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Abstract

Background: Factors predicting peripheral blood total HIV-1 DNA size in chronically infected patients with successfully
suppressed viremia remain unclear. Prognostic power of such factors are of clinical significance for making clinical
decisions.

Methods: Two sets of study populations were included: 490 China AIDS Clinical Trial (CACT) participants (Training
cohort, followed up for 144 to 288 weeks) and 117 outpatients from Peking Union Medical College Hospital (PUMCH)
(Validation cohort, followed up for more than 96 weeks). All patients were chronically HIV-1-infected and achieved
successful HIV-1 plasma RNA suppression within week 48. Total HIV-1 DNA in blood at baseline, 12, 24, 48, 96, 144 and
288 weeks after combined antiretroviral therapy (cART) initiation were quantified. Generalized estimating equations and
logistic regression methods were used to derive and validate a predictive model of total HIV-1 DNA after 96 weeks of
CART.

Results: The total HIV-1 DNA rapidly decreased from baseline [median = 3.00 log;, copies/10° peripheral blood
mononuclear cells (PBMCs)] to week 24 (median = 2.55 logq copies/106 PBMCs), and leveled off afterwards. Of the 490
patients who had successful HIV-1 plasma RNA suppression by 96 w post-cART, 92 (18.8%) had a low total HIV-1 DNA
count (< 100 copies/1 0° PBMCs) at week 96. In the predictive model, lower baseline total HIV-1 DNA [risk ratio (RR) =
0.08, per 1 logq c0|oies/106 PBMCs, P < 0.001] and higher baseline CD4+ T cell count (RR=1.72, per 100 cells/uL, P <
0.001) were significantly associated with a low total HIV-1 DNA count at week 96. In an independent cohort of 117
patients, this model achieved a sensitivity of 75.00% and specificity of 69.52%.

Conclusions: Baseline total HIV-1 DNA and CD4+ T cell count are two independent predictors of total HIV-1 DNA after
treatment. The derived model based on these two baseline factors provides a useful prognostic tool in predicting HIV-
1 DNA reservoir control during cART.

Keywords: HIV-1 DNA, Prediction model, Chronic infection, Combined antiretroviral therapy, CD4

* Correspondence: tongwang@email jnu.edu.cn; tzhu@uw.edu; litsh@263.net
Prior presentations: Parts of the data were presented previously at the 22nd
International AIDS Conference (July 25, 2018, Amsterdam, Netherlands)
Yongsong Yue, Yijia Li and Yizhi Cui contributed equally to this work.

°Key Laboratory of Functional Protein Research of Guangdong Higher
Education Institutes, Institute of Life and Health Engineering, College of Life
Science and Technology, Jinan University, Guangzhou 510632, China
8Department of Laboratory Medicine, School of Medicine, University of
Washington, 325 Ninth Ave, Seattle, WA 98104-2499, USA

'Department of Infectious Diseases, Peking Union Medical College Hospital,
Chinese Academy of Medical Sciences & Peking Union Medical College, No.
1 Shuaifuyuan, Wangfujing Street, Beijing 100730, China

Full list of author information is available at the end of the article

© The Author(s). 2021 Open Access This article is licensed under a Creative Commons Attribution 4.0 International License,
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if

changes were made. The images or other third party material in this article are included in the article's Creative Commons
licence, unless indicated otherwise in a credit line to the material. If material is not included in the article's Creative Commons
licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.
The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the
data made available in this article, unless otherwise stated in a credit line to the data.


http://crossmark.crossref.org/dialog/?doi=10.1186/s12879-021-06267-5&domain=pdf
http://orcid.org/0000-0002-7050-5675
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
mailto:tongwang@email.jnu.edu.cn
mailto:tzhu@uw.edu
mailto:litsh@263.net

Yue et al. BMC Infectious Diseases (2021) 21:592

Introduction

A critical goal of antiretroviral therapy is to reduce the
size of the total HIV-1 DNA reservoir which poses a
major obstacle for HIV-1 eradication [1-3]. Total HIV-1
DNA load has been associated with disease progression,
treatment efficacy, and HIV-1 co-morbidities such as
HIV-1-associated dementia and malignancy [4-7]. High
total HIV-1 DNA levels during cART have been associ-
ated with faster viral rebound after structured treatment
interruption (STI) [8-10], while low total HIV-1 DNA
levels may increase the possibility of prolonged viral re-
mission after cART interruption, which was observed in
the Mississippi baby [11] and post-treatment controllers
(PTCs) [12, 13]. In the VISCONTT cohort study, the me-
dian total HIV-1 DNA level was near 100 copies/10°
PBMCs in the 14 PTCs when cART was discontinued,
which served as a milestone of relatively successful HIV-
1 reservoir control, potentially leading to prolonged re-
mission or functional cure [12].

It is generally accepted that early treatment is critical for
the viral suppression of PTCs [12]. Numerous studies have
investigated factors related to the dynamics of total HIV-1
DNA decay during cART, including treatment initiation
time, antiretroviral therapy intensity, demographic data,
baseline HIV-1 plasma RNA and DNA, CD4+ and CD8+
cell count and CD4/CD8 ratio. Early initiation of cART
during primary infection, low baseline total HIV-1 DNA
and high CD4+ nadir were shown to increase the likeli-
hood of achieving low total HIV-1 DNA outcome [14—
17]. In addition, a cross-sectional study has reported that
28% out of 522 patients who are initiated cART during
the chronic phase can achieve low total HIV-1 DNA (<
150 copies/10° PBMCs) after long-term viral suppression
[18]. Thus, as it is associated with ART-free remission,
total HIV-1 DNA could serve as a usefully virologic par-
ameter for monitoring therapeutic effects.

For clinicians, to translate the HIV-1 DNA test re-
sult into a prognostic prediction of certain ART is in-
triguing, especially when the HIV-1 viral load remains
undetectable. Our previous study has shown that after
96 weeks’ ART, low HIV-1 DNA level is significantly
associated with higher CD4/CDS8 ratio [19]. However,
baseline factors that predict low total HIV-1 DNA
level in chronic patients after treatment remain
elusive.

As such, in this study, we included 490 chronically
HIV-1-infected treatment-naive patients enrolled in
multicenter HIV-1 cohort studies [20-22] and 117
outpatients in China. For the first time, a statistical
model predicting the possibility of achieving a low
total HIV-1 DNA outcome (< 100 copies/10° PBMCs)
for patients with chronic HIV-1 infection under sup-
pressive cART was derived and validated in two inde-
pendent cohorts.
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Methods

Subjects

The Institutional Review Board of the Peking Union
Medical College Hospital approved this study, and writ-
ten informed consents were obtained from all the study
participants. All methods were performed in accordance
with the relevant guidelines and regulations. This study
consists of two sets of study populations: 490 China
AIDS Clinical Trial (CACT) participants and 117 outpa-
tients from Peking Union Medical College Hospital
(PUMCH).

The 490 CACT participants were included from two
previously established multicenter cohorts, Cohort-2009
(CACTO0810, ClinicalTrials.gov, identifier NCT00872417,
recruited in 2009, followed up for 288 weeks) [20, 21]
and Cohort-2012 (CACT1215, ClinicalTrials.gov, identi-
fier NCT01844297, recruited in 2012, followed up for
144 weeks) [22]. Those 490 patients were selected as the
training cohort for developing the predictive model of
total HIV-1 DNA. The inclusion criteria of the 490 par-
ticipants were: (1) chronically HIV-1-infected adult; (2)
treatment-naive; (3) CD4 cell count <350 cells/pL in the
Cohort-2009 and <500 cells/pL in the Cohort-2012. All
subjects received a standard treatment regimen contain-
ing two types of nucleoside and nucleotide reverse tran-
scriptase inhibitors and one non-nucleoside reverse
transcriptase inhibitor [20—22]. The criteria for success-
ful HIV-1 plasma RNA suppression: (1) HIV-1 plasma
RNA were suppressed to <50 copies/mL within 48
weeks post initiation of cART, (2) transient viremia with
<200 copies/mL at no more than one time-point during
cART was allowed.

In addition, another cohort consists of 117 HIV-1-
infected adult outpatients, who were successfully treated
(treatment was the same as CACT patients) between
2009 to 2016 at PUMCH and followed up for more than
96 weeks, was used as an independent validation cohort.
The inclusion criteria for both the training and valid-
ation cohorts were: (1) complete baseline characteristics
including age, gender, transmission route, and subtype,
CD4+ and CD8+ T cell count, and HIV-1 plasma RNA
levels; (2) total HIV-1 DNA levels must be available at
baseline and week 96, while for other time points of 12
w, 24 w, and 48 w, only less than 2 missing values were
allowed; (3) baseline total HIV-1 DNA level > 100 cop-
ies/10° PBMCs; and (4) Successful HIV-1 plasma RNA
suppression within week 48.

Total HIV-1 DNA quantitation

Total HIV-1 DNA was extracted from peripheral blood
containing 0.25-1 million PBMCs using the Qiagen
QIAsymphony DNA Mini Kit (QIAGEN, Hilden,
Germany). The SUPBIO total HIV-1 DNA Quantitative
PCR Kit (SUPBIO, Guangzhou, China) was used for
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simultaneously quantitating total HIV-1 DNA and cell
number, following the manufacturer’s instructions. The
linear quantification range of the SUPBIO total HIV-1
DNA quantitative kit was 20 copies/10° PBMCs to 100,
000 copies/10° PBMCs.

Statistical methods

Total HIV-1 DNA and RNA values were log-transformed
in all inferential analyses. Generalized linear models of the
longitudinal data using a generalized estimating equation
(GEE) were performed to select the factors that predict
the binary treatment outcome—total HIV-1 DNA < 100
copies/10° PBMCs at week 96. Logistic regression models
were used to characterize how the binary treatment out-
come can be predicted by the baseline values of factors
identified as a significant predictor in the final GEE model.
The receiver operating characteristic (ROC) curve was uti-
lized to evaluate the performance of the prediction power
of the logistic regression model in the training set. The
software packages SPSS 22.0 (IBM Corporation, Armonk,
New York, USA) and MATLAB (R2014a, MathWorks,
Natick, MA) were used for data analyses. A P value of <
0.05 was considered statistically significant.

Table 1 Patients’ characteristics at baseline
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Results

Baseline characteristics

Baseline characteristics were summarized for both the
training (7 =490) and validation (n=117) cohorts in
Table 1. For the training cohort, the majority of patients
were aged 30—40 years, male (69.8%), infected via sexual
transmission [men who have sex with men (MSM)
31.4%, heterosexual 52.7%], and infected by the CRF01_
AE subtype (44.5%). The median CD4+ T cell count was
226 cells/puL and median CD4/CDS8 ratio was 0.25. The
median HIV-1 plasma RNA level was 4.66 log;, copies/
mL, and median total HIV-1 DNA was 3.00 log;, cop-
ies/10° PBMCs. For the validation cohort, the majority
were male (92.3%) and 71.8% of them were MSM. How-
ever, the clinical characteristics, including CD4+ and
CD8+ T cell counts and HIV DNA levels, were similar
between the two cohorts.

Total HIV-1 DNA decay during 288 weeks of cART

During 288 weeks of cART, total HIV-1 DNA levels rap-
idly decreased from a median value of 3.00 log;, copies/
10° PBMCs at baseline to 2.55 log;, copies/10° PBMCs
at week 24 (P<0.001, Fig. 1), then leveled off near the
level of 2.55 log;, copies/10° PBMCs during weeks 24 to

Characteristics

Validation cohort (n =117)

Training cohort (n =490)

Median age (years, IQR)
Gender (n, %)

Male

Female
Transmission category (n, %)

MSM

Heterosexual

Bisexual

Blood

Others/Unknown
Subtype (n, %)

CRFO1_AE

C/CRF07_BC/CRF08_BC

B/B'

URF

Unknown
Median CD4 cell count (cells/uL, IQR)
Median CD8 cell count (cells/uL, IQR)
Median CD4/CD8 ratio (IQR)
Median HIV-1 plasma RNA (log copies/mL, IQR)
Median total HIV-1 DNA (log copies/106 PBMCs, IQR)

35 (28-44) 32 (28-43)
342 (69.8) 108 (92.3)
148 (30.2) 9(7.7)
154 (31.4) 84 (718)
258 (52.7) 18 (154)
14 (2.9) 4 (34)
7(1.4) 0(0)
57 (11.6) 11(94)
NA
218 (44.5)
123 (25.1)
55 (11.2)
18 (3.7)
76 (15.5)
226 (159-344) 189 (50-293)
809 (590-1181) 627 (449-925)
0.25 (0.18-0.40) 0.27 (0.13-0.45)
466 (4.34-5.14) 448 (2.90-4.96)
3.00 (266-333) 301 (2.74-3.29)

Note: IQR interquartile range, MSM men who have sex with men, NA not applicable, CRF circulating recombinant form, PBMCs peripheral blood mononuclear cells



Yue et al. BMC Infectious Diseases (2021) 21:592

H
]

p <0.001

p=0.620

w
1

N
1

HIV-1 DNA (log copies/10° PBMCs)

-

T T T T

T T
0 12 24 48 96 144 288
Time (weeks)

Time 0 12 24 48 96 144 288
N 490 409 456 481 490 202 175
Median 3.00 2.85 255 257 249 263 252

Fig. 1 Decay of total HIV-1 DNA during 288 weeks of cART. N,
Number of patients; Mean, the mean value of HIV-1 DNA at each
follow-up time point; SD, standard deviation
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288 (P=0.620, Fig. 1). In the following study, we con-
sider the total HIV-1 DNA value at week 96, when all
490 patients had HIV-1 DNA data, as the HIV-1 DNA
outcome after cART.

Contribution of baseline factors to the total HIV-1 DNA
decay

After 96 weeks of treatment, 18.8% (92/490) of subjects
achieved total HIV-1 DNA levels of <100 copies/10°
PBMCs. To identify which factors were associated with
low HIV-1 DNA levels after 96 weeks of ART, univariate
and multivariate logistic regression were used for the
analysis. Univariate logistic regression revealed that a
lower baseline total HIV-1 DNA level (RR =0.07 per 1
log,o copies/ 10° PBMCs, P < 0.001) and a higher baseline
CD4+ T-cell count (RR=2.11 per 100 cells/pL increase,
P =0.003) were beneficial factors associated with lower
HIV-1 DNA levels at week 96 (Table 2). Consistently, in
the multivariate logistic regression analysis, baseline fac-
tors predicting total HIV-1 DNA <100 copies/10°
PBMCs at week 96 were also total HIV-1 DNA (RR =
0.08 per 1 log, copies/10° PBMCs, P < 0.001) and CD4-+
T cell count (RR=1.72 per 100 cells/uL increase, P <
0.001) (Table 2).

Table 2 Baseline factors associated with total HIV-1 DNA reduction to 100 copies/10° PBMC level

Variables Univariate Analysis Multivariate Analysis
RR (95% CI) P RR (95% ClI) P
Sex 0.921 0.921
Male 1 1
Female 0.96 (0.46-2.04) 0.96 (0.46-2.04)

Age-per 10 years increase
Transmission route

MSM

Heterosexual

Bisexual

Blood

Others/Unknown
Subtype

CRFO1_AE

C/CRF07_BC/CRF08_BC

B/B'

Others/Unknown
Baseline total HIV-1 DNA -per 1 log copies/10° PBMCs
Baseline HIV-1 plasma RNA-per 1 log copies/mL
Baseline CD4 cell count-per 100 cells/uL
Baseline CD8 cell count-per 100 cells/pL
Baseline CD4/CD8 ratio-per 0.1 increase

1.02 (0.76-1.37) 0.891 1.02 (0.76-1.37) 0.889
0.359 0.305
1 1
1.06 (0.49-2.30) 0.885 5(062-2.13) 0.650
0.24 (0.03-2.19) 0.203 0.27 (0.03-2.39) 0.241
1.33 (0.10-17.37) 0.826 0.85 (0.08-8.97) 0.895
0.35 (0.09-141) 0.140 0.35 (0.09-1.31) 0.120
0.549 0.550
1 1
147 (0.75-2.86) 0.264 1.47 (0.75-2.86) 0.263
0.71 (0.23-2.21) 0.557 0.72 (0.23-2.22) 0.562
1.12 (0.31-4.01) 0.863 2 (0.31-4.00) 0.864
0.07 (0.03-0.16) <0.001 0.08 (0.04-0.16) <0.001
1.20 (0.74-1.96) 0463 2 (0.70-1.77) 0.641
11 (1.28-348) 0.003 1.72 (1.35-2.20) <0.001
0.92 (0.81-1.05) 0.21 0.97 (0.90-1.04) 0.389
0.87 (0.64-1.19) 0.391 0.86 (0.63-1.17) 0.340

RR relative risk, C/ confidence interval, MSM men who have sex with men, CRF circulating recombinant form, PBMCs peripheral blood mononuclear cells
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Statistical model based on baseline DNA and CD4+ T cells
to predict total HIV-1 DNA under cART
Further, generalized estimating equations (GEE) and lo-
gistic regression methods were used to derive a predict-
ive model of total HIV-1 DNA < 100 copies/10° PBMCs
after 96 weeks of cART. With the GEE analysis, we
found that longitudinal total HIV-1 DNA, CD4+ T cells,
and CD4/CD8 ratio values were correlated with the total
HIV-1 DNA outcome (Supplementary Table S1). Uni-
variate and multivariate logistic regression analyses were
then performed to relate the binary outcome with each
identified predictor and combinations thereof. Total
HIV-1 DNA and CD4 count were screened out as sig-
nificant predictors of the treatment outcome of total
HIV-1 DNA. Interestingly, the highest area under the
ROC curve (AUC) of 0.82 was observed in the multivari-
ate model with baseline total HIV-1 DNA and CD4
count other than each univariate model (Fig. 2A). As
such, the best-performed predictive model based on
baseline total HIV-1 DNA and CD4 count was derived:
logit(0) = 4.579-2.518 x DNA + 0.477 x CD4 (Eq. 1).
Where 0 represents the probability of achieving total
HIV-1 DNA <100 copies/10° PBMCs at week 96 post-
cART; DNA represents the baseline total HIV-1 DNA
level in log;, copies/10° PBMCs; and CD4 represents the
baseline CD4+ T cell count in 100 cells/uL. For example,
if a patient starts cART treatment with 300 (2.48 log;,)
copies/10° PBMCs of baseline total HIV-1 DNA and a
CD4 count of 500 cells/uL, there is a 72% (6 =0.72)
chance that his total HIV-1 DNA will fall below 100
copies/10° PBMCs after 96 weeks of treatment according
to eq. 1.
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With Eq. 1, we validated the prediction model with
the validation cohorts, which contained 117 outpatients
from the real hospital settings. At cutoff 2, the greatest
true positive rate (TPR) and false positive rate (FPR) dis-
tance, the predictive model performed similarly in both
training and validation cohorts. TPRs were 83.70 and
75.00% while FTRs were 29.40 and 30.48% in the train-
ing and validation cohorts, respectively (Fig. 2B). In this
independent cohort of 117 patients, this model achieved
a sensitivity of 75.00% and specificity of 69.52%.

Discussion

In this study, the characteristics and impact factors of
HIV-1 DNA decay was studied with longitudinal co-
horts. A probability model that predicts the outcome of
HIV-1 DNA reservoir size after 2 years of cART using
baseline values of total HIV-1 DNA and CD4+ T cell
count was established for the first time. The model per-
formed well and similarly in both the training cohort
and an independent outpatient validation cohort, which
indicated the robustness of the model.

Globally, most HIV-1 patients on treatment are chron-
ically infected. Achieving remission or a potential func-
tional cure in such patients is more challenging than in
those who are acutely infected [10, 12]. Studies of the
HIV-1 reservoir in chronic patients were limited by
small populations or were cross-sectional [18, 23, 24].
To our knowledge, the data in the present study repre-
sent the largest longitudinal cohort study focusing on
chronically HIV-1-infected individuals. We found that
for chronically HIV-1-infected patients, total HIV-1
DNA decay after initiation of cART demonstrated a

——— TPRin training set
TPR in validation set
——— FPRn training set
FPR in validation set

obtain an FPR less than 20%

100% g
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Fig. 2 Total HIV-1 DNA prediction model. A ROC curves of different prediction models in the training cohort. B True positive rate (TPR, red) and
False positive rate (FPR, blue) performance of the model in the training (solid lines) and the validation cohorts (dotted lines) with different cutoffs.
Cutoff 1, the lowest threshold to obtain a TPR greater than 90%; Cutoff 2, the greatest TPR and FPR distance; Cutoff 3, the smallest threshold to
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biphasic reduction within 96 weeks. Most decline hap-
pened in the first 6 months and then began to plateau,
which was consistent with other findings in chronically
HIV-1-infected patients [25, 26]. Compared with the
studies by Besson et al. [25] and Gandhi et al. [27], our
sample size was larger, and we detected the HIV-1 DNA
at week 12 and 24. We suggested for the first time that
the HIV-1 DNA decline was mainly within 24 weeks ra-
ther than 48 weeks (1 year). In addition, Gandhi et al.
found that there was a positive correlation between the
level of HIV-1 DNA before treatment and on treatment.
Our study further confirmed that baseline HIV-1 DNA
was an independent predictive factor of HIV-1 DNA
after 2 years of treatment. Furthermore, 18.8% of chronic
patients achieved <100 total HIV-1 DNA copies/10°
PBMCs after 96 weeks of cART. In comparison, with
prolonged treatment as long as the median duration of
13 years, it was reported that 28% of such patients could
achieve ~ 150 total HIV-1 DNA copies/ 10° PBMCs [18].

Our data showed that the pre-treatment total HIV-1
DNA burden and CD4+ T cell count correlate to long
term total HIV-1 DNA control in real hospital settings.
This model could be applicable for clinical decision-
making on therapy strategies. Our findings suggest that
chronically infected patients initiating cART with lower
total HIV-1 DNA and higher CD4+ T cell baseline levels
have a higher possibility of achieving low total HIV-1
DNA level with effective cART. In 2016, HIV-1 DNA
has been used as one of the criteria for screening sub-
jects in treatment-interruption study by Calin et al. [28].
In future studies such as treatment-interruption, de-
escalation therapy, or cell or gene therapy, clinicians
could select suitable subjects who may benefit more by
preliminary prediction of HIV-1 DNA outcome prior to
patients’ initial treatment. This study also supports ini-
tiatives for early treatment. Although delayed treatments
can also keep viral plasma RNA within the detection
limits, they maintain high DNA levels.

One limitation existed in our study was that we did
not account for other possible mechanisms contributing
to total HIV-1 DNA decay, including duration of infec-
tion, antibody responses [29], and polyfunctionality of
HIV-1-specific T cells [30]. These present interesting di-
rections for future hypothesis-driven investigations. In
addition, the predictive model was established based on
specific HIV-1 DNA testing methods and specific popu-
lations. The results of the study necessitate further veri-
fication in different settings and with different methods.

Conclusions

In summary, this is a longitudinal study in a large popu-
lation of chronically HIV-1-infected patients to evaluate
the predictive factors associated with total HIV-1 DNA
decay after cART. Based on baseline total HIV-1 DNA
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and CD4, we established a predictive model for
treatment-naive patients to estimate their likelihood of
achieving total HIV-1 DNA <100 copies/10° PBMCs
after suppressive cART. This model will be applicable
for identifying potential cART-cessation candidates who
are relatively more likely to achieve functional cure be-
fore cART initiation.
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