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ABSTRACT We utilized pulsed-field gel electrophoresis (PFGE) to purify high-
molecular-weight DNA from HIV-infected cells. This purification, in combination with
our previously described droplet digital PCR (ddPCR) assay, was used to develop a
method to quantify proviral integrated HIV DNA free of lower-molecular-weight spe-
cies of HIV DNA. Episomal 2-long-terminal-repeat (2-LTR) circles were completely
cleared from HIV DNA samples. Technical replicates of the complete assay, starting
with the same specimens, resulted in no statistical differences in quantification of in-
tegrated HIV gag sequences in cellular DNA from cells from HIV-infected subjects af-
ter prolonged treatment with antiretroviral therapy (ART). The PFGE ddPCR assay
was compared to the Alu-gag quantitative PCR (qPCR) assay, the most widely used
assay to measure proviral integrated HIV DNA. Spearman’s rho nonparametric corre-
lation determined PFGE ddPCR results to be positively correlated with Alu-gag qPCR
results (r = 0.7052; P = 0.0273). In summary, PFGE ddPCR is a sensitive, reproduc-
ible, and robust method to measure proviral integrated HIV DNA and is theoretically
more accurate than previously described assays, because it is a direct measure of in-
tegrated HIV DNA.
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ntiretroviral therapy (ART) dramatically reduces the morbidity and deaths resulting

from infection with HIV by suppressing viral replication; however, it does not cure
the infection. The establishment of latently infected cells provides a source for resump-
tion of active virus replication upon the discontinuation of ART (1-3).

Assays to measure this latent reservoir are critical, both for characterizing its
composition and for quantifying the efficacy of candidate interventions to reduce it (4).
Proviral HIV DNA represents the largest component of the latent reservoir, permitting
the greatest sensitivity and precision for measuring the reservoir (5, 6). Most of this
integrated HIV DNA, however, is defective for replication and shows little correlation
with measures of the replication-competent latent reservoir (7, 8).

Quantifying truly integrated HIV DNA in the latent reservoir has proved challenging.
Failed HIV integration events accumulate in the nuclei of infected cells as lower-
molecular-weight HIV species with the same sequences as proviral HIV DNA (9, 10).
Attempts to measure integrated HIV DNA have involved utilizing primer/probe sets
measuring host cell Alu sequences, in addition to HIV sequences. Alu-gag quantitative
PCR (gPCR) is a technically complex assay requiring DNA from a large number of host
cells. In addition, the variable distances of Alu sequences from each proviral sequence,
ranging up to thousands of base pairs, has required assumptions about amplification
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efficiencies, resulting in the use of a multiplication factor to calculate integrated HIV
DNA copies (11, 12).

To address the challenge of distinguishing proviral DNA from lower-molecular-
weight species of HIV DNA, we investigated the use of two methods. First, we applied
pulsed-field gel electrophoresis (PFGE) to physically remove lower-molecular-weight
HIV species from total cellular DNA, to purify integrated HIV DNA. PFGE has been
reported to be an improvement over traditional gel electrophoresis for resolving
genomic DNA sizes (13, 14). Second, we utilized droplet digital PCR (ddPCR), which is
a sensitive and precise platform for quantifying DNA and RNA sequences of multiple
viral pathogens, including HIV and herpesviruses (15, 16). Historically, gel electropho-
resis and gel purification have been used to isolate proviral DNA (17); however, they are
slow, inefficient for recovery, and prone to cross-contamination. We have optimized
and validated a protocol using an automated PFGE platform to purify integrated HIV
DNA from HIV-infected peripheral blood mononuclear cells (PBMCs) and CD4* T cells,
followed by quantification using ddPCR.

MATERIALS AND METHODS

Study subjects. Peripheral blood was obtained from HIV-infected donors and processed for PBMCs
or CD4+ T cells before being frozen and eventually subjected to cellular DNA extraction. Pre-ART samples
were obtained from chronically HIV-infected donors with unknown dates of infection. Samples from
chronically infected donors receiving ART were obtained from donors with viral loads of less than 50
copies/ml for at least 6 months.

U1 cell line. The U1 HIV cell line, derived from U937, was obtained from the NIH AIDS Reagent
Program. U1 cells contain integrated proviral HIV DNA as well as unintegrated episomal HIV species, such
as 2-long-terminal-repeat (2-LTR) circles. The integrated HIV genome is defective in Tat function but
highly inducible with various cytokines. The U1 cell line is used as a model for HIV latency (18). U1 cells
were cultured and expanded using NIH AIDS Reagent Program guidelines.

Purification of high-molecular-weight DNA using PFGE. Cellular DNA was extracted using a
QlAamp DNA Blood kit (Qiagen), following the manufacturer’s protocol. DNA was precipitated with
ethanol following elution, to increase the concentration. DNA concentrations were estimated from the
Ae0/A,50 absorptivity ratio using a NanoDrop One spectrophotometer (Thermo Scientific). Pulsed-field
high-molecular-weight extraction utilized the BluePippin platform (Sage Science). The platform was
cleaned before every run, using the provided wash cassette and deionized water. Up to 5 ug of total DNA
was diluted in a total volume of 30 ul (166 ng/ul); 10 wl of loading solution (Sage Science) was added
to the DNA, for a final volume of 40 ul. A BluePippin 0.75% agarose dye-free cassette was prepared and
loaded according to the manufacturer’s protocol. A 5-lane cassette runs 4 samples, with 1 lane reserved
for ST molecular weight markers (Sage Science). The 0.75% DF Marker S1 high-pass 15- to 20-kb
automated protocol was used, with 15 kb being set as the DNA molecular weight cutoff value. The
protocol run time was approximately 4.5 h. Once the protocol was completed, 40 ul of DNA eluate was
collected and the elution chambers were washed with 0.1% Tween 20 buffer (Sage Science), which was
added to the initial eluate for 80 ul of total eluate.

Agilent TapeStation quality control. For the initial optimization of the assay, but not for the patient
data, DNA concentrations were measured by the Qubit PicoGreen fluorometer assay (Thermo Fisher
Scientific) and normalized before loading onto the Agilent 2200 TapeStation platform. The Agilent
Genomic DNA ScreenTape assay analyzed the quality of high-molecular-weight DNA purification.

ddPCR for HIV DNA. After PFGE, the high-molecular-weight samples were treated with the Banll
restriction enzyme (New England BioLabs), according to the manufacturer’s protocol, in preparation for
ddPCR. The Bio-Rad QX200 ddPCR system was run according to the manufacturer’s protocol, using an
annealing temperature of 60°C, with the following primer-probe assays: 2-LTR-6-carboxyfluorescein
(FAM) (MH535 2-LTR forward, 5'-AACTAGGGAACCCACTGCTTAAG-3'; MH535 2LTR reverse, 5'-TCCACAG
ATCAAGGATATCTTGTC-3'; MH603 2-LTR probe, 5'-ACACTACTTGAAGCACTCAAGGCAAGCTTT-3'), skGag-
HEX (SK462 gag forward, 5'-AGTTGGAGGACATCAAGCAGCCATGCAAAT-3'; SK431 gag reverse, 5'-TGCTA
TGTCAGTTCCCCTTGGTTCTCT-3'; SK102 gag probe, 5'-AGACCATCAATGAGGAAGCTGCAGAATGGGAT-3'),
and RPP30-HEX (RPP30 forward, 5'-GATTTGGACCTGCGAGCG-3’; RPP30 reverse, 5'-GCGGCTGTCTCCACA
AGT-3'; RPP30 probe, 5'-CTGACCTGAAGGCTCT-3'). Digested DNA was diluted 1:10 to measure the RPP30
gene within the dynamic range of the ddPCR platform. The RPP30 gene was the host cell gene used to
normalize HIV copies to host cell numbers. These gag primers are useful for all HIV-1 subtypes.

Alu-gag qPCR for HIV DNA. DNA was isolated from PBMCs using the Gentra Puregene Blood kit and
was treated with RNase according to the manufacturer’s instructions (Qiagen). The resulting DNA
solutions were assayed by qPCR for the albumin gene in order to quantify the number of cell equivalents
of DNA per volume (albumin forward, 5'-GCTGTCATCTCTTGTGGGCTGT-3'; albumin reverse, 5'-AAACTC
ATGGGAGCTGCTGGTT-3’; albumin probe, 5'-CCTGTCATGCCCACACAAATCTCTCC-3') (19). The total
amount of HIV DNA present in the samples was determined by qPCR for the R-U5 region of the 5’ long
terminal repeat (LTR) (RU5 forward, 5'-TTAAGCCTCAATAAAGCTTGCC-3’; RU5 reverse, 5'-GTTCGGGCGC
CACTGCTAGA-3’; Yun's probe, 5'-CCAGAGTCACACAACAGACGGGCACA-3') (20).
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Alu-gag PCR was performed at a limiting dilution, such that at least 20% of the wells had no
detectable HIV DNA (Alu forward, 5'-GCCTCCCAAAGTGCTGGGATTACAG-3'; SK431 reverse, 5'-TGCTATG
TCAGTTCCCCTTGGTTCTCT-3'). The amount of integrated HIV DNA was determined using a binomial
Poisson distribution (21). Specifically, using the calculated number of HIV molecules per cell, samples
were appropriately diluted at two concentrations so that 20 to 80% of the wells of a 96-well PCR plate
were positive for HIV DNA by Alu-gag PCR. Eight reaction mixtures containing only the gag primer,
resulting in linear amplification, were used as controls for the identification of true-positive results.

Reaction components were as described previously (11, 22), with the following modifications. We
utilized a new gag primer (SK462) for a lower linear amplification signal (23). Also, slightly different
thermocycler conditions provided enhanced amplification. Specifically, samples were preamplified on an
endpoint PCR instrument for 40 cycles of 95°C for 15 s, 56.2°C for 45 s, and 72°C for 3.5 min; initial
denaturation at 95°C for 2 min and final extension at 72°C for 10 min were also included. Reaction
mixtures were held at 10°C until they were analyzed by gPCR, using the R-U5 total HIV assay, in which
15 wl from each well of the Alu-gag PCR preamplification reaction was transferred for analysis. A
minimum of 80 reactions were performed in Alu-gag assays, and samples were assayed at two DNA
concentrations to compensate for PCR inhibitors.

These changes to the previously established Alu-gag qPCR assay resulted in increased sensitivity. The
new version detected 20.3% of proviruses, corresponding to a correction factor of 4.93, which represents
approximately 2-fold enhancement over our previous assay. Alu-gag PCR preamplification reactions were
performed in 50-ul volumes, and R-U5 qPCRs were performed in 30-ul volumes.

Statistical analysis. GraphPad Prism 7.0 software was used for statistical analysis and was verified by
the San Diego Center for AIDS Research Biostatistics and Modeling Core. For all nonparametric analyses,
medians and 95% confidence intervals (Cls) are reported. Agilent TapeStation integration percentages
before and after PFGE were compared with the Mann-Whitney unpaired nonparametric t test. Normal-
ized HIV gag copy numbers per 1 million cells before and after PFGE ddPCR were compared with
Wilcoxon’s paired nonparametric t test. Statistical correlations between values obtained before and after
PFGE ddPCR and Alu-gag qPCR were Spearman'’s rho nonparametric correlations.

RESULTS

Removal of lower-molecular-weight DNA using PFGE purification. DNA from the
U1 HIV cell line was assayed before and after PFGE removal of lower-molecular-weight
DNA. U1 cells contain low-molecular-weight HIV species such as 2-LTR circles, as well as
at least 1 provirus per cell. The area under the curve for the electropherogram showed
a substantial decrease in lower-molecular-weight DNA (less than 15 kb in size) after
PFGE across 5 replicates (P = 0.0079) (Fig. 1). It is possible to collect lower-molecular-
weight DNA after PFGE enrichment. Lower-molecular-weight DNA appears in the
flowthrough electrophoresis buffer of the BluePippin platform. The flowthrough DNA is
highly diluted but can be concentrated by ethanol precipitation or speed vacuum
protocols. The lower-molecular-weight flowthrough DNA contained 2-LTR circles and
HIV gag, as detected by ddPCR (data not shown).

Removal of HIV 2-LTR circular DNA by PFGE purification from DNA from cells
from untreated HIV-infected subjects. DNA was extracted from 9 PBMC samples
collected from HIV-infected subjects who were not receiving ART. 2-LTR circles and HIV
gag were measured by ddPCR before and after PFGE purification (Fig. 2a). In all 9
samples, no 2-LTR circles were detected after PFGE. HIV gag was readily detected and
quantified after PFGE. The recovery of HIV gag copies per million cells decreased after
PFGE (P = 0.0078) (Fig. 2b). This is expected and consistent with the removal of
low-molecular-weight unintegrated HIV DNA species such as 2-LTR circles, which also
contain HIV gag sequences, as does chromosomal DNA that is sheared to sizes of less
than 15 kb. With the removal of 2-LTR circles and other lower-molecular-weight forms
of HIV DNA, PFGE purification permits the measurement of HIV DNA present only in
higher-molecular-weight chromosomal DNA, which contains the latent HIV reservoir.
The median recovery of host genomic DNA was 37%, as measured with the RPP30 gene.
This loss is likely attributable to shearing of chromosomal DNA and removal by PFGE,
as well as loss of higher-molecular-weight DNA during the purification process.

Reproducibility between replicates in virally suppressed primary samples. HIV
gag was measured by ddPCR before and after PFGE purification of DNA from PBMC
samples collected from 11 subjects who were receiving ART and had suppressed viral
loads. Two complete technical replicates were performed for each PBMC sample, to
measure reproducibility and significant variance of the entire workflow, from DNA
extraction from PBMCs to ddPCR before and after PFGE purification. Before PFGE,
ddPCR measurements were not statistically different between technical replicates for
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FIG 1 Agilent TapeStation electropherogram, showing a representative plot of DNA from the U1 cell line before and after
PFGE. From 500 bp to 15 kb, statistical analysis by the Mann-Whitney unpaired nonparametric t test determined a significant
difference for results before versus after PFGE (P = 0.0079).

HIV gag, using Wilcoxon’s paired nonparametric t test (Fig. 3a). Similarly, technical
replicates for HIV gag after PFGE were also not statistically different using Wilcoxon’s
paired nonparametric t test (Fig. 3b), demonstrating reproducibility. As with pre-ART
samples (Fig. 2b), the HIV gag copies per million cells decreased with PFGE purification,
consistent with the presence of unintegrated HIV DNA (P = 0.0017) (Fig. 3e). Even with
virological suppression with ART for at least 6 months, 2-LTR circles and other lower-
molecular-weight HIV DNA could be detected in the cells, consistent with the pro-
longed half-life of episomal DNA during the life of cells or in one of their proliferated
progeny (24, 25). PFGE purification eliminates these HIV DNA species, ensuring direct
measurement of integrated HIV DNA, even in DNA from subjects with viral suppression
with ART. Physical isolation of chromosomal HIV DNA from episomal HIV DNA suggests
the frequent presence of unintegrated DNA in this small cohort of HIV-infected indi-
viduals receiving prolonged ART.

Comparison of measurements of integrated HIV DNA using PFGE and Alu-gag
qPCR. DNA was extracted from PBMCs collected from 10 participants who were
receiving ART and had suppressed viral loads. HIV 2-LTR circles were detected by ddPCR
for 6 of the 10 ART-suppressed persons (data not shown). Integrated HIV gag was
quantified by the Alu-gag qPCR assay and by ddPCR before and after PFGE purification.
Levels of integrated HIV gag measured by Alu-gag qPCR and ddPCR before (Fig. 4a) and
after (Fig. 4b) PFGE were highly correlated by nonparametric Spearman’s rho correla-
tion (r = 0.8997 and r = 0.7052, respectively). Integrated HIV DNA levels were greater
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FIG 2 HIV sequence copies per million cells using ddPCR with DNA from PBMCs from 9 subjects not
receiving ART, before or after PFGE. HIV gag was measured to capture both proviral DNA and HIV
episomes. 2-LTR primers were used to measure 2-LTR circular episomes. (a) HIV gag and 2-LTR circle copy
numbers for the individual subjects. (b) Median values for the 9 subjects. The median gag copy number
before PFGE was 2,227 copies per million cells (95% Cl, 1,006 to 2,769 copies per million cells). The
median gag copy number after PFGE was 542 copies per million cells (95% Cl, 210 to 1,584 copies per
million cells) (P = 0.0078). The median 2-LTR circle copy number before PFGE was 22 copies per million
cells (95% Cl, 0.76 to 120 copies per million cells); after PFGE, no 2-LTR circles were detected in any of
the samples (P = 0.0078). The median recovery of genomic DNA of 37% (95% Cl, 28.9 to 42.8%) was
determined by measuring the host cell RPP30 gene.

in 6 of the 10 samples by Alu-gag qPCR, compared with PFGE ddPCR, but the values
were not considered statistically different, as determined with Wilcoxon'’s paired non-
parametric t test (Fig. 4d). Our findings suggest that physical isolation of integrated
DNA before PCR provides more robust direct measurements of integrated DNA than
does Alu-gag qPCR.

DISCUSSION

We optimized an automated PFGE platform to purify high-molecular-weight
genomic DNA by removing DNA species smaller than 15,000 bp. We utilized this PFGE
platform to analyze DNA from primary PBMCs from HIV-infected persons, to quantitate
integrated HIV DNA in the latent HIV reservoir by excluding any signal from episomal
HIV DNA. This PFGE ddPCR assay was comparable to Alu-gag qPCR, which is currently
the most used method for quantifying integrated HIV DNA.

The automated PFGE platform eliminated DNA species below 15,000 bp, thus
improving the analysis of cellular chromosomal DNA. Unlike the more common direct-
current agarose gel electrophoresis, PFGE uses an alternating-current mechanism that
constantly switches electrical direction at specifically timed intervals, to allow better
separation between large and small DNA fragments through the gel. In Fig. 1, lower-
molecular-weight DNA is swept entirely through the gel cassette, while genomic DNA
is diverted for collection. Because individual gel lanes are separated and enclosed in
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FIG 3 (a and ¢) HIV gag DNA copies per million cells before PFGE for complete technical replicates of PBMCs from
11 ART-suppressed subjects. The median for the first replicate (A) was 122.3 copies per million cells (95% Cl, 62.6
to 335.5 copies per million cells), and that for the second replicate (B) was 120.9 copies per million cells (95% Cl,
59.95 to 388 copies per million cells). By Wilcoxon's paired nonparametric t test, no significant difference was
observed between replicates. (b and d) HIV gag DNA copies per million cells after PFGE for complete technical
replicates of cells from 11 ART-suppressed subjects. The median for the first replicate (A) was 93 copies per million
cells (95% Cl, 36.4 to 160.2 copies per million cells), and that for the second replicate (B) was 97.8 copies per million
cells (95% ClI, 52.7 to 195.3 copies per million cells). By Wilcoxon’s paired nonparametric t test, no significant
difference was observed between replicates. (e) HIV gag DNA copies per million cells before or after PFGE for
PBMCs from 22 ART-suppressed subjects. The median gag copy number before PFGE was 270.4 copies per million
cells (95% Cl, 193.7 to 486.6 copies per million cells), and that after PFGE was 160.6 copies per million cells (95%
Cl, 89.6 to 399.5 copies per million cells). The median genomic DNA recovery percentage was 22.5% (95% Cl, 20.4
to 29.6%), as determined with the RPP30 gene. Wilcoxon'’s paired nonparametric t test determined a significant
difference for results before versus after PFGE (P = 0.0017).

plastic, cross-contamination between samples does not occur. Also, the size-specific
DNA fragment is eluted from the gel and into a collection reservoir with no need for gel
purification. This automated platform allows users to start a PFGE enrichment protocol
overnight and have eluted size-selected DNA in the morning.

In the PFGE purification protocol, up to 5 ug of total DNA (the DNA in about 0.7
million diploid cells) can be loaded. The purified higher-molecular-weight (chromo-
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FIG 4 (a and b) Correlations between values obtained using Alu-gag qPCR and HIV gag ddPCR with samples
from 10 ART-suppressed subjects, normalized to copies per million cells, before (a) and after (b) PFGE. The
HIV gag PFGE and ddPCR were performed on the DNA with blinding to the results of the Alu-gag qPCR. The
r and P values were determined using Spearman'’s rho correlations. (c) Values in panels a and b plotted
together, to provide visual comparison. (d) Comparison of integrated HIV DNA copies per million cells
determined using Alu-gag qPCR and gag ddPCR after PFGE, with DNA from PBMCs collected from 10
ART-suppressed subjects. Wilcoxon’s paired nonparametric t test determined no significant difference
between the methods.

somal) DNA is recovered with efficiency of 25 to 35% or more, as measured with the
host cell RPP30 gene. This method works with primary PBMCs collected from HIV-
infected subjects. In untreated HIV-infected PBMCs, it is difficult to measure integrated
HIV DNA because of the abundance of preintegration complexes and 1-LTR or 2-LTR
circles. The removal of these lower-molecular-weight species of HIV DNA by PFGE,
however, provides only high-molecular-weight chromosomal DNA for the measure-
ment of integrated HIV DNA. Figure 2a shows that 2-LTR circles were no longer
detectable after PFGE. Also, HIV detection was substantially decreased after PFGE of
DNA from HIV-infected PBMCs from subjects not treated with ART. Even with ART,
however, episomal HIV DNA is usually detectable in PBMC DNA (7, 15).

PFGE ddPCR is highly reproducible. Starting at the step of DNA extraction from
HIV-infected PBMCs obtained from persons who were receiving ART and had experi-
enced viral suppression for at least 6 months, we performed complete technical
replicates with 11 samples through the entire assay workflow. There were no statistical
differences between PFGE technical replicates of the workflow (Fig. 3a and b). As with
PBMCs from untreated HIV-infected persons shown in Fig. 2a, PBMCs and CD4* T cells
from virally suppressed HIV-infected persons decreased in HIV DNA after PFGE purifi-
cation, as shown in Fig. 3e. The decrease in detection in samples suppressed by ART
was smaller than the decrease in untreated samples, which was expected because
fewer HIV DNA species were present in samples obtained from subjects after ART.

Currently, the most widely used method for measuring integrated HIV DNA in latent
HIV samples is the Alu-gag qPCR assay. We were interested in comparing the PFGE
ddPCR assay with the Alu-gag qPCR assay using blinded samples. The PFGE ddPCR
assay results were positively correlated with Alu-gag qPCR assay results both before
(Fig. 4a) and after (Fig. 4b) PFGE. The greater correlation of ddPCR results with Alu-gag
qPCR results before versus after PFGE (Fig. 4a to c) may relate to the use of a correction
factor to calculate integrated DNA. This correction factor assumes that only a fraction
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of integration events are detected, because of diminished efficiency of Alu-gag qPCR
amplification as the distance between the 2 primers increases. In 6 of the 10 samples
tested, HIV gag levels were greater with the Alu-gag qPCR assay than the PFGE ddPCR
assay.

A major limitation of the Alu-gag qPCR assay is its inherent indirect measurement.
The Alu-gag qPCR assay described herein is twice as sensitive as prior assays (22);
nonetheless, it detects only 20% of integration events within a standard integration cell
line. For this reason, a correction factor about 5-fold is applied to each measurement.
However, this correction can lead to inaccurate results, because the correction factor
was determined using a standard integration cell line (12), which likely experienced less
selection pressure than the HIV-infected cells of an individual living with HIV for years.
The standard integration cell line was generated by infecting T cells with a vesicular
stomatitis virus G protein (VSV-G) pseudotyped replication-incompetent (Aenv) virus
engineered to express hygromycin resistance and express green fluorescent protein
(GFP). These infected cells were then cultured for a few weeks under antibiotic
selection. During this culture period, the unintegrated HIV DNA diminished. Thus, the
standard integration cell line was generated by exposing the cells to minimal selection
pressure for a short time. In contrast, proviruses in vivo in HIV-infected individuals likely
undergo much stronger selection pressures over many years. Given that Alu sites are
enriched in introns, significant selection may occur, with clonal expansion of cells
containing an HIV provirus in an intron. Thus, over time clonal proviruses that are near
an Alu site might be positively selected. This, in turn, could lead to overestimation of
the integration level, as discussed in more detail elsewhere (26).

An unexpected advantage of the PFGE ddPCR assay may be its ability to detect
unintegrated HIV DNA sensitively. Surprisingly, there was often less HIV DNA per cell
after PFGE, consistent with the presence of unintegrated HIV DNA. Future studies could
be designed to exploit this aspect of PFGE. Prior studies that attempted to capture the
presence of integrated HIV DNA were either laborious (17) or insensitive, due to the
errors in measurement of integrated and total DNA (27, 28). The direct robust mea-
surement of integrated and unintegrated HIV DNA by PFGE may prove useful in HIV
eradication trials, especially for monitoring therapies that have potential to induce
ongoing replication (28).

Although the PFGE ddPCR assay is easier to perform and provides more direct and
robust measurements than the Alu-gag gPCR assay, there are some limitations to the
PFGE ddPCR approach. The cost of an instrument and commercial kits is a consider-
ation. Also, ddPCR provides more precise quantitative measurements than gPCR but at
a higher price than qPCR (nearly 5 times the cost per well). With PFGE and separation
of DNA fragments, the assay throughput is slower than with other PCR methods. The
BluePippin PFGE cassettes run only 4 samples simultaneously, with a 4.5-hour run time.
Each cassette is limited to 5 ug of total DNA (about 1 million cells) per lane. It is possible
to measure more than 5 ug of total DNA from a single sample by running replicate
lanes and combining the eluted enrichments, but this contributes to an even slower
assay throughput. Most subjects treated with ART have 10 to 10* copies of integrated
HIV DNA per million cells. One example of the sensitivity and ability to assay proviral
DNA in small cell numbers was observed with the myeloid mouse model of HIV
infection. An average of 10 proviral copies per million cells could be demonstrated with
only 100,000 macrophages available from mice fully suppressed with ART after HIV
infection (29).

In summary, the PFGE ddPCR assay is a sensitive and more direct measure of proviral
integrated HIV DNA. Unlike the Alu-gag qPCR assay, the PFGE ddPCR assay physically
separates contaminating lower-molecular-weight DNA such as 2-LTR circles, which
provide sites for PCR amplification and confound integrated HIV DNA measurements.
The method uses fewer cells and less DNA than the Alu-gag qPCR assay and is less
technically difficult to perform; nevertheless, the method can provide sensitive and
accurate integrated HIV DNA quantitation comparable to that of Alu-gag qPCR. This
assay can provide insights into the existence of integrated HIV DNA in subsets and cell
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types in ART-suppressed people and animal models not previously well characterized,
such as macrophages in the study by Honeycutt et al. (29). Its applications may prove
useful for cure strategies, especially those designed to target HIV sequences, such as
those using clustered regularly interspaced short palindromic repeat (CRISPR) methods.
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