the past almost two decades in China. The M184V/I mutation confers a
high proportion of high- and intermediate-level resistance to 3TC, as
well as FTC (self-paid NRTI drug) [48,52], and has a high fitness cost for
virus by reducing the replicative capacity of reverse transcriptase (RT)
[53]. Although there was still a controversy on whether continued use of
3TC provides actual benefit, some studies demonstrated that maintain-
ing 3TC treatment in the presence of the M184V mutation resulted in a
greater risk for virologic failure, compared with switching to other NRTI
drugs [54,55]. The observation of a high percentage of M184V/I in ART-
treated and ART-naïve individuals across the country suggests revision
in the treatment regimens. Similarly, another free NRTI drug AZT, which
was often used in the first-line ART regimens, also faced an increased
resistance by high percentage of mutation T215D/S/C among both ART-
treated and ART-naïve individuals. In particular, the NRTI/NNRTI dual-
class resistances accounted for 62.0% of ART-treated individuals with
emerging VF. Such a high percentage of NRTI/NNRTI dual-class resistance
highlights an urgent need to revise the current ART regimens in China.

Current available antiretroviral drugs in China contain 6 NRTIs, 4
NNRTIs, 3 PIs, 4 integrase inhibitors (INSTIs), one co-receptor antagonist,
and one fusion inhibitor, as well as various combination of them. The
free drugs contain 4 NRTIs (AZT, 3TC, TDF and ABC), 2 NNRTIs (EFV and
NVP) and 1 PI (LPV/r). Five of them are currently used in the first- and
second-line ART regimens. HIV-1 drug resistance profile appeared to
vary largely in ART-naïve and ART-treated individuals in different
regions. Development of region-specific ART regimens based on local
SDRM profile may help to reduce drug resistance prevalence and VF
rate, and therefore are strongly encouraged [21,56,57]. Since 2016, all
newly diagnosed HIV-infected individuals are required to receive ART.
By October 2019, 829,628 individuals have received ART [6]. Themassive
scale-up of ART will inevitably increase the threat of TDR to the national
AIDS elimination effort. Our results showed that NNRTI-associated TDR
had exceeded 10% in Central China since 2015, a warning threshold rec-
ommended by WHO to take urgent actions to counter the threat from
TDR [58]. New first-line ART regimens without 3TC and/or EFV or NVP
are recommended to be developed and used in Central China as a pilot.
For other regions, the resistance mutations to 3TC, EFV and NVP should
be closely monitored. In particular, drug-resistance testing prior to ART
initiation should be performed to guide the first-line ART regimen selec-
tion before initiating ART. On the other hand, relative to developed coun-
tries, far fewer antiretroviral drugs are available in China. Introduction of
more antiretroviral drugs should be considered, and development of
new long-acting antiretroviral drugs with independent intellectual prop-
erty rights should be especially encouraged in China [59].

Previous studies had showed that HIV-1 subtypes had different
TDR resistance characteristics [41]. Here, we found that various sub-
types exhibited variable resistance mutation profiles in ART-naïve
and ART-treated individuals. Three major subtypes B, CRF01_AE and
CRF07_BC had high percentages of several high-level NNRTI resis-
tance mutations regardless of in ART-naïve and ART-treated individu-
als. Distinct from subtype B that had higher percentage of NRTI
mutation M184V/I (26.3% vs. 11.9% and 11.1%) in ART-naïve individu-
als than in ART-treated individuals, CRF01_AE and CRF07_BC had
higher percentage of this mutation (67.5% and 73.3% vs. 19.5%) in
ART-treated individuals than in ART-naïve individuals. Furthermore,
high percentage of PI mutation M46I/L (2.4%) was observed in
CRF01_AE strains in ART-naïve individuals, which was substantially
higher than those (0.6�1.7%) observed in the surrounding countries
(e.g. Thailand and Vietnam) [60,61]. M46I/L is a major mutation con-
ferring resistance to PIs individually or together with other mutations
[62,63]. Although natural polymorphism of M46I was reported in
multiple HIV-1 subtypes (especially subtypes F and G) in ART-naïve
individuals, such high percentage of this mutation in CRF01_AE
strains in Chinese ART-naïve individuals was less likely a conse-
quence of natural polymorphisms of the virus. This hypothesis was
supported by the phylogenetic analysis that showed that most M46I/
L-carrying CRF01_AE strains formed genetic clusters. Currently, China
is experiencing a sharp transition of HIV-1 molecular epidemiology
with a rapidly increasing prevalence of CRF01_AE and CRF07_BC,
accompanied with a sharply decreasing trend of subtype B among all
high-risk groups (especially sexual contact population, such as men
who have sex with men (MSM)) [64�67]. On-going monitoring of
HIV-1 drug resistance in predominant HIV-1 subtypes (e.g. CRF01_AE
and CRF07_BC) will benefit the treatment of individuals involved.
With respect to high prevalence of M184V/I in subtype B in ART-
naïve individuals, the reasons are possibly related to acquisition of
this mutation from patients failing treatment with resistant strains,
prior exposures to ART, or undisclosed ART [56,68�71].

On-going effort by China during the past two decades have made
great stride towards achieving the UNAIDS “90�90�90” targets by
2020. However, accompanied with increased use of ART, a rising preva-
lence of HIV-1 drug resistance at the national level poses a significant
challenge to the third 90% goal and the elimination of AIDS epidemic
from the population by 2030. The VF rate remained at about 10% in
patients receiving over 12 months of the first-line ART treatment
[39,72,73]. In addition to drug resistance, treatment interruptions and
low adherence to ART regimens are two other important factors inter-
fering with the success of ART. Treatment interruptions are almost
invariably associated with a rebound of plasma HIV-1 RNA levels and
facilitate the emergence of drug resistance mutations (especially for
M184V) [74,75]. In particular, treatment interruptions more than 48 h
were demonstrated to be associated with an increased risk of the emer-
gence of drug resistance [76]. In China, the ART adherence rate was
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estimated to be about 76.6% [77], and the patients living in rural areas
have relatively lower adherence than those living in urban areas [78].
Furthermore, MSM have become the most predominant risk group for
HIV-1 infection [79,80]. Although the vast majority of MSM live in urban
areas [67], the high-mobility feature of MSM population might affect
their adherence to therapy, which may facilitate the emergence and
transmission of drug resistance. To improve the adherence rate to treat-
ment, a pre-treatment education on the relationship between ART effec-
tiveness and adherence should be especially encouraged for all HIV-1
infected individuals, especially for MSM and patients living in rural areas
[81]. On the other hand, easy and flexible access to ART (e.g. one-pill-a-
day formulated single tablet regimens and/or long-acting antiretroviral
drugs), harmonious doctor-patient relationship, reduced drug side-
effect, and humanized multidisciplinary care may help to improve
adherence of all patients and reduce drug resistance rate [82].

VF is often associated with emerging drug resistance. Timely mea-
surement of VL are crucial for evaluating treatment outcomes and
monitoring VF. Although the routine detection of VL is required for
national HIV-1 treatment programmes, low frequency of this assay
once per year is not enough to timely monitor VF or rebound of VL
and then further to identify SDRMs via drug resistance testings [83].
Therefore, three to four times of VL assays per year are encouraged
[42]. For most regions, especially the rural areas, the biggest barrier
to VL was the high cost of the assay and the lack of sophisticated labo-
ratories and experienced professionals. Given the complex of HIV-1
genetic diversity and specific SDRM profile in China, cheaper domes-
tic alternatives for VL assay should be developed.

Our study has several limitations. First, all data used in the analysis
were retrieved from literatures, rather than from the raw data from Chi-
nese Center for Disease Control and Prevention; so there may have a
small bias in data selection. Because most studies in Chinese did not
deposit their sequences in GenBank, HIV database or other public data-
bases, the sequence size for resistance mutation analysis was relatively
small (especially for subtypes of CRF07_BC and CRF08_BC). Second, only
limited studies involving ART-treated individuals had available informa-
tion on duration times of ART, therefore limiting the relationship analy-
sis between ADR rate and ART duration. Third, we did not analyze the
correlation of drug resistance with transmission routes and demo-
graphic characteristics since these information were also not always
available in most studies.

In summary, this is the largest meta-analysis of Chinese data on HIV-
1 drug resistance that presents the overall prevalence of drug resistance
and national trend of TDR in China from 2001 to 2017. The finding that a
few NRTI-associated (M184V/I) and NNRTI-associated (K103N/S, Y181C/I
and G190A/S) SDRMs were responsible for most cases of acquired and
transmitted drug resistance suggests that the current available first-line
ART regimens containing to 3TC and/or EFV or NVP should be urgently
amended, or promptly switched to the second-line regimens if individu-
als who are identified as carrying these mutations. The rising trend of
TDR in recent years highlights the importance of routine drug resistance
screening prior to ART initiation, especially in the regionwith the highest
prevalence of TDR such as Central China. In view of these findings, scale-
up of multiple VL measurements per year, optimized ART regimens, and
implementation of effective strategies such as early counseling and pre-
treatment education to improve patient adherence to ART will benefit
China to eliminate AIDS epidemic by 2030.
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