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Intact Human Immunodeficiency Virus
(HIV) Reservoir Estimated by the
Intact Proviral DNA Assay Correlates
With Levels of Total and Integrated
DNA in the Blood During Suppressive
Antiretroviral Therapy
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Accurate characterization of the human immunodeficiency virus
(HIV) reservoir is imperative to develop an effective cure. HIV was
measured in antiretroviral therapy-suppressed individuals using
the intact proviral DNA assay (IPDA), along with assays for total
or integrated HIV DNA, and inducible HIV RNA or p24. Intact
provirus correlated with total and integrated HIV.
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Human immunodeficiency virus type 1 (HIV-1) persists within
latently infected cells in the form of integrated proviruses de-
spite active antiretroviral therapy (ART) [1, 2]. The evaluation
of eradication strategies is dependent on the development of
rapid and scalable assays that can measure it accurately [3]. In
ART-treated individuals, measurements of the HIV reservoir
are limited in that the vast majority of proviruses are defec-
tive and that not all intact genomes are inducible. It is unclear
whether ex vivo induction of HIV RNA or proteins reflects acti-
vation of defective or intact HIV proviruses [4-6]. Recently, the
intact proviral DNA assay (IPDA) was introduced as a strategy
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to measure intact, defective, and total HIV genomes [7]. In
ART-suppressed chronically infected individuals with HIV, we
assessed the association between IPDA and 5 non-IPDA HIV
measures including measures of integrated and transcription-

ally active provirus following ex vivo activation.

METHODS

Participants

Sixty-four individuals participated in the study. Cryopreserved
peripheral blood mononuclear cells (PBMC) from leukapheresis
and whole blood were used. Due to sample limitations, all assays
were not performed for all participants (Supplementary Table 1).
All participants were chronically on ART (<50 HIV-1 copies/mL
for >1 year) with >450 CD4" T cells/mm’ at the time of sample
collection. Written informed consent was obtained from all par-
ticipants, and human experimentation was conducted in accord-
ance with the guidelines of the US Department of Health and
Human Services and those of the authors’ institutions.

IPDA HIV Measures

Total, intact, 3" deleted and/or hypermutated (3" defective) and
5 deleted (5" defective) proviral DNA were assessed by IPDA
performed by Accelevir Diagnostics as previously described
[7] in CD4" T cells isolated from leukapheresis-derived PBMC.
Genomic DNA was isolated and analyzed by IPDA. Briefly,
each IPDA consisted of 2 multiplex droplet digital polymerase
chain reactions (ddPCR) performed in parallel: (a) the HIV-1
proviral discrimination reaction, which distinguished intact
from defective proviruses, and (b) the copy reference/shearing
reaction, which quantified DNA shearing and input diploid
cell equivalents. In each sample, the DNA shearing index (DSI:
dual fluorescent/single fluorescent droplets) was calculated for
both reactions to determine the frequency of intraamplicon
shearing. Results were expressed as count of HIV proviruses
per 10° CD4" T cells.

Total HIV DNA Measures

Human CD4" T cells were isolated from leukapheresis-derived
PBMC by negative magnetic selection using the EasySep
Human CD4" T Cell Isolation Kit (StemCell Technology,
Cambridge, MA, USA), and used for DNA extraction using
the Monarch DNA Purification Kit (New England BioLabs,
Ipswich, MA, USA). HIV-1 DNA proviruses were quantified
by multiplex quantitative PCR using the HIV-1 Total DNA
Quantitative Kit (Ultrabio Technologies, Bothell, WA, USA).
Results were expressed as copies of total HIV DNA per 10°
CD4" T cells.
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Integrated HIV DNA Measures

Integrated HIV DNA was assessed by (a) Alu-Gag-PCR per-
formed on CD4" T cells isolated from whole blood-derived
PBMC [8] and (b) pulse-field gel electrophoresis (PFGE) and
ddPCR [9] performed in leukapheresis-derived PBMC en-
riched for CD4" T cells to measure integrated HIV Gag and Pol.
All results were expressed as copies of integrated HIV DNA per
10° CD4" T cells.

Measures of In Vitro HIV Re-activation

In vitro HIV reactivation was measured using CD4" T cells
isolated from leukapheresis-derived PBMC and stimulated
for 24 hours with phorbol 12-myristate 13-acetate (PMA)
and ionomycin or dimethyl sulfoxide (DMSO). First, the fre-
quency of cells producing tat/rev-RNA was measured by tat/
rev-induced limiting dilution assay (TILDA). Briefly, CD4" T
cells were added to a 384 well plate at 4 dilutions, stimulated
(24 replicates per stimulation), and tat/rev amplicons were de-
tected in individual wells by reverse transcription (RT) PCR fol-
lowed by real-time PCR, as previously described [10]. Results
were expressed as infectious units per million cells (IUPM).
Second, HIV p24 expression was measured by single molecule
array (SIMOA) [11] in supernatants collected from the cultures
described above. HIV p24 was detected using the Quanterix
method, with a limit of detection of 4 fg/mL. Inducible meas-
ures for TILDA and SIMOA were used following subtraction of
the constitutive measures [ie, (PMA and ionomycin)—DMSO].

Statistical Analysis

Data were described as medians and interquartile ranges.
Spearman rank correlation test was used to determine vari-
ables associations as measured in the same patient sample. As
a descriptive study, unadjusted P-values < .05 were considered
statistically significant. All statistics were performed with J]MP
Pro15 (SAS Institute, Cary, NC, USA).

RESULTS

Demographics

Demographic, clinical characteristics of study participants with
type of sample and assays performed in each are summarized in
Supplementary Tables 1 and 2.

Associations Between Non-IPDA or IPDA HIV Measures

Results showed expected associations between non-IPDA
or IPDA HIV measures as shown in Figure 1A (see also
Supplementary Table 3 and Supplementary Figures 1-3).

Associations of IPDA With Non-IPDA HIV Measures

Correlation analysis was performed to assess whether total, in-
tegrated or inducible HIV assessed by non-IPDA assays best
represented intact or defective proviruses as measured by IPDA.

Results are summarized in Figure 1A and Supplementary Table
3, with significant correlations illustrated in Supplementary
Figure 4 and nonsignificant correlations illustrated in
Supplementary Figure 2. Briefly, IPDA-total proviruses were
positively associated with the non-IPDA-total and -integrated
HIV DNA measures (Alu-Gag PCR; PFGE/ddPCR HIV [Gag,
Pol]), as well as with the non-IPDA-inducible HIV measures (in-
ducible HIV RNA, HIV p24). IPDA-intact proviruses were pos-
itively associated with the non-IPDA-total and -integrated HIV
DNA measures (Alu-Gag PCR; PFGE/ddPCR HIV [Gag, Pol]).
In addition, a positive association was found between IPDA-
3’ defective proviruses and non-IPDA-integrated HIV DNA
measures (Alu-Gag PCR, PFGE/ddPCR HIV Pol) or -inducible
HIV RNA, as well as between IPDA-5" defective proviruses and
non-IPDA-total and -integrated HIV DNA measures (Alu-Gag
PCR; PFGE/ddPCR HIV [Gag, Pol]). Furthermore, IPDA-total
defective proviruses associations with non-IPDA HIV meas-
ures confirmed these findings showing a positive correlation
with non-IPDA-total, -integrated HIV DNA, and inducible
HIV RNA and HIV p24 (Supplementary Figure 5).

DISCUSSION

In steady-state ART suppression, we report for the first time the
relationship of HIV total, integrated, or inducible HIV meas-
ures with IPDA-assessed HIV measures. Our data support (1)
an association of non-IPDA-total and -integrated HIV DNA
measures with IPDA-total, -intact, or -defective proviruses, and
(2) an association of inducible HIV measures with IPDA-total
or -defective proviruses. We also confirm the presence of a pos-
itive association between inducible HIV measures indicating
concordant associations between levels of HIV transcription
and translation.

In agreement with previous studies [10, 12], we report a
positive association between integrated and inducible HIV
measures. This, together with our data showing a positive as-
sociation between inducible HIV measures and IPDA-3" de-
fective proviruses, suggests that induced viral transcription
and translation assays may lead to an overestimation of the
size of replication-competent provirus due to the predomi-
nance of defective over intact provirus [1, 4, 5]. Recent data
showing that defective HIV proviruses can support HIV an-
tigen expression, further support this finding [6]. In con-
trast to the observed positive associations of inducible HIV
RNA (TILDA assay) with total or integrated HIV DNA by
Procopio et al [10], our study did not detect inducible HIV
RNA as associated with IPDA-intact proviruses. The latter
is consistent with induced transcription as a measure of all
transcriptionally competent sites and not only intact pro-
virus. In support of this interpretation, IPDA-total but not
-intact measures was positively associated with inducible
HIV RNA or p24 SIMOA measures. Interestingly, total and
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Figure 1. Associations of HIV burden measures using the (IPDA and alternative assays. A, Matrix of between-assay associations. B, Correlations of intact HIV proviruses
assessed by IPDA with total HIV DNA, and integrated HIV DNA measures (assessed by Alu-gag PCR and pulse-field gel electrophoresis and droplet digital PCR [PFGE/ddPCR]
[HIV Gag, HIV Pol]). In panel A, numbers in each square indicate the number of participants used for each association; blue circles indicate associations with significant pos-
itive correlations with P< .05, <.01, <.001, and <.0001 listed with 1, 2, 3, or 4 asterisks inside the circle. Color of circles represent Spearman rho with negative correlations
represented by shades of red and positive carrelations represented by shades of blue with darker shades representing stronger rho. Panel B shows available data together
with n, rho, and Pvalues. Spearman rank correlation test was used for variables associations in patients with available data on correlated variables. P-values < .05 were con-
sidered statistically significant. Abbreviations: HIV, human immunodeficiency virus; IPDA, intact proviral DNA assay; PCR, polymerase chain reaction; SIMOA, single molecule

array; TILDA, tat/rev-induced limiting dilution assay.

integrated HIV measures correlated both with IPDA-intact
and IPDA-defective proviruses, suggesting that these meas-
ures may provide a global estimate of both intact and defec-
tive HIV burden.

A strength of our study is that it was performed in total and
not in resting CD4" T cells. However, a limited sample size to-
gether with sample limitations preventing to complete all as-
says on all samples should be considered as a potential reason
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for a lack of detection of correlations with greater variance (ie,
requiring higher sample size). Our data also do not address du-
ration of infection or time from start of ART in each subject
because these data were not available. It should also be taken
into consideration when interpreting the results of our study
that sequence mismatches between the IPDA primer/probes
and the study participants proviruses may have contributed to
false negative correlations between IPDA and non-IPDA HIV
measures. Future studies could (a) validate our data in a larger
cohort and in samples from tissues, (b) explore whether the ob-
served associations between integrated HIV DNA and intact
proviruses are maintained in the context of a potential curative
intervention, (c) independently validate our IPDA assay results
by full genome sequencing, and (d) explore whether translation
positive (inducible protein) proviruses that are defective con-
tribute to immune activation and disease.

Taken together, our data support that when testing curative
strategies, measures from IPDA or integrated provirus assays
could be informative when combined with inducible HIV as-
says to better estimate changes in intact or integrated proviruses
with the potential for antigen expression, of relevance to eradi-
cation, and potential for immune stimulation, respectively.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors, so
questions or comments should be addressed to the corresponding author.
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