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Introduction
Antiretroviral therapy (ART) has greatly decreased the morbidity and mortality of HIV-1 

infection. Despite the effectiveness of ART, immediate rebound is often observed after therapy 
cessation even in long-term suppressed patients [1,2]. The eradication or functional cure of 
HIV infection is hindered by the persistence of HIV in cellular reservoirs [3,4]. The current 
ART is not able to directly target the existing HIV DNA reservoir. Many new therapeutic 
strategies are being pursued to eradicate or reduce HIV reservoirs [5-10]. During ART, total 
HIV DNA declines but remains quantifiable [11], and is widely used to estimate reservoir size. 
The frequency of latently infected cells is estimated to be 1-100 cells per one million resting 
CD4+ T cells [12]. Although the majority of HIV DNA is defectiv [13], total HIV-1 DNA has 
been shown to be more predictive of disease progression than plasma viral load and could 
predict time to plasma virus rebound [14,15]. HIV DNA also correlates with biomarkers of 
inflammation and immune activation during ART [16]. Lately, peripheral blood lymphocyte 
HIV DNA levels have been shown to correlate with HIV associated neurocognitive disorders 
independent of plasma HIV RNA [17]. Total and integrated HIV DNA have been shown to be 
correlated with the quantitative viral outgrowth assay (QVOA) and may predict the size of 
the replication-competent virus in ART suppressed patients [18]. Recent studies showed that 
total HIV DNA, instead of intact DNA, was able to differentiate post-treatment controllers 
from non-controllers. Compared to culture-based assays or reporter-cell-based assay 
[19], real-time PCR assays are more advantageous in less sample and time consumption, 
increased reproducibility and higher throughput [20]. Considering the low frequency of HIV 
DNA reservoir, a sensitive, accurate, and precise method to quantify HIV DNA is essential 
for evaluating curing strategies. We compared the analytical performance and total HIV-1 
DNA quantification in patient PBMCs between a newly developed Ultrabio HIV-1 DNA PCR 
(Ultrabio Techenologies, Inc, Seattle, USA) and a well-adapted real-time PCR method targeting 
gag region, GAG PCR [21].
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Abstract
Total HIV-1 DNA has been shown to reflect reservoir size in HIV-1 infected individuals and correlate 
with viral rebound time after therapy interruption. Quantification of total HIV-1 DNA level may be 
used to study and evaluate reservoir elimination therapies. There is currently no FDA approved HIV-
1 DNA quantification assay available. The performance of a research uses only kit, Ultrabio HIV DNA 
quantification kit, was compared to a commonly used laboratory qPCR method targeting the gag region 
(GAG PCR). The limit of detection (LOD) and precision was evaluated with serially diluted 8E5/LAV DNA. 
LOD of Ultrabio Kit and GAG PCR was determined to be 4 and 25 copies/reaction, respectively. The Ultra-
bio Kit showed less variation when HIV-1 DNA concentration was lower than 20 copies/reaction. Twenty-
six HIV-1 infected patients’ PBMCs samples were quantified by both methods and the Ultrabio kit showed 
higher sensitivity. GAG PCR was unable to detect 2 of the samples while Ultrabio Kit was able to detect 
all. Both 2 samples had undetectable viral load. The quantified HIV DNA copies/million cells of the 24 
detected samples by both methods showed good correlation, r=0.91. The difference was within one log.
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Materials and Methods
Cell lines

8E5/LAV and U1 cell controls from Virology Quality Assurance 
(VQA, Rush University) were used as standard materials in the 
evaluation of analytical performance. Each 8E5/LAV and U1 cell 
contains 1 and 2 copies of provirus, respectively.

DNA extraction
Genomic DNA was extracted from cells by QIAamp Blood Mini 

Kit (QIAGEN) and eluted in 50μL low EDTA TE buffer.

HIV DNA quantification
The Ultrabio HIV-1 DNA PCR is a multiplex real-time PCR 

method that quantifies HIV-1 DNA copies and cell number 
simultaneously in one reaction using quantitative standards. 
The kit provided quantification standards were used for plotting 
standard curve. The cellular DNA quantification serves as an 
internal control for both DNA extraction and PCR amplification. The 
GAG PCR was used as an in-house assay in VQA proficiency tests for 
HIV-1 RNA quantification and in Seattle Primary Infection Program 
for quantification of HIV-1 RNA and DNA [21-25]. The standard 
curve of GAG PCR was prepared by serially diluting DNA from 
8E5/LAV cells in low EDTA TE buffer (Affymetrix). To calculate 
HIV-1 DNA per million cells in GAG PCR, cell number per reaction 
was calculated from the DNA concentration (1µg = 150, 000 cells) 
[26,27] measured by Nanodrop One spectrometer (Thermo Fisher 
Scientific). The real-time PCR was performed in Quant-Studio 5 
Real-Time PCR System (Thermo Fisher Scientific).

Results
To study the limit of detection (LOD) and precision, DNA extracted 

from 8E5/LAV cells were diluted to 1,2,3,4,5,8,10,20,100,1000 and 
10000 copies per PCR reaction in low EDTA TE buffer and quantified 
with both assays. Concentrations lower than 100 copies/reaction 
were analyzed in 12-36 replicates while 100-10000 copies/

reaction were analyzed in 8 replicates. The detection rate of each 
copy number was calculated by dividing the positive reactions by 
the total reactions (Table 1). LOD was defined as the concentration 
at which detection rate ≥95%. Probit analysis showed the LOD for 
the Ultrabio HIV DNA and the GAG PCR was 4.17 copies/reaction 
and 24.81 copies/reaction, respectively. Studies in post-treatment 
controllers showed that 100 copies/million PBMCs might be the 
threshold of successful maintenance of viral suppression after 
cessation of ART [28,29]. The lower LOD of the Ultrabio HIV DNA 
PCR potentially allowed it to detect HIV-1 DNA level lower than 100 
copies/million PBMCs using less DNA input, which might induce 
less inhibition to PCR amplification. For the Ultrabio HIV DNA PCR, 
the detection rate for 2 copies HIV-1 DNA/reaction is 65.66% and 
for 5 copies/reaction is 95.92% (Table 1). The sensitivity meets the 
VQA 8E5 HIV DNA assay sensitivity criteria, which is 50% and 95% 
detection rate for 2 copies and 5 copies, respectively. The observed 
concentration of both methods was plotted with the nominal 8E5/
LAV DNA copies/reaction (Figure 1) and the linear regression 
analysis showed high goodness of fit (both R Square=1). The 
coefficient of variation (CV%) was calculated from all replicates 
of each dilution (Table 1) and the undetected reactions were 
accounted for as zero copies. For low copy numbers (≤20 copies/
reaction), CV% was lower in Ultrabio HIV DNA compared to the 
GAG PCR, while for high copy number (≥100 copies/reaction), CV% 
was similar for both methods, indicating Ultrabio HIV DNA is more 
precise when quantifying low copy HIV-1 DNA. The lower limit of 
quantification (LLOQ) of the Ultrabio HIV DNA PCR corresponding 
to CV% ≤ 35% was around 10 copies/reaction. The LLOQ of the 
GAG PCR was between 20 to 100 copies/reaction. Standard real-
time PCR assays are high in variation and noise when DNA copy 
number is below 100 copies/reaction [28,29] thus are not reliable 
in quantification of low level of HIV-1 DNA in patients. Compared 
to the in-house GAG PCR method, the Ultrabio HIV DNA showed 
higher sensitivity and precision in detection and quantification of 
HIV-1 DNA.

Table 1: Quantification of 8E5/LAV cell-associated DNA by UltraQ HIV DNA PCR and GAG PCR.

Copies / reaction UltraQ HIV DNA PCR GAG PCR

N Mean (SD) CV (%) %  + N Mean (SD) CV (%) % +

1 36 0.57 (0.72) 124.71 52.78 36 1.09 (2.42) 222.47 19.44

2 36 1.62 (1.44) 88.78 80.56 36 3.12 (5.13) 164.76 36.11

3 32 2.09 (1.42) 67.97 93.75 18 3.37 (3.87) 114.91 61.11

4 32 3.21 (2.19) 68.19 96.88 18 2.75 (2.70) 97.87 66.67

5 36 3.37 (2.06) 61.19 97.22 24 2.40 (3.94) 164.41 41.67

7 36 4.62 (2.63) 56.89 100 18 4.31 (3.28) 76.02 72.22

8 12 5.18 (2.52) 48.69 100 36 5.26 (4.25) 80.83 75

10 36 8.46 (4.30) 50.84 100 30 6.82 (4.50) 66.01 90

20 36 20.44 (6.09) 29.82 100 30 24.30 (10.21) 42.04 100

100 8 129 (15) 11.42 100 8 121 (15) 12.29 100

1000 8 1288 (101) 7.86 100 8 1280 (77) 6.02 100

10000 8 12088 (1740) 14.4 100 8 13783 (1891) 13.72 100
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Figure 1: Quantification of different HIV-1 DNA 
copy numbers.

The quantification accuracy of the Ultrabio HIV DNA PCR was 
further studied by quantifying DNA extracted from the VQA U1 
controls. The U1 controls were received from VQA as cell pellets 
containing one million PBMCs spiked with 30,90,270,810,2430 or 
7290 U1 cells, which were equivalent to 60,180,540,1620,4860 or 
14580 copies of HIV-1 DNA per million cells, respectively. HIV-1 
DNA per million cells values quantified by the Ultrabio HIV DNA 
were highly correlated with the nominal values (R2=0.99, Figure 2), 
which indicated the high accuracy of the Ultrabio HIV DNA. Twenty-
six PBMCs samples from HIV-1 infected patients were analyzed with 
both assays to compare the quantification results. Out of the 26 
clinical PBMCs samples, 21 had undetectable viral load (HIV-1 RNA 
<50 copies/mL) and 5 had HIV-1 RNA over 50 copies/mL plasma. 
In each reaction, 1.5×105 or 2.5×105 cells (1 or 1.67µg DNA) were 
added. Higher DNA input was used for samples having undetectable 
viral load. The Ultrabio HIV DNA was able to detect HIV-1 DNA in 
all samples while the GAG PCR detected 24 out of the 26 samples. 
The two undetected samples by the GAG PCR were quantified by 
the Ultrabio HIV DNA PCR as 10 and 7 HIV-1 DNA copies/million 
PBMCs and 2 HIV-1 DNA copies/reaction. As shown in the study of 
LOD (Table 1), the GAG PCR had lower detection rate for low level of 
HIV-1 DNA (≤10 copies/reaction). The difference of quantification 
results (Log10 copies/million PBMCs) between Ultrabio HIV DNA 
and GAG PCR of the 22 detected samples were evaluated by Bland-
Altman assay (Figure 3). All the samples had difference within 
one log. Ultrabio HIV DNA PCR quantified total HIV-1 DNA slightly 
higher than the GAG PCR, showing a bias of 0.19±0.30. The Pearson 
correlation (r) between the two methods was 0.9134 (P<0.0001). 
The equation of Deming regression was y=0.89x+0.43 (Figure 
4). The results of the two methods were highly correlated in the 
quantifiable samples. Two samples from the same patient showed 
lower HIV-1 DNA level in GAG PCR compared to Ultrabio HIV DNA 
PCR. Sequencing of the GAG region in the HIV-1 DNA genomes of the 
two samples (sequence deposited at Viroverse, https://viroverse.
washington.edu) showed two nucleotides mismatch to the GAG 
PCR forward primer, which might lead to underestimation of HIV-1 
DNA. The primers and probes in the Ultrabio HIV DNA PCR targeted 
a more conservative region, LTR, in the HIV-1 genome to achieve 
better coverage of different variants and specificity towards HIV-1 
group M. 

Figure 2: Quantification of U1 controls from VQA 
by UltraQ HIV DNA PCR. The U1 cells were received 
from VQA as cell pellets containing one million 
PBMCs spiked with 30, 90, 270, 810, 2430 or 7290 
U1 cells and each U1 cell contained two proviral 
DNA.

Figure 3: Bland-Altman analysis of the 
quantification results (log10 HIV-1 DNA copies/
million PBMCs) from UltraQ HIV DNA PCR and 
GAG PCR. Cell-associated DNA extracted from 
twenty-four clinical PBMCs samples were analyzed 
by both methods.

Figure 4: Deming regression of HIV DNA levels in 
24 patient PBMCs samples quantified by GAG PCR 
and UltraQ kit.
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In a 50uL reaction, GAG PCR can only take 5μL of DNA template 
while Ultrabio HIV DNA PCR may take up to 20μL of DNA template, 
which is useful for samples with low cell availability or highly 
diluted DNA samples. Unlike viral load, there is currently no 
FDA approved assays for HIV-1 DNA quantification. The lack of a 
standardized and validated HIV-1 DNA quantification assay leads 
to discrepancy when comparing data generated from different site 
using different in-house methods. Increasing evidence has shown 
the clinical importance of total HIV-1 DNA in clinical management 
of people living with HIV-1. Compared to the commonly used GAG 
PCR, Ultrabio kit showed higher sensitivity and precision, which 
may potentially allow the Ultrabio HIV DNA PCR to provide reliable 
quantification of HIV-1 DNA for studies on future therapies. 
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