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Abstract

Background

China’s National Free Antiretroviral Treatment Program (NFATP) has substantially reduced
morbidity and HIV/AIDS incidence since 2003. However, HIV resistance to antiretroviral
drugs (ARVs) has been a major challenge for the current treatment of HIV/AIDS in China.

Methods

In the current study, we established a nested dynamic model to predict the multi-drug resis-
tance dynamics of HIV among the heterosexual population and evaluated the impact of
intervention measures on the transmission of drug resistance. We obtained an effective
reproductive number R from each sub-model held at different stages of the dynamic
model. Meanwhile, we applied Bayesian phylogenetic methods to infer the weighted aver-
age effective reproductive number R¢ from four HIV subtypes that sampled from 912 HIV-
positive patients in China. It is an original and innovative method by fitting R to R¢ by Mar-
kov Chain Monte Carlo (MCMC) to generate unknown parameters in R?.

Results

By analyzing the HIV gene sequences, we inferred that the most recent common ancestor
of CRFO1AE, CRF07BC, CRF08BC, and CRFBC dated from 1994, 1990, 1993 and 1990,
respectively. The weighted average effective reproductive number R¢ dropped from 1.95 in
1994 to 1.73 in 2018. Considering different interventions, we used a macro dynamic model
to predict the trend of HIV resistance. The results show that the number of new infections
and total drug resistance under the baseline parameter (S4) are 253,422 and 213,250 in
2025, respectively. Comparing with the numbers under the target treatment rate (S.,), they

PLOS ONE | https://doi.org/10.1371/journal.pone.0259023 December 1, 2021

1/17


https://orcid.org/0000-0001-7090-007X
https://orcid.org/0000-0002-8771-561X
https://orcid.org/0000-0001-5036-0248
https://doi.org/10.1371/journal.pone.0259023
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0259023&domain=pdf&date_stamp=2021-12-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0259023&domain=pdf&date_stamp=2021-12-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0259023&domain=pdf&date_stamp=2021-12-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0259023&domain=pdf&date_stamp=2021-12-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0259023&domain=pdf&date_stamp=2021-12-01
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0259023&domain=pdf&date_stamp=2021-12-01
https://doi.org/10.1371/journal.pone.0259023
https://doi.org/10.1371/journal.pone.0259023
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
mailto:office606@chinaaids.cn

PLOS ONE

The transmission of drug-resistant strains of HIV in heterosexual populations based on genetic sequences

Funding: This study is supported by the Natural
Science item of China (grant No.11771277) and
the Ministry of Science and Technology of China
(grant No. 20172X10201101). The funders had no
role in study design, data collection and analysis,
decision to publish, or preparation of the
manuscrip.

Competing interests: We declare there is no
conflict of interest.

were 219,717 and 236,890, respectively. However, under the ideal treatment target (S3, the
treatment rate reaches 90% and the treatment success rate reaches 90%), the number of
new infections shows a declining trend and will decrease to 46,559 by 2025. Compared with
S, and S,, the total number of resistance also decreased to 160,899 in 2025.

Conclusion

With the promotion of NFATP in China, HIV resistance to ARVs is inevitable. The strategy of
increasing the treatment rate would not only ineffectively curb the epidemic, but also deterio-
rate drug resistance issue. Whereas, a combination of intervention strategies (the treatment
rate reaches 90% and the treatment success rate reaches 90%) can greatly reduce both
infection and drug resistance rate than applying one strategy alone.

Introduction

Acquired Immune Deficiency Syndrome (AIDS) is one of the biggest threats to public health
in the world. Although the Chinese government has made great efforts in preventing and con-
trolling the epidemic, the current situation is concerning [1]. Currently, heterosexual trans-
mission is the main route of HIV/AIDS transmission in China. According to the most recent
report from the China CDC, heterosexual transmission accounted for 73.7% of the new HIV/
AIDS infections from January to October 2019 [2].

To effectively curb the HIV/AIDS epidemic in China, the Chinese government has imple-
mented “Four Frees and One Care” policy since 2003 [3, 4]: provide free highly active antire-
troviral therapy (HAART) for HIV infected individuals who are eligible for treatment. The
promotion of HAART has significantly reduced morbidity, mortality, transmission and new
infections of HIV/AIDS (5, 6]. However, increasing the treatment rate also led to an increase
in the spread of various HIV-resistant strains, which is the main reason for the failure of anti-
retroviral therapy (ART) and becomes a major challenge in HIV/AIDS treatment [7]. Growing
evidence shows that HIV drug resistance is rising rapidly in China, which greatly hindered the
efforts made by the government and health professionals [8-10]. Therefore, understanding
the transmission of HIV resistance among heterosexuals can provide important direction for
future ART programs.

On the other hand, the research on HIV resistance in China is mainly focused on a certain
region (province or city), and the research is conducted on the traditional monitoring data
from a single province, city, or a single medical institution [11-17]. In this paper, we combined
microscopic HIV molecular sequence information with the macroscopic epidemiological
dynamic system to analyze the drug-resistant transmission of HIV. Based on the Bayesian
inference framework and Markov Chain Monte Carlo (MCMC) sampling method, our work
is to study the transmission dynamics of HIV resistance and predict the trend of HIV resis-
tance for the next few years.

Materials and methods
Ethics statement

The ethics approval and consent to participate was granted by the National Center for AIDS/
STD Control and Prevention (NCAIDS), Chinese Center for Disease Control and Prevention
(China CDC).
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Data

The genetic data studied in this paper was sampled from HIV-positive patients who were
infected via heterosexual transmission and diagnosed in the past 1-2 years in various prov-
inces across the country. The genetic data was sampled between July 2016 and October 2017.
The drug resistance was analyzed by the algorithm of the Stanford HIV Drug Resistance Data-
base (HIVDB, Version 8.4) (https://hivdb.stanford.edu/hivdb/by-sequences/). And the defini-
tion of any drug resistance is defined with respect to one or more the following drugs or drug
classes: EFV, NVP, any NRTI, DRV/r, LPV/r or ATV/r. Classifications of “susceptible or
potential low-level” are considered as no drug resistance (a Stanford penalty score <15) and

at least low-level is defined as drug resistance (a Stanford penalty score > 15). Through data
cleaning, we obtained 912 HIV-pol gene sequences in total. We selected CRFO1AE (350),
CRF07BC (322), CRFO8BC (206), CREBC (34) as the four subtypes for further study since they
have sufficient sampling size. CRFBC is a recombinant strain of subtypes B and C. More details
given on data cleaning, subtype classification, or parameters of the multiple sequence align-
ment can be found in the literature (including study design and study participants, data collec-
tion and laboratory tests) [18]. The gene sequence dataset of these four subtypes was aligned
by using Mega software [19]. Particularly, the total length of the studied gene sequence was
1038bp.

Bayesian phylogenetic analysis
In this paper, we applied Bayesian evolutionary analysis by sampling trees (BEAST?2) to per-
form Bayesian phylogenetic analysis on HIV sampling sequences [20, 21]. The core algorithm
of this method is the Metropolis-Hasting Markov Chain Monte Carlo sampling algorithm [22,
23]. In this study, we selected birth-death skyline plot (BDSKY) to analyze the origin of gene
sequence data and related epidemiological parameters [24]. The Birth-death skyline diagram is
a forward time model based on transmission, death/recovery and sampling, and these parame-
ters are allowed to change in a piecewise constant fashion. More importantly, the model quan-
tifies an important epidemiological parameter: the effective reproductive number R? [25]. R¢
reflects the dynamic process of virus transmission. Thus, we can use the transmission parame-
ter R¢ inferred from the genetic data to fit the unknown parameters in dynamic models.
During the phylogenetic analysis, the selection of an evolutionary model (also called as
nucleotide substitution model) is a critical step. In the current study, we used Phylosuite to
select the nucleotide substitution model of the sequences data to be analyzed [26]. The model
selection process is based on Akaike Information Criterion (AIC) (a model with a lower AIC
score is more suitable) [27]. After calculating the AIC score, HKY + I' + I model was chosen to
be the nucleotide substitution models of the four subtype sequences, and we set a strict molec-
ular clock. The clock rates of the four subtypes are set to 0.005, 0.00255, 0.003 and 0.00255,
respectively. See Table 1 in the S1 File for prior information setting of the BDSKY model
parameters.

Dynamic model

Considering the heterosexual transmission of HIV virus with drug resistance, we divided the
resistance into single-drug resistance, dual-drug resistance and triple-drug resistance. Further-
more, the compartments were divided into three categories: susceptible individuals, untreated
infected individuals and treated infected individuals (the infected individuals include drug-
sensitive and drug-resistant individuals). Given the fact that HIV infection is a long and com-
plex process, and taking account of the national treatment standards for implementation of
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the free HIV treatment policy, we divided the infection process into three stages according to
CD4 T cell count in patients: CD4 count > 500 cells/ul (Stage 1), 200 cells/ul < CD4 count
<500 cells/ul (Stage 2), CD4 count<200 cells/ul (Stage 3, the AIDS phase).

There are three main types of first-line antiretroviral drugs in China [28]: Nucleoside
Reverse Transcriptase Inhibitor (NRTI) [29], Non-Nucleoside Reverse Transcriptase Inhibitor
(NNRTT) [30] and Protease Inhibitor (PI) [31-33]. In this paper, we only considered the resis-
tance of these three main drugs in the model. Suppose that resistance is divided into single-
drug resistance (only resistance to one type of drug in NRTI, NNRTI or PI), dual-drug resis-
tance (resistance to any two types of drugs in NRTI, NNRTT and PI) and triple-drug resistance
(resistance to NRTIT, NNRTI and PI at the same time), the infected individuals can be divided
into four categories according to the drug resistance: non-drug resistance(or drug sensitivity),
single-drug resistance, dual-drug resistance and triple-drug resistance. We also consider pri-
mary resistance and secondary resistance. Primary resistance can also be called as transmission
resistance because such drug-resistant strains also have a certain transmission capacity, and
susceptible individuals can be directly infected with resistant strains. However, secondary
resistance is usually caused by non-transmission factors such as selective pressure of drugs,
mutated viruses, poor drug compliance, drug interactions, and pharmacokinetics caused by
infected patients after receiving antiretroviral therapy [34]. We assumed that the patients first
developed resistance to a single drug with a certain probability, then to a dual-drug resistance,
finally to a triple-drug resistance. And for patients with single or dual resistance, we consider
changing their treatment plan for further treatment, but treatment is no longer considered for
triple resistance cases.

The government of China introduced the “four frees and one care” HIV free treatment pol-
icy in 2003. In the other words, there was no government support for HIV-free treatment
before 2003 (recorded as the period I). Since the implementation of this policy, there have
been three important changes in the national standard of free antiviral treatment: from 2003 to
2011 (recorded as period II), antiviral therapy was provided when the CD4 cell count < 200/ul
in the patient [35, 36]; from 2012 to 2015 (recorded as period III), antiviral treatment was pro-
vided when the CD4 cell count <500 /ul, and from 2016 to now (recorded as period IV), the
treatment is performed once the patient is diagnosed.

Based on these assumptions, we established a nested dynamic model for HIV transmission
and resistance in heterosexual population, which includes four different models from simple
to complex based on four different history periods mentioned above. We used S for susceptible
individuals, I for untreated infected individuals, and T for infected individuals under treat-
ment. There are two subscripts for the two infected categories: I;; and Tj;. The subscript i € {1,
2, 3} is used to represent three different infection stages, and subscript j € {0, 1, 2, 3} is used to
indicate the type of drug resistance, representing no drug resistance (j = 0), single-drug resis-
tance (j = 1), dual-drug resistance (j = 2) and triple-drug resistance (j = 3), respectively. Super-
script [ is used to indicate gender, where [ = w represents women, and [ = m represents male.
The compartment diagram of the model is shown in Fig 1. The compartment diagram is based
on the period IV (the treatment was performed once the patient is diagnosed). The corre-
sponding dynamic equations are shown in the Eq 1. For the four different historical treatment
period I, II, IIT and IV, we can simplify Fig 1 based on its history characters. The correspond-
ing assumptions of the four sub-models can be found in Table 1.

In this system, a is an input of susceptible individuals, 8;, i = 1, 2, 3 are the disease progres-
sion rates of sensitive strains carriers without receiving treatment and resistant strains carriers
receiving treatment in infection stage 1, 2 and 3, respectively. w;, i = 1, 2, 3 are the disease pro-
gression rates of sensitive strains carriers receiving treatment. p;, i = 1, 2, 3 are the treatment
rates of patients in stage 1, 2 and 3. y;, i = 1, 2, 3 are the single-drug resistance rate, dual-drug
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Fig 1. HIV transmission diagram.

https://doi.org/10.1371/journal.pone.0259023.9001

resistance rate and triple-drug resistance rate caused by drug treatment. Finally, 6 is the with-
drawal rate from treatment.

—L= AJ(t) + 9T, + 0T, — (p, + 0, + w1, i=1;j=0,1,2,3

ij—1 ij?

1
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In the above equation, ¥y = y4 = wp = 6, = 0. AJI.(t)7 (1€ {m,w},j € {0,1,2,3}) represents
the number of newly infected individuals in the group [ infected with the j type of HIV strain

Table 1. Sub-models and corresponding assumptions.

Symbols of sub-models Assumptions The corresponding historical periods
I pi=0,6=0,7,=0,w;=0 1994-2002
11 p1=0,p=0,0;=0, w,=0 2003-2011
111 p1=0,w,=0 2012-2015
1A% Full model After 2016

Note. i = 1,2,3, which represents infection stage in the full model.

https://doi.org/10.1371/journal.pone.0259023.t001
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at time ¢. And we denote N' for the total population of the group . The details are as follows:

s S kBT + €Ty

m i P
A (1) N* , j=0,1,2,3
¢SS NP (I + €T
A;.,(t): szl ﬁ;( if zj)’ ].:071’2’3

3 3
N'=8+> >3 (+T), i=1,23;j=01,23

i=1 j=0

Here, ¢ represents average number of partners per year. k is infection rate ratio coefficient
of female with respect to male. }; is used to explain proportional coefficient of infection rate of
j resistant strain carriers. f3;; represents infection rate of j strains carriers in the i stage of infec-
tion. ¢; is the probability of transmission was reduced after the i infection stage treatment.

Results

Results of Bayesian inference—Retrospect the transmission dynamics of
HIV Virus

We analyzed the sequence from four different HIV-1 subtypes with clear collecting time sam-
pled from 912 HIV-positive patients through heterosexual transmission provided by China
CDC to retrospect the transmission dynamics of HIV virus over time, and we estimated the
origin time of four subtypes. The results show that the four subtype sequences calculations
runs converged after 200 million, 400 million, 300 million and 300 million iterations respec-
tively. We neglected the first 10% of output as the burn-in. The effective sampling size (ESS) of
all parameter estimations was usually several thousands and the minimum ESS was over 200.
Table 2 shows that the most recent common ancestor (tMRCA) of 350 CRFO1AE subtype
gene sequences is approximately 1994 (95% highest posterior density (HPD): 1991-1997). The
tMRCA time of 322 CRF07BC subtype gene sequences is relatively earlier, around 1990 (95%
HPD: 1986-1993). The tMRCA time of 206 CRF08BC subtype is about 1993 (95%HPD: 1991-
1996). However, the tMRCA time of 34 CRFBC subtype is the earliest, about 1989 (95%HPD:
1979-1997). We also obtained the effective reproductive number R, over time from the gene

Table 2. Estimation of each subtype and its 95%HPD interval.

Subtypes Parameter estimation tMRCA Effective reproductive number R/
R) R’ R R} R R
CRFO1AE 95%HPD Lower 1991 1.70 1.66 1.67 1.78 2.21 1.37
Median 1994 2.09 2.04 2.06 2.15 2.59 1.63
95%HPD Upper 1997 2.50 2.44 2.48 2.54 2.98 1.90
CRF07BC 95%HPD Lower 1986 1.57 1.52 1.55 1.60 1.56 1.47
Median 1990 1.94 1.87 1.90 1.95 1.90 1.81
95%HPD Upper 1993 2.31 2.23 2.26 2.31 2.25 2.16
CRF08BC 95%HPD Lower 1991 1.18 1.17 1.05 1.67 1.18 1.18
Median 1993 1.86 1.85 1.70 2.39 1.69 1.81
95%HPD Upper 1996 2.60 2.58 2.40 3.20 2.22 2.51
CRFBC 95%HPD Lower 1979 1.23 1.21 1.24 1.27 1.16 1.24
Median 1989 1.92 1.91 1.90 1.96 1.78 1.96
95%HPD Upper 1997 2.69 2.67 2.62 2.71 2.47 2.75

https://doi.org/10.1371/journal.pone.0259023.t002
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Fig 2. The weighted average of the effective reproductive number R¢ and its HPD interval.
https://doi.org/10.1371/journal.pone.0259023.9002

sequences of four different subtypes (See Table 2). The R, trends of all four subtypes are shown
in the S1 Fig. We took the common part of the period for our research which is from 1994 to
2018. According to the weighted average of the corresponding R, values of the four gene
sequences at the same time point, the value of the weighted average R for heterosexual trans-
mission of HIV/AIDS in China can be reached. Fig 2 shows the median line of Rf and its 95%
HPD interval from 1994 to 2018. Before 2005, the HIV/AIDS heterosexual transmission in
China showed a relatively stable trend since the value of R remained stable and slightly
decreased, with a median around 1.90 (95%HPD: 1.38 -2.44). During the period from 2005 to
2014, R? rose steadily, then fell and finally rose again. During this period, it fluctuated slightly
around 2.09 (95%HPD: 1.64-2.62). After 2014, R? remained stable, where the value is main-
tained at approximately 1.73 (95%HPD: 1.36-2.16).

HIV/AIDS epidemic trend prediction

It’s unrealistic to avoid parameter estimation when performing prediction with dynamics
models. Values of some conventional parameters can be derived from the empirical literature.
Some conventional parameters in the four nested models are being treated as constant and the
value details and references can be found in Table 3. Some may vary a lot due to different
countries or different treatment therapies, so the parameter values cannot be simply quoted.
The target population of this study is the heterosexual population in China. We obtained
the estimated value of the effective reproductive number R? from 1994 to 2018 from gene
sequence data. According to the “Next-generation operator” method in the literature [39], we
can calculate the basic reproduction number R, for each sub-model of the corresponding his-
torical period. Let R = R * S(t)/N(t) [40], then correspondingly we got the effective repro-
duction numbers R for each dynamic sub-model I, II, I1I, or IV. Therefore some uncertain
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Table 3. Constant parameters.

Symbols Parameters Value | Source
U natural mortality rate 1/60 [16]
M Proportional coefficient of infection rate of single-drug resistant strain carriers 0.685 [37]
A Proportional coefficient of infection rate of dual-drug resistant strain carriers 0.59 [37]
A3 Proportional coefficient of infection rate of triple-drug resistant strain carriers 0.15 [37]
1/6, The duration of the sensitive strain carriers in the first stage of infection 4 [16]
1/6, The duration of the sensitive strain carriers in the second stage of infection 6 [16]
1/0; The duration of the sensitive strain carriers in the third stage of infection 2 [16]
€ The probability of transmission was reduced after the first infection stage treatment 0.66 | [16, 38]
& The probability of transmission was reduced after the second infection stage treatment | 0.66 | [16, 38]
(= The probability of transmission was reduced after the third infection stage treatment | 0.12 | [16, 38]

https://doi.org/10.1371/journal.pone.0259023.t003

parameters can be fitted between the two effective reproductive numbers (Rf and R?) of the
same historical period by the Markov Chain Monte Carlo (MCMC) method. After running 5
million iterations, each parameter converges and the fitting results are shown in the Table 4.
The third column of Table 4 shows the mean values of parameters and their 95% confidence
intervals (95%CI). The last column (I, II, III, IV) shows the historical period from which the
parameter was fitted in Table 4. The figures of two R, fitting in the corresponding historical
period are shown in the S2 Fig. The parameters in Tables 3 and 4 will be used as “baseline
parameters” for subsequent predictions.
To implement the “Healthy China 2030” project and strengthen the medical and health sys-

>«

tem reformation, China’s “13th Five-Year Plan for Combating and Prevention of AIDS” in
2017 set the “90-90-90” goal. That is, the proportion of infected individuals detected by testing
should be above 90%; the proportion of diagnosed infected individuals receiving antiviral
treatment should be above 90%; the treatment success rate of infected individuals receiving

Table 4. Fitted parameters by MCMC for dynamics model.

Symbols Parameters Mean (95%CI) Historical period
a” Female input rate 10509000 (6759900,14258100) I
a” Male input rate 11011000 (6968300,15053700) I
c” Average number of female partners per year 2.2765 (2.0120,2.5410) 1\%
" Average number of male partners per year 2.2799 (2.0142,2.5457) 1\%

) withdrawal rate in each stage 0.1267 (0.0835,0.1699) I
B Infection rate of sensitive strains carriers in the first stage of infection 0.1665 (0.1412,0.1919) I
B> Infection rate of sensitive strains carriers in the second stage of infection 0.0760 (0.0581,0.0939) 1
B Infection rate of sensitive strains carriers in the third stage of infection 0.1425 (0.1021,0.1828) I
k Infection rate ratio coefficient of female with respect to male 0.6504 (0.5650,0.7350) 1
P1 Proportion of patients receiving treatment in stage 1 infection 0.4484 (0.1960,0.7007) v
P> Proportion of patients receiving treatment in stage 2 infection 0.5395 (0.2897,0.8750) 111
P3 Proportion of patients receiving treatment in stage 3 infection 0.7029 (0.6003,0.9257) I
1/w, The course of the sensitive strain carriers after first stage of treatment 7.8624 (6.3078,9.417) v
1w, The course of the sensitive strain carriers after second stage of treatment 11.358 (10.0691,12.6469) 11
1/ws The course of the sensitive strain carriers after third stage of treatment 4.0636 (3.4934,4.6338) 11
Y1 Proportion of single resistance discontinuation after treatment at each stage 0.0489 (0.0199,0.0779) I
V2 Proportion of dual resistance discontinuation after treatment at each stage 0.0503 (0.0212,0.0794) I
73 Proportion of triple resistance discontinuation after treatment at each stage 0.0051 (0.0022,0.0079) II
https://doi.org/10.1371/journal.pone.0259023.t004
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Table 5. Predicting assumptions.

Infectious stage Scenario S Scenario S, Scenario S;
The first infectious stage py =0.448, £, = 0.66 p1=09,¢€, =0.66 p1=0.9,€ =01
The second infectious stage P2 =0.540, £, = 0.66 p>=0.9, &, =0.66 p2=09,£=0.1
The third infectious stage p3=0.703, 5 =0.12 p3=0.9,e3=0.12 p3=09,£5=0.1

https://doi.org/10.1371/journal.pone.0259023.t005

antiviral treatment should be above 90% [41]. Under the current condition, the diagnosis rate
is 68%, while 32% of those infected have not been identified. The treatment rate in the first,
second and third infection stage is 44.8%, 54.0% and 70.3%, respectively. The infection rate
after the first and second stages of treatment is 0.66 times less than that before treatment,

and the infection rate after the third stage treatment is 0.12 times than that before treatment,
which is still far from the “90-90-90” target. Since the first 90% (the diagnosis rate) is hard to
implement, we consider the other two factors that are easy to control: 90% treatment rate and
90% treatment success rate. Thus our “ideal” state means that the two 90% are reached at the
same time.

To compare the prevention and control effects of different measures, we will discuss the fol-
lowing three situations respectively: S;: Under baseline parameters (Tables 3 and 4); S,: Only
increase the treatment rate to 90% (the target treatment rate); and S3: In an “ideal” state, the
treatment rate reaches 90% and the treatment success rate reaches 90%. See Table 5 for specific
parameters.

We predicted the transmission dynamics of drug resistance through heterosexual transmis-
sion in the next few years in China and studied feasible measures to prevent and control the
spread of HIV resistance based on the prediction results. We simulated and predicted several
important indicators reflecting the spread of drug resistance during 2019-2025: the number of
new HIV infections, the number of drug-resistant HIV infections, the proportion of primary
resistance to new infections, and the total drug-resistant rate, etc. In each case, 5000 samples
are taken for important parameters. The mean value as well as 95%CI of the studied indicators
are calculated according to the sampling results. Besides, the results are visualized.

Prediction of HIV/AIDS epidemic trend in China under baseline parameters. Firstly,
we studied the dynamic process over time in the heterosexual population using baseline
parameters (i.e., no intervention measures). The results are shown in Fig 3.

Fig 3 shows that the four indicators of the epidemic are showing an upward trend. By 2025,
the total number of new infections will reach 253422 (95%CI: 238000-268700, Fig 3(a) red
line). The proportion of primary resistance in new infections will also rise to 10.1% (95%CI:
8.59%-11.56%, Fig 3(a) blue line). This means that one out of every 10 newly infected individu-
als is carrying drug-resistant strains. The total surviving infections increased from 860294 in
2019 to 1473478 in 2025 (95%CI: 1427000-1518000, Fig 3(b) blue line). The number of resis-
tance among the infections has increased from 27530 in 2019 to 213250 in 2025 (95%CI:
183700-242000, Fig 3(b) purple line), which means the number of resistance in China will
increase by nearly 8 times in few years. In the other words, the resistance rate will be as high as
14.48% (95%CI: 12.42%-16.50%) by 2025. The above data shows one clear fact: the HIV/AIDS
epidemic and resistance among heterosexuals in China have not been effectively controlled.

Influence of intervention measures on HIV/AIDS epidemic trend. Among HIV/AIDS
intervention measures, we considered increasing the treatment rate to the target treatment
rate (i.e. case S,) for diagnosed patients in 2019. The results are shown in Fig 4.

It can be seen from the Fig 4 that total new infections and the proportion of primary drug
resistance in new infections under S, is still showing an upward trend (Fig 4(a) and 4(b) blue
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Fig 3. HIV/AIDS infection and drug resistance of heterosexuals under baseline parameters in China. a: The new infections and primary resistant
rate. b: The total of HIV/AIDS infections and the total of HIV resistance.

https://doi.org/10.1371/journal.pone.0259023.9003

curve). By 2025, the number of new infections will reach 219,717 (95%CI: 206900-232600),
which is only slightly lower than that of S;. The proportion of primary resistance in new infec-
tions is 11.97% (95%CI: 10.14%-13.77%), which is higher than that of S;. In addition, we also
predicted the total infections in 2025 under S, (Fig 4(c) blue curve) and the number of resis-
tance infections (Fig 4(d) blue curve). They both show an upward trend by 2025 and the total
infections will reach 1387031 (95%CI: 0.1176%-0.1246%), which is only slightly lower than
that under S;. The increase of resistance rate under S, can be as high as 17.09% (95%CI:
14.60%-19.50%), which is faster than that under S;. The prediction results indicate that only
increasing the treatment rate can only reduce the epidemic slightly, but will lead to more seri-
ous resistance problems.

Since merely increasing the treatment rate has little effect on controlling the epidemic, we
hypothesized if the new drugs can achieve the desired therapeutic effect in addition to the
increased treatment rate (i.e.S;). The results are shown in the black curve in Fig 4a-4d. As we
expected, the trend of new infections can change significantly, from the original upward trend
to a clear downward trend. By 2025, the number of new infections will drop to 46,559 (95%CI:
44510-48710). Unfortunately, the resistance situation is just the opposite. The proportion of
primary resistance in new infections will greatly rise to 19.94% (95%CI: 17.13%-22.61%) in
2025. A similar trend can be found in the total resistance rate, which will rise to 20.76% (95%
CI: 18.03%-23.17%).

To further investigate the drug resistance status, we compared the changes in the number
of infected individuals and the number of drug resistance under three different intervention
strategies, and the results are shown in Fig 4(c) and 4(d). We found that the trend of the num-
ber of infected individuals under three different strategies (Fig 4(c)) is similar to the number of
new infections (Fig 4(a)). In 2025, compared with S; and S,, the number of infected individu-
als under the strategy S; can be significantly reduced to 775139 (95%CI: 763700-786300),
which shows a great control effect. However, the curve for a number of drug resistance indi-
viduals (Fig 4(d)) and the curve for resistance rate are essentially different under the three dif-
ferent strategies. The number of resistance under ideal treatment effect (S; in Fig 4(d), black
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curve) is actually reduced compared to baseline parameters (S;, red curve) and only increased
the treatment rate (S,, bule curve). By 2025, the total number of resistance cases under the
strategy S; will be reduced to 160,899 (95%CI: 137700-182200), and the number of primary
resistance compared with Sy and S, will also be reduced to 9282 (95%CI: 7624.563-11013).
Compared with the baseline parameters and only increasing the treatment rate, the drug-resis-
tant rate increases but the number of resistance infections decreases under the ideal treatment
effect, indicating that the proportion of drug-resistant strains among infected individuals
becomes greater under this condition. Although the overall HIV prevalence has decreased at
this time, drug-sensitive infections have decreased even more, leading to an increase in the
resistance rate, but the number of resistance is actually a decline in a macroscopic view. There-
fore, a comprehensive analysis of the two indicators of ratio and quantity can enable us to
derive the impact of interventions: although ideal treatment effect should significantly reduce
both HIV infection and the number of drug-resistant.
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Fig 5. The multi-drug resistance dynamic under different intervention measures. a: The resistance rate of all types under different measures. b: The
resistance number of all of all types under different measures.
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Study on the multi-drug resistance dynamics under different intervention
measures

The ART for individuals infected with HIV/AIDS is regarded as “cocktail” therapy in China
[42]. Different drug combinations may lead to the emergence of different drug-resistant strains
under long-term treatment [43]. In the following study, we will subdivide the types of drug-
resistant strains, and abbreviate single-drug resistance, dual-drug resistance and triple-drug
resistance as Ry, Ry and R; respectively. The effects of different prevention and control mea-
sures (Sy, Sz, S3) on the resistance dynamics of the three types above are shown in Fig 5.

The results show that the proportion of single-resistant strains under the three different
strategies is the largest, and there is a downward trend (Fig 5(a)). Under S,, as of 2025, the
number of single-resistance infections reached 19,0700 (95%CI: 170100-225000), accounting
for 92.76% (95%CI: 91.68%-93.89%) of the total number of drug-resistant infections. As a
comparison, the number of dual-resistance infections reached 14,844 (95%CI: 12230-17660),
accounting for 7.20% (95%CI: 6.08%-8.28%). The number of triple-resistance infections is rel-
atively low as expected, only 62.16 (95%CI: 49.24-76.54). The proportion of single-drug resis-
tance in S, shows a slight downward trend, compared with the proportion of single-drug
resistance in S;. However, the number of overall drug resistance and the proportion of multi-
ple-drug resistance has increased, and it has also increased relative to S;. Compared with S,
and S,, the proportion of single-drug resistance and the number of single-drug resistance
under S; are both decreased(Fig 5 pink purple dotted line, S3 + Ry). The number and propor-
tion of double and triple resistance are slightly higher than that of S,, but is lower compared to
S,. In other words, compared with the baseline parameters, these two interventions will trigger
an increase in the proportion of multi-drug resistance (dual and triple).

The number of populations with resistant strains shows a gradually upward trend no matter
what intervention measures are taken (Fig 5(b)). However, it is obvious that the number of
dual and triple resistance individuals grows more rapidly. Only increasing the treatment rate
(the blue dashed line in Fig 5(b)) compared to the baseline parameters (the red solid line in Fig
5(b)) will lead to an increase in the number of three types of drug resistance. On the other
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Table 6. New drug resistance infection under different scenario.

Years 2020 2021 2022 2023 2024 2025
Scenario

S +Ry 6239.5 9297.9 12455.7 15882.3 19652.8 23837.5
(95%CI) (5625,6871) (8161,10480) (10800,14150) (13680,18130) (16870,22530) (20430,27460)
S;+ R, 179.5 308.9 495.5 750.9 1086.4 1510.2
(95%CI) (161.9,198.8) (268.5,350.6) (420.0,572.9) (627.6,880.5) (899.8,1289) (1241,1811)
S;+R; 0.085 0.188 0.347 0.599 0.985 1.539
(95%CI) (0.071,0.099) (0.156,0.222) (0.287,0.416) (0.489,0.729) (0.789,1.212) (1.22,1.917)
S, + Ry 6185.3 9387.5 12704.4 16234.4 20039.6 24185.2
(95%CI) (5520,6830) (8139,10600) (10870,14460) (13810,18590) (17010,23020) (20470,27810)
S;+ R, 184.9 348.4 599.7 946.4 1401.0 1967.2
(95%CI) (164.9,205.4) (298.1,401.1) (498.4,705.6) (774.6,1132) (1131,1689) (1578,2386)
S, +R;3 0.0925 0.234 0.484 0.911 1.578 2.547
(95%CI) (0.0768,0.108) (0.192,0.276) (0.391,0.586) (0.722,1.123) (1.233,1.975) (1.974,3.222)
S;+ Ry 4346 5852 6850 7539 8020 8379
(95%CI) (3810,4879) (5015,6681) (5827,7837) (6411,8613) (6833,9152) (7153,9540)
S; +R, 132.5 234.8 370.3 527.8 698.7 873.7
(95%CI) (115.9,149.9) (198.7,273.1) (306,438.3) (430.6,634.2) (564.6,843.4) (701.5,1058)
S;+R; 0.080 0.180 0.344 0.599 0.958 1.428
(95%CI) (0.066,0.0927) (0.147,0.213) (0.276,0.416) (0.471,0.740) (0.745,1.204) (1.10,1.811)

https://doi.org/10.1371/journal.pone.0259023.t006

hand, the ideal treatment effect (the pink-purple dotted line in the Fig 5(b)) can significantly
restrain this trend. Compared with the baseline parameters, the number of single-drug resis-
tance under the ideal treatment effect is obviously reduced. Although the number of dual-drug
resistance and triple-drug resistance is slightly higher than the baseline parameters, it is signifi-
cantly lower than the predicted value under increasing the treatment rate separately.

At the same time, we also predicted the number of individuals with new drug resistance
(the primary resistance) each year, and the results are shown in Table 6. It can be seen that the
primary resistance infection is increasing year by year. Compared with the baseline parameters
(S1+Ry, $1+Ry, $;+R3), only increasing the treatment rate will lead to the simultaneous
increase of the three types of resistance each year (S,+Ry, $2+R», $2+R3). The ideal treatment
effect S5 can greatly reduce the annual primary resistance infections. By 2025, the annual pri-
mary single-drug resistance will be reduced to 8379 cases (95%CI: 7153-9540, S;+R;), while
primary dual resistance will be reduced to 873.7 cases (95%CI: 701.5-1058, S;+R,), and the
primary triple resistance will be reduced to 1.428 cases per year (95%CI: 1.10-1.811, S3+R3).

Discussion

It is common knowledge that parameter estimation is the most critical step for the numerical
simulation as well as the prediction of dynamic models. We have learned that virus sequences
contain a large amount of information about the diseases transmission while previous studies
often ignored the transmission information carried by genetic sequence data. In this study, we
employed the genetic sequences sampled from infected individuals. We combined the virus
evolution process with the population dynamics model, applied Bayesian phylogenetic analysis
to estimate the parameters of the virus evolution and epidemiological history, and considered
the actual treatment of free antiretroviral treatment in different historical periods of China.
The method can be applied to individual programs or regional programs, and the dynamic
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model pattern is generally applicable, but the parameters need to be re-fitted according to the
local sampling sequence.

China put forward the goal of three 90% in the “China’s 13th Five-Year Plan for Combating
and Prevention of AIDS”. The challenge is very difficult for the first 90% [44]. Strategies to
increase the diagnosis rate is urgently desired. We must further increase publicity on HIV/
AIDS prevention as well as its harm to the general public. In terms of the second and third 90%,
they may be feasible. Nevertheless, our research found that if the treatment rate reaches 90%
only, the infection rate and the number of new infections will still show an increasing trend.
Also with the increase of total resistance rate and primary resistance rate, the number of pri-
mary and secondary resistance are increasing too. That is, as the number of treatments
increases, serious drug resistance problems will occur. If the last two 90% are both achieved at
the same time, the infection will be significantly reduced and show a downward trend. Although
the resistance rate will increase, the number of resistance will be significantly reduced.

Furthermore, drug resistance is also subdivided in our model. China’s first-line drug treat-
ment mainly involves three types of antiretroviral drugs. Due to the use of different drug com-
binations for targeted treatment, different types of drug resistance may occur. Drug resistance
is a serious threat to the treatment of infections [45]. And Multi-drug resistance has caused
great limitations in the choice of subsequent treatment options, so we want to control the
spread of resistance while focusing on controlling the generation of multi-drug resistance. As
the treatment rate increases, the number of single-drug resistance, double-drug resistance, and
triple-drug resistance cases will all increase, and the number of multiple (double and triple)
resistances will increase much faster than that of single resistance. If only the treatment rate is
increased, the follow-up will lead to prevalent drug-resistance problems. The ideal treatment
effect can greatly improve the resistance problem caused by only increasing the treatment rate.
Under this measure, the number of single-drug resistance decreased, and the increase of the
number of double-drug resistance and triple-drug resistance slowed down. In response to the
HIV/AIDS epidemic in China, increasing only the treatment rate will not only fail to effec-
tively control the epidemic situation, but also bring more complex drug resistance problems.
Therefore, it is necessary to consider combining other measures to prevent and control HIV/
AIDS. Besides, we need to monitor to the changes in multiple indicators to assess the effective-
ness of the measures.

The study had the following limitations. First, HIV transmission among men who have sex
with men (MSM) is gradually rising in China in recent years. Given that MSM are forced by
public opinion to marry and have children with women in China, the spread of the virus
between the two populations is intertwined [46-48]. If the MSM population is included, the
model will be more complicated than the current one. Second, in terms of resistance classifica-
tion, three major types of resistance (NRTI, NNRTI, PI) in China’s first-line ART were consid-
ered in the model, but the addition of new antiretroviral drugs (such as integrase inhibitors,
InSTI) was not considered. Although InSTT is not yet used in first-line therapies, it may be pro-
vided in the future. Therefore, we still need to consider the effect of the addition of other drug
on the model. The addition of InSTT will significantly improve the therapeutic effect of existing
drugs and more effectively reduce the viral load in infected, thus reducing the new infections
A; (j=0,1,2,3) in the model. The combination of InSTI with other antiretroviral drugs may

solve the problem of resistance to a single drug and cross-resistance, thus reducing the resis-
tance rate y; (i = 1, 2, 3) in the model. Finally, data availability and recency are one of our limi-
tations. In this current research, we used the previous official and validated data from China
CDC. However, the China CDC has not released the most recent HIV/AIDS statistics that we
can use to validate our prediction.

PLOS ONE | https://doi.org/10.1371/journal.pone.0259023 December 1, 2021 14/17


https://doi.org/10.1371/journal.pone.0259023

PLOS ONE

The transmission of drug-resistant strains of HIV in heterosexual populations based on genetic sequences

Supporting information

S1 File. Supplement data and results. The prior information setting for BDSKY and addi-
tional numerical simulation data.
(PDF)

S1 Fig. The median of the effective reproductive number of four subtypes and its HPD
interval.
(TIF)

S2 Fig. The two effective reproductive numbers (Rf and R?) fitting in corresponding his-
torical periods.
(TIF)

Author Contributions

Conceptualization: Xin Jin, Zhen Wang, Jie Lou.

Data curation: Yuhua Ruan, Ruihua Kang, Hui Xing.
Formal analysis: Xin Jin, Zhen Wang, Hui Wu, Jie Lou.
Investigation: Hui Wu.

Methodology: Xin Jin, Jie Lou.

Resources: Yuhua Ruan.

Software: Xin Jin, Zhen Wang, Jie Lou.

Supervision: Hui Xing.

Validation: Xin Jin.

Visualization: Xin Jin.

Writing - original draft: Xin Jin.

Writing - review & editing: Zhiyuan Zhang, Yuhua Ruan, Chen Zhang, Jie Lou.

References

1. QiTang, & Hongzhou Lu. Challenges of eliminating the AIDS epidemic in China. Microbiology and
Infection. 2019. 14(3): 129-136

2. In2019, China made new progress in AIDS prevention and treatment. China AIDS and Venereal Dis-
eases. 2019. 25(12):1205.

3. Meirong Huang. The cost of antiviral treatment for AIDS and the status quo of free treatment in China.
Contemporary Medicine. 2016. 22(31), 160-161.

4. YangHao, Sun XinHua, Gang Xia, Jiao YaHui, Li Song, Jie Shen, et al. Major progress in AIDS preven-
tion and treatment in China in the past 10 years after the implementation of the policy of “Four Exemp-
tions and one Care”. CHINESE Journal of AIDS & STD. 2014. 020(004), 228-232.

5. BorJ, Herbst AJ, Newell ML, et al. Increases in Adult Life Expectancy in Rural South Africa: Valuing the
Scale-Up of HIV Treatment. Science, 2013, 339(6122):961-965. https://doi.org/10.1126/science.
1230413 PMID: 23430655

6. Gregson John, et al. Occult HIV-1 drug resistance to thymidine analogues following failure of first-line
tenofovir combined with a cytosine analogue and nevirapine or efavirenz in sub Saharan Africa: a retro-
spective multi-centre cohort study. The Lancet infectious diseases, 2017, 17(3), 296—304. https://doi.
org/10.1016/S1473-3099(16)30469-8 PMID: 27914856

7. LuoX, SuG, Huang J, et al. Incidence and types of HIV-1 drug resistance mutation among patients fail-
ing first-line antiretroviral therapy. Journal of pharmacological sciences, 2019, 139(4), 275-279. https:/
doi.org/10.1016/j.jphs.2018.11.016 PMID: 30928089

PLOS ONE | https://doi.org/10.1371/journal.pone.0259023 December 1, 2021

15/17


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259023.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259023.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0259023.s003
https://doi.org/10.1126/science.1230413
https://doi.org/10.1126/science.1230413
http://www.ncbi.nlm.nih.gov/pubmed/23430655
https://doi.org/10.1016/S1473-3099(16)30469-8
https://doi.org/10.1016/S1473-3099(16)30469-8
http://www.ncbi.nlm.nih.gov/pubmed/27914856
https://doi.org/10.1016/j.jphs.2018.11.016
https://doi.org/10.1016/j.jphs.2018.11.016
http://www.ncbi.nlm.nih.gov/pubmed/30928089
https://doi.org/10.1371/journal.pone.0259023

PLOS ONE

The transmission of drug-resistant strains of HIV in heterosexual populations based on genetic sequences

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.
22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

Cambiano V, Bertagnolio S, Jordan MR, et al. Transmission of drug resistant HIV and its potential
impact on mortality and treatment outcomes in resource-limited settings. The Journal of infectious dis-
eases, 2013, 207(suppl_2), S57-S62. https://doi.org/10.1093/infdis/jit111 PMID: 23687290

Liao Lingjieet al. Impact of HIV drug resistance on virologic and immunologic failure and mortality in a
cohort of patients on antiretroviral therapy in China. AIDS (London, England), 2013, 27(11), 1815.
https://doi.org/10.1097/QAD.0b013e3283611931

Clavel F., & Hance A. J. HIV drug resistance. New England Journal of Medicine, 2004, 350(10), 1023—
1035. https://doi.org/10.1056/NEJMra025195 PMID: 14999114

Pan X, Wu M, Ma Q, et al. High prevalence of HIV among men who have sex with men in Zhejiang,
China: a respondent-driven sampling survey. Bmj Open, 2015, 5(12):e008466. https://doi.org/10.1136/
bmjopen-2015-008466 PMID: 26656982

He Q, Ye W, Peng L, et al. Potential bridges for HIV infection to men who have sex with men in Guang-
zhou, China. Aids & Behavior, 2006, 10(1 Supplement):S17. https://doi.org/10.1007/s10461-006-
9125-3 PMID: 16802197

Meng Liu, Hui Xing, et al. Molecular transmission network of HIV-1 drug-resistant strains in hebei prov-
ince before treatment. Chinese Journal of Zoonoses. 2020, 36(09):746—751.

Jingna Xun, et al. Investigation of drug resistance of some HIV-infected persons before antiviral treat-
ment in three cities. CHINESE Journal of AIDS & STD. 2020, 26.08:805—-808.

Pengtao Liu, Lingjie, et al. Adherence, virological outcome, and drug resistance in Chinese HIV patients
receiving first-line antiretroviral therapy from 2011 to 2015. Medicine, 2018.

Wu Jing. Build a dynamic model to evaluate the effect of AIDS prevention and treatment in China. Chi-
nese Center for Disease Control and Prevention, Beijing. 2014.

Zhu Haowei. Mathematical Model analysis of the prevalence of drug-resistant strains in HIV high-risk
population. China University of Petroleum, Beijing. 2018.

Kang RH, Liang SJ, Ma YL, et al. Pretreatment HIV drug resistance in adults initiating antiretroviral ther-
apy in China, 2017. Infectious Diseases of Poverty, 2020, 9. https://doi.org/10.1186/s40249-020-
00668-5 PMID: 32448388

Koichiro T, Joel D, Masatoshi N, et al. MEGA4: Molecular Evolutionary Genetics Analysis (MEGA) Soft-
ware Version 4.0. Molecular Biology & Evolution, 2007(8):1596.

Drummond AJ, Rambaut A. BEAST: Bayesian evolutionary analysis by sampling trees. Bmc Evolution-
ary Biology, 2007, 7(1):214. https://doi.org/10.1186/1471-2148-7-214 PMID: 17996036

http://beast-mcmc.googlecode.com/

Metropolis Nicholas, et al. Equation of state calculations by fast computing machines. The journal of
chemical physics, 1953, 21.6: 1087—-1092. https://doi.org/10.1063/1.1699114

Hastings WK. Monte Carlo sampling methods using Markov chains and their applications. Biometrika,
1970(1):97-109. https://doi.org/10.1093/biomet/57.1.97

Stadler T, Kuhnert D, Bonhoeffer S, et al. Birth-death skyline plot reveals temporal changes of epidemic
spread in HIV and hepatitis C virus (HCV). Pnas, 2013, 110(1):228-233. https://doi.org/10.1073/pnas.
1207965110 PMID: 23248286

Lou J, Wang Z, Jin X, et al. Traceback the epidemic dynamics of COVID-19. Journal of Shanghai Nor-
mal University (Natural Sciences). 2020.

Zhang D, Gao F, Jakovli |, et al. PhyloSuite: An integrated and scalable desktop platform for streamlined
molecular sequence data management and evolutionary phylogenetics studies. Molecular Ecology
Resources, 2020, 20(1):348—-355. https://doi.org/10.1111/1755-0998.13096 PMID: 31599058

Akaike H. Information theory and an extension of the maximum likelihood principle//Selected papers of
hirotugu akaike. Springer, New York, 1998: 199-213.

Qisan Maet al. Current status and challenges of anti-AIDS drugs. Journal of Liaocheng University (Nat-
ural Science), 2020, 33(01):70-78.

Pau Alice K., George Jomy M. Antiretroviral Therapy. Infectious Disease Clinics of North America,
2014, 28(3). https://doi.org/10.1016/j.idc.2014.06.001 PMID: 25151562

Johnson VA, Calvez V, Gunthard HF, et al. Update of the Drug Resistance Mutations in HIV-1: March
2013. Topics in antiviral medicine, 2012, 21(1):6-14.

Stolbach Andrewet al. A Review of the Toxicity of HIV Medications II: Interactions with Drugs and Com-
plementary and Alternative Medicine Products. Journal of Medical Toxicology, 2015, 11.3:326-341.
https://doi.org/10.1007/s13181-015-0465-0 PMID: 26036354

Wang Y, Lv Z, Chu Y. HIV protease inhibitors: a review of molecular selectivity and toxicity. Hiv/aids
Research & Palliative Care, 2015:95-104. https://doi.org/10.2147/HIV.S79956 PMID: 25897264

PLOS ONE | https://doi.org/10.1371/journal.pone.0259023 December 1, 2021 16/17


https://doi.org/10.1093/infdis/jit111
http://www.ncbi.nlm.nih.gov/pubmed/23687290
https://doi.org/10.1097/QAD.0b013e3283611931
https://doi.org/10.1056/NEJMra025195
http://www.ncbi.nlm.nih.gov/pubmed/14999114
https://doi.org/10.1136/bmjopen-2015-008466
https://doi.org/10.1136/bmjopen-2015-008466
http://www.ncbi.nlm.nih.gov/pubmed/26656982
https://doi.org/10.1007/s10461-006-9125-3
https://doi.org/10.1007/s10461-006-9125-3
http://www.ncbi.nlm.nih.gov/pubmed/16802197
https://doi.org/10.1186/s40249-020-00668-5
https://doi.org/10.1186/s40249-020-00668-5
http://www.ncbi.nlm.nih.gov/pubmed/32448388
https://doi.org/10.1186/1471-2148-7-214
http://www.ncbi.nlm.nih.gov/pubmed/17996036
http://beast-mcmc.googlecode.com/
https://doi.org/10.1063/1.1699114
https://doi.org/10.1093/biomet/57.1.97
https://doi.org/10.1073/pnas.1207965110
https://doi.org/10.1073/pnas.1207965110
http://www.ncbi.nlm.nih.gov/pubmed/23248286
https://doi.org/10.1111/1755-0998.13096
http://www.ncbi.nlm.nih.gov/pubmed/31599058
https://doi.org/10.1016/j.idc.2014.06.001
http://www.ncbi.nlm.nih.gov/pubmed/25151562
https://doi.org/10.1007/s13181-015-0465-0
http://www.ncbi.nlm.nih.gov/pubmed/26036354
https://doi.org/10.2147/HIV.S79956
http://www.ncbi.nlm.nih.gov/pubmed/25897264
https://doi.org/10.1371/journal.pone.0259023

PLOS ONE

The transmission of drug-resistant strains of HIV in heterosexual populations based on genetic sequences

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44,

45.

46.

47.

48.

Flexner Charles. HIV drug development: the next 25 years. Nature Reviews Drug Discovery, 2007, 6
(7):959-966. https://doi.org/10.1038/nrd2336 PMID: 17932493

Hou LJ, Wang HW, Duan SP, et al. The prevalence and determinants of drug-resistance-associated
mutations in the HIV-1-infected MSM population of Henan Province in China. Archives of virology,
2015, 160(8), 2051-2061. https://doi.org/10.1007/s00705-015-2481-4 PMID: 26077516

Zhang FJ, Jennifer P, Lan Y, et al. Current progress of China’s free ART program. Cell research, 2005,
15(11): 877. https://doi.org/10.1038/sj.cr.7290362 PMID: 16354563

Ye Maet al. Advances and challenges in antiviral therapy for HIV/AIDS in China. Information on Infec-
tious Diseases, 2007, 20(6), 327-330.

Smith RJ, Okano JT, Kahn JS, et al. Evolutionary dynamics of complex networks of HIV drug-resistant
strains: the case of San Francisco. Science, 2010, 327(5966): 697—701. https://doi.org/10.1126/
science.1180556 PMID: 20075214

Anglemyer A, Rutherford GW, Horvath T, et al. Antiretroviral therapy for prevention of HIV transmission
in HIV discordant couples. Cochrane database of systematic reviews, 2013 (4).

Diekmann O, Heesterbeek JAP, Metz JAJ. On the definition and the computation of the basic reproduc-
tion ratio RO in models for infectious diseases in heterogeneous populations. Journal of Mathematical
Biology, 28: 365.(1990) https://doi.org/10.1007/BF00178324 PMID: 2117040

Castillo-Chavez C, Blower S, van den Driessche P, Kirschner D, Yakubu A, eds. Mathematical
approaches for emerging and reemerging infectious diseases: an introduction. New York: Springer,
2002: 229-50.

Qing Guo. Implementation path of “Healthy China 2030” Plan. Health Research, 2016, 36(6), 601-604.

Ray M, Logan R, Sterne J, et al. The effect of combined antiretroviral therapy on the overall mortality of
HIV-infected individuals. AIDS, 2010; 24(1):123-37. https://doi.org/10.1097/QAD.0b013e3283324283
PMID: 19770621

Liu P, Feng Y, Wu J, et al. Polymorphisms and mutational covariation associated with death in a pro-
spective cohort of HIV/AIDS patients receiving long-term ART in China. PLoS ONE, 2017, 12(1):
€0170139. https://doi.org/10.1371/journal.pone.0170139 PMID: 28099515

Xu Conghui, Chen Qingfeng, Wang Lu, Li Jumei, Han Mengjie. Analysis in promoting UNAIDS 90-90-
90 targets. CHINESE Journal of AIDS & STD, 2018(9).

PENNINGS Pleuni S. HIV drug resistance: problems and perspectives. Infectious disease reports,
2013, 5.11: 21-25.

Ministry of Public Health of China, Joint United Nations Programme on HIV/AIDS World Health Organi-
zation. Update on the HIV/AIDS Epidemic and Response in China (2005), Available at: http://www.
chinaaids.cn/ddpg/Ihpgbg1/zgazbyq/W10547938973956.pdf.

LiZ, LiaoL, Feng, et al. Trends of HIV subtypes and phylogenetic dynamics among young men who
have sex with men in China, 2009-2014, Scientific reports, 2015, 5: 16708. https://doi.org/10.1038/
srep16708 PMID: 26577039

Shang H., et al. HIV prevention: Bring safe sex to China. Nature, 2012, 485: 576-577. https://doi.org/
10.1038/485576a PMID: 22660303

PLOS ONE | https://doi.org/10.1371/journal.pone.0259023 December 1, 2021 17/17


https://doi.org/10.1038/nrd2336
http://www.ncbi.nlm.nih.gov/pubmed/17932493
https://doi.org/10.1007/s00705-015-2481-4
http://www.ncbi.nlm.nih.gov/pubmed/26077516
https://doi.org/10.1038/sj.cr.7290362
http://www.ncbi.nlm.nih.gov/pubmed/16354563
https://doi.org/10.1126/science.1180556
https://doi.org/10.1126/science.1180556
http://www.ncbi.nlm.nih.gov/pubmed/20075214
https://doi.org/10.1007/BF00178324
http://www.ncbi.nlm.nih.gov/pubmed/2117040
https://doi.org/10.1097/QAD.0b013e3283324283
http://www.ncbi.nlm.nih.gov/pubmed/19770621
https://doi.org/10.1371/journal.pone.0170139
http://www.ncbi.nlm.nih.gov/pubmed/28099515
http://www.chinaaids.cn/ddpg/lhpgbg1/zgazbyq/W10547938973956.pdf
http://www.chinaaids.cn/ddpg/lhpgbg1/zgazbyq/W10547938973956.pdf
https://doi.org/10.1038/srep16708
https://doi.org/10.1038/srep16708
http://www.ncbi.nlm.nih.gov/pubmed/26577039
https://doi.org/10.1038/485576a
https://doi.org/10.1038/485576a
http://www.ncbi.nlm.nih.gov/pubmed/22660303
https://doi.org/10.1371/journal.pone.0259023

