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ABSTRACT Most of the HIV DNA in infected individuals is noninfectious because of del-
eterious mutations. However, it is unclear how much of the transcribed HIV RNA is poten-
tially infectious or defective. To address this question, we developed and validated a
novel intact viral RNA assay (IVRA) that uses droplet digital reverse transcriptase PCR (dd-
RT-PCR) for the commonly mutated packaging signal (Psi) and Rev response element
(RRE) regions (from the intact proviral DNA assay [IPDA]) to quantify likely intact (Psi*
RRE™), 3" defective (Psi* RRE™), and 5’ defective (Psi— RRE™) HIV RNA. We then applied
the IPDA and IVRA to quantify intact and defective HIV DNA and RNA from peripheral
CD4" T cells from 9 antiretroviral therapy (ART)-suppressed individuals. Levels of 3" defec-
tive HIV DNA were not significantly different from those of 5’ defective HIV DNA, and
both were higher than intact HIV DNA. In contrast, 3" defective HIV RNA (median 86 cop-
ies/10° cells; 94% of HIV RNA) was much more abundant than 5’ defective (2.1 copies/
10° cells; 5.6%) or intact (0.6 copies/10¢ cells; <1%) HIV RNA. Likewise, the frequency of
CD4™ T cells with 3’ defective HIV RNA was greater than the frequency with 5’ defective
or intact HIV RNA. Intact HIV RNA was transcribed by a median of 0.018% of all proviruses
and 2.2% of intact proviruses. The vast excess of 3’ defective RNA over 5’ defective or
intact HIV RNA, which was not observed for HIV DNA, suggests that HIV transcription is
completely blocked prior to the RRE in most cells with intact proviruses and/or that cells
transcribing intact HIV RNA are cleared at very high rates.

IMPORTANCE We developed a new assay that can distinguish and quantify intact
(potentially infectious) as well as defective HIV RNA. In ART-treated individuals, we found
that the vast majority of all HIV RNA is defective at the 3’ end, possibly due to incom-
plete transcriptional processivity. Only a very small percentage of all HIV RNA is intact,
and very few total or intact proviruses transcribe intact HIV RNA. Though rare, this intact
HIV RNA is tremendously important because it is necessary to serve as the genome of
infectious virions that allow transmission and spread, including rebound after stopping
ART. Moreover, intact viral RNA may contribute disproportionately to the immune activa-
tion, inflammation, and organ damage observed with untreated and treated HIV infec-
tion. The intact viral RNA assay can be applied to many future studies aimed at better
understanding HIV pathogenesis and barriers to HIV cure.
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thought to be the source of the plasma virus that rebounds after stopping antiretrovi-
ral therapy (ART). In addition, the viral RNA and proteins produced by these cells likely
contribute to the higher average levels of immune activation and inflammation, higher
incidence of diseases in many organ systems, and lower average life expectancy
observed in ART-suppressed than in HIV-uninfected individuals (4-12).

Using techniques that can sequence almost the full length of individual proviruses
(near-full-length sequencing [nFL] or full-length individual provirus sequencing [FLIPS]),
prior studies showed that the vast majority of HIV DNA in HIV-infected individuals is defec-
tive due to proviral mutations such as deletions and APOBEC-induced hypermutations
(13-17). The intact proviral DNA assay (IPDA) was developed as a more high-throughput
means to quantify those proviruses that are likely to be intact (lacking obvious sequence
defects) and distinguish them from defective proviruses (18). The IPDA is a droplet digital
PCR (ddPCR) assay in which cellular DNA is partitioned into oil nanodroplets expected to
have at most one provirus and a duplex quantitative PCR (qPCR) is used to simultaneously
test each provirus for two HIV regions that are frequently deleted (>90%) or hypermutated
(>97%) in defective proviruses: the packaging signal (Psi; detected with 6-carboxyfluores-
cein [FAM]-labeled probe) and Rev response element (RRE; detected with VIC) (18). The
assay for the RRE includes both a VIC-labeled wild-type probe designed to mismatch with
hypermutated sequences and a nonlabeled, hypermutated probe (18). Droplets in which
both the Psi and RRE are detected (Psi* RRE*, or double positive) likely contain intact pro-
viruses and can be quantified separately from single-positive droplets containing only the
more 5’ Psi (Psi* RRE™, or 3’ defective) or the more 3’ RRE (Psi— RRE*, or 5’ defective) (18).
In validation studies, ~70% of proviruses classified as intact by IPDA lacked detectable
defects by sequencing, and the IPDA was able to exclude 97% of defects detected by
sequencing (18). Other multiplex digital PCR assays have also been designed to quantify
intact and defective proviruses (19, 20).

While these assays are extremely useful for quantifying intact and defective HIV DNA, no
comparable assay exists for HIV RNA, and it is unclear how much of the HIV RNA that exists
in cells or plasma from HIV-infected individuals is intact or defective. In theory, HIV transcripts
can be genome defective for multiple reasons. First, if proviral defects do not preclude tran-
scription, some HIV RNA may have been transcribed from proviruses carrying sequence
defects, so that the RNA may be missing deleted regions or contain hypermutations. Second,
the vast majority of HIV RNA from ART-suppressed individuals is incomplete as a result of se-
quential transcriptional blocks at different stages of elongation (5’, mid-, and distal) or a con-
tinual loss of processivity along the genome (21-23). It is not clear how much of the incom-
plete or complete HIV transcripts are transcribed from proviruses that are intact or defective.
Using a new technique that can simultaneously analyze the HIV RNA, integration site, and
proviral sequence from single infected cells parallel HIV-1 RNA, integration site, and proviral
sequencing (PRIP-seq), one recent publication showed that around 27% of all cells with intact
proviruses are transcribing 5’ elongated HIV RNA (24). However, this percentage was similar
for some kinds of defective proviruses, and it is not clear how many cells with intact provi-
ruses are also transcribing more processive or completed HIV transcripts (24). Third, a small
fraction of all HIV RNA in ART-suppressed individuals is incomplete as a result of single or
multiple splicing (21, 22), which facilitates translation of certain HIV proteins but also prevents
the RNA from serving as an infectious HIV genome.

HIV RNA that is intact (lacking proviral mutations, being processive/complete, and being
unspliced) is likely to be important for several reasons. First, intact viral RNA is necessary to
serve as the genome of infectious virions that allow new infections, including transmission
and recrudescence after stopping ART. However, a large proportion of cells with intact or
infectious proviruses may not constitutively transcribe intact HIV RNA and may not be in-
ducible even after multiple rounds of activation ex vivo (25) or in vivo. Conversely, most
cell-associated HIV RNA in ART-suppressed individuals is incomplete and therefore incapa-
ble of serving as infectious genomic RNA (21, 22), while it is unclear how much of the poly-
adenylated or complete HIV RNA, or even plasma HIV RNA, is defective because of proviral
mutations (26). Second, intact HIV RNA can encode more HIV proteins and may be more
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likely to be translated into HIV proteins, which are also necessary to produce viral particles.
Therefore, intact viral RNA may contribute more to the immune activation, inflammation,
and organ damage observed in untreated and ART-treated infection.

In order to distinguish and quantify viral RNA that is likely to be intact, we developed a
new intact viral RNA assay (IVRA) that extends the principles and validations underlying
the IPDA to the study of HIV RNA. Using one-step droplet digital reverse transcriptase PCR
(dd-RT-PCR), cellular RNA is first fractionated and encapsulated in oil droplets at limiting
dilution, so that any given droplet is extremely unlikely to have more than a single mole-
cule of HIV RNA. Next, reverse transcription of each single HIV RNA molecule is performed
within the droplet, followed by duplex PCR using the same primers and probes from the
IPDA. Since the Psi is removed by the first HIV splicing event, and RRE is removed by the
second, all Psi* droplets should contain unspliced HIV RNA. Double-positive Psi* RRE*
droplets contain an HIV RNA molecule that does not contain deletions or hypermutations
in the Psi or RRE regions and therefore is likely to have been transcribed from an intact pro-
virus. Moreover, Psi* RRE* droplets contained an HIV RNA in which transcription had pro-
ceeded at least through the RRE region. Since most blocks to HIV transcription occur prior
to the Env/Nef regions (21), a large proportion of these Psi* RRE™ transcripts would be
expected to be complete. Single-positive Psi™ RRE~ (3’ defective) droplets may result from
multiple causes, including (i) HIV RNA transcribed from a provirus with mutations in RRE,
(ii) incomplete HIV RNA resulting from premature termination of transcription between the
Psi and RRE regions, or (i) RNA shearing or degradation. Conversely, single-positive Psi~
RRE™ droplets (5" defective) could result from proviral mutations in Psi, removal of the Psi
from single splicing, incomplete antisense transcripts that terminate between RRE and Psi,
or RNA shearing/degradation.

After validating the IVRA using HIV RNA standards, we applied the IPDA and IVRA to
quantify intact and defective HIV DNA and RNA from replicates of peripheral CD4* T
cells from ART-suppressed individuals. We observed a vast excess of 3’ defective (me-
dian 94% of total) over 5’ defective (5.6%) HIV RNA, which was not observed in the HIV
DNA and likely results from a block to HIV transcriptional completion. Intact HIV RNA
was detected at very low levels (<1%), and only a very small proportion of intact provi-
ruses (2.2%) transcribed intact HIV RNA. These findings suggest that HIV transcription
is completely blocked prior to the RRE in most cells with intact proviruses and/or that
cells transcribing intact HIV RNA are cleared at very high rates.

RESULTS

Performance of the IVRA on HIV RNA standards. Two different supernatant HIV
RNA standards were used to evaluate the performance of the IVRA. Using inputs of 100
and 1,000 copies of an older NL4-3 supernatant HIV RNA standard, double-positive
droplets (Psi* RRE*, suggesting intact HIV RNA) accounted for approximately 67% and
63% (respectively) of all positive droplets (see Fig. STA in the supplemental material).
With inputs of 10" to 10* copies of a newer supernatant HIV RNA standard, approxi-
mately 60% of all positive droplets contained intact HIV RNA (Fig. S1B). Intact droplets
were detected with an input of 1 to 10 copies of the RNA standard (Fig. 1). With inputs
of 10° to 10* copies of the RNA standard, we observed linear quantification (R* = 0.97)
of total Psi® RNA (Psi™ RRE~ plus Psi*™ RRE'), total RRE* RNA (Psi— RRE* plus Psi™
RRE*), and intact (Psi* RRE™) RNA. The detection efficiencies (slope of measured versus
total input copies) were 71% for total Psit RNA, 55% for total RRE* RNA, and 44% for
intact (Psit RRE*) RNA (Fig. 1). An example of the ddPCR plot is shown in Fig. S2.

To determine whether “background” human cellular RNA would inhibit the IVRA,
we measured the outputs using 0 or 100 copies of the supernatant HIV RNA standard
and a range of 0 to 1,000 ng of RNA isolated from CD4* T cells from an HIV-negative
donor. No false positives were detected in wells containing only donor RNA (Fig. S3).
With HIV RNA and inputs of up to 1,000 ng of background RNA, measured levels of
total Psi* or RRE* droplets were at least as high as those with no background (Fig. S3).
However, the total HIV RNA levels and percentage of intact droplets peaked at an input
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FIG 1 Linearity, efficiency, and detection limit of IVRA on supernatant HIV RNA standards. HIV RNA standards
were prepared from the supernatant of in vitro infections and independently quantified using the Abbott
clinical assay. The HIV RNA standards were diluted to achieve predicted inputs of 1 to 10* copies (x axis), and
the copies of Psi (A and D), RRE (B and D), and Psi* RRE™ (intact) (C and D) HIV RNA were measured by dd-RT-
PCR (IVRA). Slopes and R? values were determined by linear regression analysis.

of 300 ng. Therefore, in all succeeding experiments, we limited the RNA input to
300 ng per well.

HIV DNA levels in ART-suppressed individuals. To investigate the landscape of
proviral mutations in vivo, we applied the IPDA and assays for 4 other HIV DNA regions
(U3-U5, 5’ long terminal repeat [LTR], Pol, and Nef) to total cellular DNA from periph-
eral CD4™ T cells from 9 ART-suppressed individuals. The U3-U5 LTR region was gener-
ally present at the highest level (median 485.6 copies/10° cells; P = 0.0039, 0.0078, and
0.012 for comparison to Psi, Pol, and RRE, respectively) (Fig. S4A and B), which may be
expected since this target is present at both ends of an intact provirus. Of the remain-
ing regions, which are all present at one copy per intact provirus, levels of the 5’ LTR
region (median 365.9 copies/10° cells) were higher than those of the Psi (P = 0.027),
Pol (P = 0.0039), or RRE (P = 0.0078) regions. We found no significant difference
between levels of total Psi and RRE DNA. As expected, levels of intact HIV DNA were
lower than those of any other single target. Levels of all HIV DNA regions correlated
with each other, and all except Pol correlated with intact HIV DNA (Fig. S4CQ).

Levels of defective and intact HIV DNA and RNA. Next, we used the IPDA and IVRA
to measure levels of intact and defective HIV DNA and HIV RNA in replicates of peripheral
CD4+ T cells from 9 ART-suppressed individuals. Intact HIV DNA was detected in 8 of 9 indi-
viduals (Fig. 2A). Levels of intact HIV DNA (median = 11.5 copies/10° cells) were lower than
those of either Psi* RRE~ HIV DNA (3’ defective; median = 155.4 copies/10° cells) or Psi~
RRE* HIV DNA (5" defective; median = 285.3 copies10° cells) (P = 0.0039 for both).
However, we detected no significant difference between levels of 3’ defective and 5’ de-
fective HIV DNA (P = 0.30). The proportion of all HIV DNA that was intact (median 3.7%)
was lower than that of Psi* RRE™ (median 42%) or Psi— RRE*™ DNA (median 53%)

December 2022 Volume 96 Issue 24 10.1128/jvi.01605-22 4


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01605-22

Intact and Defective HIV RNA

A B

HIV DNA per Million Cells

*%

Proportion of All HIV DNA
*%k

7
*k e 1254 |L|
10000+ | o 2256 1.0
1]
= e 2027 -
g 10000 e 2006 c 08 o
[
5 ° —2e 2 0.6 ° °
= ——y ° o 2747 £ ° o
T 100 b3 ° g °
o ° o0 : 2781 © 0.4 —— X
0
£ 40 ~s o 2046 ™ °
9 0.2 °
o ° e 3147 0o
1 T T T 2761 0.0 T T T >
Psi+RRE- Psi-RRE+ Intact Psi+RRE- Psi-RRE+ Intact
Provirus Provirus Type
C e D Pr ion of All HIV RNA
HIV RNA per million cells oportic) oL
—
k) o 1254 *
* %k
1000 e 2256 19 =teegose
] ° e 2027
8 1004 2,e. e 2006 ®
c ° c 0.14 L] ]
L . ° e 2747 .g —eig-A
E 17 o . 2781 §_ °®
@ o — o ® 2046 a 0.01 <
2 44 —
§ o —e = e 3147 °
vY 2761
0.1 . I . 0.001 T T T
Psi+RRE- Psi-RRE+ Intact Psi+RRE- Psi-RRE+ Intact
Transcript Transcript

1254
2256
2027
2006
2747
2781
2046
3147
2761

1254
2256
2027
2006
2747
2781
2046
3147
2761

FIG 2 Levels and proportions of defective and intact HIV DNA and RNA. RNA and DNA were extracted in parallel from
replicate dilutions of peripheral CD4* T cells from 9 ART-suppressed individuals. Average levels (A) and proportions (B)
of defective and intact HIV DNA were measured by ddPCR using the IPDA. Defective and intact HIV RNA levels (C) and
proportions (D) were measured by dd-RT-PCR using the IVRA. Each color represents a different individual. Samples in
which intact HIV DNA or RNA was not detected were assigned a maximum value (inverted triangles) based on 1 copy
indicates

divided by the total cell equivalents analyzed across all cell replicates. Bars indicate the medians.

P < 0.005 (Wilcoxon signed-rank test).

(P = 0.002 for both), while no difference was observed between the proportions of Psi*
RRE~ and Psi— RRE* DNA (P = 0.65) (Fig. 2B).

Of the negative controls tested concurrently with RNA from HIV-infected individu-
als, we observed no Psi or RRE false positives in a total of at least 77 wells without RT,
29 wells with water, and 5 wells with HIV-negative donor CD4 RNA. Intact HIV RNA lev-
els were detected in 6 of 9 HIV-infected individuals, albeit at very low levels (median
0.6 copies/10° cells), while Psi* RRE~ HIV RNA (3’ defective) and Psi— RRE* HIV RNA (5’
defective) were detected in all 9 individuals (Fig. 2C; Fig. S5). In contrast to what was
observed for HIV DNA, we observed no difference between levels of intact and Psi~
RRE* HIV RNA (median = 2.1 copies/10° cells; P = 0.20), while levels of Psi* RRE~ RNA
(median = 86.2 copies/10°¢ cells) were significantly higher than those of either Psi~
RRE* (P = 0.0039) or intact (P = 0.0039) HIV RNA. Intact HIV RNA correlated with Psi~
RRE* RNA (Spearman r = 0.77; P = 0.021) but not Psi* RRE~ RNA (P = 0.78). The propor-
tion of all HIV RNA that was Psi™ RRE~ (median 94%) was significantly higher than the
proportions of Psi— RRE* RNA (median 5.6%; P = 0.0039) or intact HIV RNA (median
0.66%; P = 0.0039), while no significant difference was observed between the propor-
tions of Psi— RRE™ and intact HIV RNA (P = 0.20) (Fig. 2D).

Average copies per provirus of intact and defective HIV RNA. Next, we calculated
the ratios of each HIV RNA type to total HIV DNA and to the corresponding HIV DNA (e.g.,
Psi™ RRE~ RNA/Psi* RRE~ DNA) in order to express the average levels of each HIV RNA per
provirus and (for ratios of <1) the maximum proportion of proviruses that transcribe each
HIV RNA. The median ratio of intact HIV RNA to total HIV DNA was 0.0018 copies/provirus
(Fig. 3A). The ratio of Psi* RRE~ RNA to Psi* RRE~ DNA (median 0.35 copies/provirus) was
significantly higher than the ratio of Psi— RRE* RNA to Psi— RRE* DNA (median 0.012

December 2022 Volume 96 Issue 24

Journal of Virology

10.1128/jvi.01605-22

5


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.01605-22

Intact and Defective HIV RNA

A B

Ratio of HIV RNA to total HIV DNA
%%k

. o 1254 —_—
19 o o 2256 107 —
<
o 2027
g o1 . o 2006 < 14 .
% : 274 8 _:-._ .
5 0.01- o® o L~ P o
° -3 e 2781 = M .
= —_ o 2046 B °: TV
< 0.0017 o ° 0.01 - °
3 v o 3147
0.0001 2761 0.001 -

T T 1
Psi+RRE- Psi-RRE+ Intact
RNA and provirus type

T T T
Psi+RRE- Psi-RRE+ Intact

HIV RNA per corresponding HIV DNA
%%k Y

1254
2256
2027
2006
2747
2781
2046
3147
2761

FIG 3 Ratios of intact and defective HIV RNA to DNA. The copies/10° cells of intact and defective HIV RNA were
divided by the copies/10° cells of total (containing Psi and/or RRE) HIV DNA (A) or the corresponding type of HIV DNA
(B) to express the HIV RNA/DNA ratio (y axis). Each color represents a different individual. Samples in which either
intact HIV RNA or DNA was not detected were assigned a maximum value (set to 1 copy divided by the total cell
equivalents analyzed) in order to calculate the maximum (inverted triangle) or minimum (triangle) HIV RNA/DNA levels.

Bars represent the medians. ** indicates P < 0.005 (Wilcoxon signed-rank test).

copies/provirus) or of intact HIV RNA to intact DNA (median 0.022 copies/provirus)
(P =0.0039 for both) (Fig. 3B). It should be remembered that Psi* RRE~ RNA and Psi— RRE*
RNA are not necessarily the products of defective proviruses, since they can also arise from
intact proviruses in which sense or antisense transcription (respectively) terminates
between the two regions, while Psi— RRE* RNA can arise from single splicing. However,
even if some of the single-positive RNA is from intact proviruses, the ratios of Psi* RRE~
RNA/Psi* RRE~ DNA and Psi— RRE* RNA/Psi— RRE* DNA (which are both <1) still express
an upper limit on the proportion of these defective proviruses that are transcribing elon-
gated HIV RNA.

Frequency of CD4* T cells with intact and defective HIV RNA. Next, we used the
numbers of replicates in which each HIV RNA was or was not detected and the total
number of CD4* T cells per replicate to determine the frequency of CD4* T cells that
contain each HIV RNA, according to the method of extreme limiting dilution analysis
(ELDA) (27). The frequency of CD4* T cells with Psi* RRE~ HIV RNA was greater than
the frequency with Psi— RRE™ or intact HIV RNA (P = 0.031 for both), and the frequency
with Psi— RRE* RNA tended to exceed the frequency with intact HIV RNA (P = 0.063)
(Fig. 4A). The estimated median frequency of CD4" T cells that expressed intact HIV
RNA was 2.6 x 1077 (Fig. 4A and B).

DISCUSSION

We developed a new intact viral RNA assay (IVRA) that uses the primer probe sets
from the IPDA to classify HIV transcripts as intact, 5" defective, or 3’ defective. After val-
idating the assay with HIV RNA standards and in the presence of background donor
RNA, we applied the IPDA and IVRA to quantify intact and defective HIV DNA and RNA
in ART-suppressed individuals.

Using the supernatant HIV RNA standards, the IVRA showed sensitive, linear detec-
tion of Psi*, RRE™, and Psi* RRE™ (intact) HIV RNA over a range of 1 to 10* copies, with
minimal if any inhibition from background cellular RNA. Amplification plots showed
sufficient separation between positive and negative droplets, with 4 populations that
were easily distinguishable using the standards and RNA from peripheral CD4* T cells
(see Fig. S2 and S5 in the supplemental material).

Using two different supernatant HIV RNA standards, approximately 60 to 67% of all
the HIV RNA was found to contain both Psi and RRE regions. One might expect that
most of the HIV RNA from these standards would consist of unspliced, full-length
genomic HIV RNA from virions, which should be Psi* RRE*. Since no reverse transcrip-
tion or PCR would be expected to be 100% sensitive for 1 copy, it is likely that both tar-
gets are not detected 100% of the time even when they are present in the same
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droplet. A similar limitation may apply to the IPDA, where we have observed double-
positive rates of 70 to 80% using plasmid (pNL4-3) HIV DNA, similar to the published
frequency observed after incubation of pNL4-3 for a few days at 4°C (18). However, the
exact composition of the supernatant HIV RNA standards is unclear. It is possible that
the RNase digestion of free HIV RNA (not in virions) is incomplete and/or results in
short fragments that can still be detected by RT-PCR. Alternatively, it is possible that
some incomplete HIV RNA is packaged into virions, and there could be shearing or
degradation during or after RNA extraction. We attempted to prepare a different HIV
RNA standard by in vitro transcription (IVT) of a plasmid, HIV-1 BH10 noninfectious mo-
lecular clone (pBKBH10S DNA), which contains T3/T7 promoters and nearly the full
length of the HIV genome. However, we were unable to obtain sufficient quantity or
purity of the full-size product despite multiple attempts at optimization using two dif-
ferent commercial kits for IVT.

To investigate the proviral landscape in ART-suppressed individuals, we compared
levels of 6 different HIV DNA regions and Psi™ RRE™ (intact) HIV DNA in total peripheral
CD4* T cells. The highest total HIV DNA levels were observed for the U3-U5 region,
which may reflect the fact that this region is present at 2 copies per provirus and/or
that proviral mutations are less common in the LTRs. Of those regions that are present
at only 1 copy per provirus, the 5’ LTR region was present at significantly higher levels
than the Psi, RRE, or Pol regions, despite similar efficiencies on HIV DNA standards,
likely because of the higher frequency of proviral mutations in these other regions.
Therefore, assays for the U3-U5 and 5’ LTR regions may be particularly useful for quan-
tifying total HIV DNA in individuals with very low infection frequencies. Levels of most
HIV DNA regions (all but Pol) correlated with levels of intact HIV DNA, in agreement
with two published studies (28, 29).

In agreement with prior studies, levels of intact HIV DNA were much lower than
those of either 5’ defective or 3" defective HIV DNA (18, 30). The median level of intact
HIV DNA was 11 copies/10° cells, which is lower than reported from some prior studies
using the IPDA (54 to 100 copies/10° cells) (18, 30). Some explanations could include
differences in the study participants, cell type (total instead of resting CD4* T cells),
extraction method, and normalization (by DNA mass instead of RPP30, with no increase
based on shearing index). Intact proviruses accounted for a median of 3.6% of all provi-
ruses, which accords with similar measurements (2.4 to 8%) using single provirus
sequencing and the IPDA (13-18). In accord with prior studies using the IPDA, we
found no significant difference between levels or proportions of 5" defective (42% of
total) and 3’ defective (53% of total) HIV DNA (18, 30).
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5" defective and 3’ defective HIV RNA were detected in all individuals, but the pat-
tern was very different from that of HIV DNA. Levels of 3" defective HIV RNA were
much higher than those of 5’ defective HIV RNA, such that 3’ defective HIV RNA
accounted for most of the total (median 94%, versus 5.6%). This difference is not
explained by the slightly higher efficiency for the Psi assay, which was observed for
both RNA and DNA. Likewise, the difference cannot be explained by proviral muta-
tions, since it was not observed in the HIV DNA and persisted despite normalization of
each type of HIV RNA to the same HIV DNA. Instead, the excess of 3" defective over 5’
defective or intact HIV RNA suggests incomplete processivity of HIV transcription, con-
sistent with previously observed blocks to distal HIV transcription and completion (21),
and/or a much greater clearance rate of cells transcribing the Env region.

Intact HIV RNA was detected in 6 of 9 individuals at very low levels (median 1 copy/
106 cells, or 0.66% of all HIV RNA). Unlike the situation observed for HIV DNA, intact HIV
RNA levels were not significantly lower than those of Psi— RRE* (5’ defective) HIV RNA.
It is likely that levels of both are limited by blocks to distal HIV transcription, and the
RRE may be a surrogate for processive and/or intact HIV RNA. However, other factors
may contribute to the very low observed levels of intact HIV RNA. First, cell counts can
be inaccurate, and the RNA extraction was likely incomplete, although the HIV RNA lev-
els were corrected for RNA input. Second, the efficiency of reverse transcription and of
detection of both targets is not 100%. Third, it is possible that there was some shearing
or degradation of the HIV RNA.

It would be ideal to have a control for RNA shearing or degradation, similar to the
duplex assay for the human RPP30 gene used in the IPDA (18) (which does not work
for RNA). We attempted to develop a duplex assay for a human cellular RNA that could
be used to assess for shearing, but this proved much less feasible than for DNA. First,
most human RNAs are small. The median size of human mRNA is about 1.4 kb, with a
log normal distribution and a very small proportion of transcripts that are 9 to 10 kb
(31, 32). Moreover, the situation is complicated by RNA splicing, which removes
introns, reduces the distance between exons, and can remove entire exons by alterna-
tive splicing. For these reasons, the ideal assay would consist of 2 targets at opposite
ends of the same long exon. In a bioinformatic analysis of total transcriptome sequenc-
ing (RNA-seq) data from peripheral CD4* T cells from 2 individuals, we searched for
transcripts that comprise a single exon, represent >95% of the mean normalized
counts from a given gene, and are at least 1,000 bp long. However, we found only 3
RNA species longer than 9.5 kb (and 9 longer than 7 kb), of which the longest coding
region was only 6.7 kb, and all were present at frequencies of <50 copies per million
transcripts. We designed and tested multiple duplex assays targeting each of 4 tran-
scripts, but all showed low numbers of total positive and double-positive droplets.
Future experiments could try other human transcripts, such as long noncoding RNAs,
or possibly transcripts from human endogenous retroviruses (if transcribed as long
RNAs).

Although shearing/degradation may contribute to the low levels of intact HIV RNA,
we started with recently isolated cells and extracted using methods that had been
shown to give good RNA quality (by Nanodrop and Bioanalyzer), while the supernatant
HIV RNA standards showed a maximum shearing/degradation rate of 34 to 40%.
Moreover, one might expect that shearing or degradation would result in similar levels
of single-positive Psi* RRE~ and Psi— RRE* droplets, but the observed levels of single-
positive Psit RNA were much higher than those of single-positive RRE* RNA, which
seems inconsistent with shearing or degradation (unless specific for the 3’ end).

To correct the measured HIV RNA levels for the frequency of different proviruses,
we also calculated the ratios of defective and intact HIV RNA to total and intact provi-
ruses. These HIV RNA/DNA ratios also indicate the average level of each HIV RNA per
provirus, and (for ratios of <1) the maximum frequency of proviruses that express
each HIV RNA. Using these HIV RNA/DNA ratios, we found that a median of =0.18% of
all proviruses and =2.2% of intact proviruses transcribe intact HIV RNA. These findings
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suggest that >98% of intact proviruses have a complete block to HIV transcription
prior to the RRE region and/or that intact proviruses transcribing the RRE are cleared
much more rapidly than those that do not.

By performing the IVRA on replicate terminal cell dilutions, we calculated that a me-
dian of 3 in 107 CD4" T cells harbors intact HIV RNA. This frequency is slightly lower
than the frequency of latently infected cells as measured by quantitative viral out-
growth assays (QVOA) (~1 in 109), although the former is a measure of spontaneous
HIV transcription in vivo, while the latter is a measure of induced viral expression ex
vivo. It should also be noted that the calculated frequencies of CD4* T cells harboring
intact HIV RNA have wide confidence intervals (given the low number of replicates)
and that these frequencies are likely an underestimate because they are based on the
starting cell counts and do not consider RNA losses during extraction.

Other limitations of this study should be acknowledged. The ability to detect intact
HIV RNA likely depends on the total number of cells and RNAs analyzed, and there can
be considerable imprecision in quantifying intact HIV RNA due to the low number of
Psi* RRE* droplets. The measured levels of intact HIV RNA may be an underestimate,
since there are losses in RNA extraction (partly corrected by normalizing to RNA input),
the IVRA is likely not completely sensitive for detecting both targets in the same drop-
let (minimum of 44% efficiency and ~60% double positives on HIV RNA standards),
and the number of intact HIV transcripts can be reduced by RNA shearing or degrada-
tion. At the same time, the IVRA may overestimate the actual number of intact HIV
transcripts, since there may be other defects outside the Psi or RRE regions, not all of
the Psi* RRE™ transcripts may be complete and polyadenylated, and a given Psi* RRE™
droplet could by chance have two different defective HIV RNA molecules. However,
the latter possibility seems rare given the low numbers of Psi* droplets/well, much
lower number of RRE* droplets, and relatively similar numbers of Psi— RRE* and Psi™
RRE* droplets. It is unclear to what extent the under- and overestimating factors coun-
teract each other, and most of the same limitations also apply to the IPDA. However, it
is also possible that some cells transcribing intact HIV RNA have posttranscriptional
blocks that prevent translation and/or production of infectious viral particles (33).

Although we used the IVRA to quantify spontaneous transcription of intact and de-
fective HIV RNA, these measurements do not reflect the capacity of proviruses to
express intact HIV RNA after activation. Future experiments should apply the IVRA to
cell aliquots that are unstimulated and activated ex vivo in order to determine the
degree to which activation can increase total levels of intact HIV RNA and to measure
the frequency of cells that can be induced to transcribe intact HIV RNA. Finally, it
should be remembered that the IVRA was not designed to measure the frequencies of
intact or defective proviruses that are transcribing each HIV RNA. While some informa-
tion can be gained from the ratios of IVRA/IPDA and by PRIP-seq, there is still a need
for high-throughput, single-cell studies that can sequence the entire provirus and
sequence or quantify all of its HIV RNA.

Nevertheless, the IVRA serves as an approximate measure of intact HIV transcripts,
which are necessary to produce infectious viral particles. Moreover, the IVRA is likely much
less expensive, faster, higher in throughput, and more sensitive in detecting intact HIV RNA
than single-molecule RNA sequencing (26, 34), which has failed to detect intact HIV RNA in
ART-suppressed individuals (34). Since plasma contains considerable amounts of defective
HIV RNA (26) and assays to quantify total plasma HIV RNA do not distinguish between
intact and defective forms, the IVRA could be applied to clinical or research assays
designed to measure an intact viral load, especially in individuals who are not on ART or
are undergoing ART interruption. The IVRA may also serve as an alternative means to quan-
tify intact HIV RNA in the supernatant of quantitative viral outgrowth assays (QVOA), allow-
ing for a less expensive, faster, higher-throughput, and less time-consuming version of the
QVOA. In addition, the IVRA could be applied to measure reactivation from latent provi-
ruses in plasma or cell samples from clinical trials with latency-reversing agents or other
approaches aimed at cure. Moreover, intact viral RNA may serve as a surrogate for HIV
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protein, a biomarker for immune activation/inflammation, a harbinger of viral rebound af-
ter ART interruption, or a biomarker for HIV transmissibility. Future studies should apply
the IVRA to address these questions, which may provide insight into studies aimed at HIV
pathogenesis and cure.

MATERIALS AND METHODS

Supernatant HIV RNA standards. Two HIV RNA standards were prepared from viral stocks contain-
ing the supernatant of peripheral blood mononuclear cells (PBMC) infected in vitro with the lab virus
NL4-3. The first standard was prepared as described in a prior study (21, 35), and when this standard was
exhausted, a second standard was prepared from a different stock of NL4-3. Briefly, these supernatants
from infected cells were diluted in phosphate-buffered saline (PBS), exposed to sequential freeze-thaw
cycles (to lyse cells but not virions [36, 37]), incubated with DNase and RNase (to degrade any viral RNA
or DNA not protected in virions), extracted using the Qiagen viral RNA minikit with on-column DNase,
and stored in aliquots at —80°C. The total HIV RNA copies per microliter in each standard were then
measured using the Abbott RealTime HIV-1 assay (average from three replicate aliquots), and freshly
thawed aliquots were serially diluted to obtain expected inputs of 1 to 10* HIV RNA copies.

Assay sensitivity in the presence of background RNA. A combination of the RNA standard and iso-
lated donor CD4" T cell RNA was used to determine the efficiency of each assay in the presence of back-
ground cellular RNA. One hundred copies of the standard along with 0 to 1,000 ng of background RNA
were added to 20-uL ddPCR mixtures and run as described below.

Participant recruitment, sample collection, and processing. Fresh venous blood was obtained
from 9 ART-suppressed HIV-infected individuals enrolled in the University of California, San Francisco
(UCSF) Scope/Options cohort. The study procedures were approved by the UCSF institutional review
board (IRB), and all participants provided written informed consent. PBMC were isolated using Ficoll as
previously described (21). CD4" T cells were isolated from PBMC using the EasySep human CD4" T cell
isolation kit (Stemcell Technologies), counted, aliquoted into replicates (7 replicates of 300,000 CD4" T
cells for participant 2761; 4 to 12 replicates of 1,000,000 CD4™" T cells for other individuals), and stored at
—80°C.

Isolation of DNA and RNA from CD4™" T cells. Total cellular DNA and RNA were isolated in parallel
from each replicate of CD4" T cells using the Qiagen AllPrep DNA/RNA/microRNA (miRNA) universal kit
protocol, modified per the manufacturer’s protocol to include a DNase | treatment of the RNA and recov-
ery of short RNA transcripts. DNA and RNA concentrations and quality were measured using the
NanoDrop One (Thermo Scientific) UV-visible (UV-Vis) spectrophotometer.

HIV DNA region quantification. The number of copies of the U3-U5 long terminal repeat (LTR) (U3-
U5), R-U5-pre-Gag (5’ LTR or long LTR), Pol, and Nef HIV DNA regions was measured in duplicate ddPCR mix-
tures (each containing up to 530 ng of DNA) as described previously (21). The intact proviral DNA assay
(IPDA; duplex ddPCR for the Psi and RRE regions [18]) was performed as described previously (29) with 2 to
10 cell aliquots (maximum input of 530 ng/well) to measure levels of total Psi, total RRE, Psi* RRE™, Psi~
RRE*, and Psi* RRE™ HIV DNA. HIV DNA copies were normalized to cell equivalents using the mass of DNA
added to each well (from sample volume and nanograms per microliter as measured by Nanodrop).

Intact viral RNA assay (IVRA). Mixes were prepared for replicate 20-uL one-step droplet digital
reverse transcriptase PCR (dd-RT-PCR) mixtures. Each 20-uL reaction mixture included 5 uL of the Bio-
Rad 4x Advanced One-Step RT-ddPCR Supermix, 2 ulL of reverse transcriptase (RT), 1 uL of 300 mM di-
thiothreitol (DTT), 1 uL of 20x primers/probe mix for the Psi (final 1x = 900 nM [each] Psi primer and
250 nM FAM-labeled Psi probe), and 1 uL of 20x Env primer/probe mix (final 1x = 900 nM [each] RRE
primer, 250 nM VIC-labeled RRE wild-type probe, and 250 nM unlabeled hypermutated RRE probe), and
up to 10,000 copies of the supernatant HIV RNA standards (with or without RNA from donor CD4* T
cells) or 300 ng of total cellular RNA from people living with HIV (PWH). Primer and probe sequences are
as described previously for the IPDA, and all probes were prepared with MGB. For each experiment, RNA
from one cell aliquot was tested without reverse transcriptase to detect any contaminating HIV DNA.
The reaction mixtures were encapsulated in oil droplets (Bio-Rad droplet generator) and subjected to
RT-PCR in a Mastercycler nexus (Eppendorf, Hamburg, Germany) thermocycler using the following con-
ditions: 60 min at 50°C, 10 min at 95°C, 40 cycles of 30 s at 95°C and 59°C for 60 s, and a final droplet
cure step of 10 min at 98°C. Droplets were read and analyzed using the Bio-Rad QX100 or QX200 system
and QuantaSoft software in the absolute quantification mode. A minimum of 11,000 droplets was
required for wells to be analyzed. For clinical samples, the HIV RNA levels from each cell aliquot (merged
data from all replicate dd-RT-PCR wells from that aliquot) were normalized to cell equivalents using the
mass of RNA added to each well (from sample volume and nanograms per microliter as measured by
Nanodrop) and the observation that 1 g RNA corresponds to approximately 10° cells (38). HIV RNA lev-
els from all cell aliquots were then averaged to calculate the copies/10° cells.

Statistical analysis. For HIV RNA standards, slopes and R? values were calculated by linear regression
analysis. Pairwise comparisons between different types of HIV DNA, RNA, or RNA/DNA were performed using
the Wilcoxon signed-rank test. Correlations between the levels of various HIV DNA and RNA regions were per-
formed using Spearman correlations. These statistics were calculated using GraphPad Prism v9.0. The fre-
quencies of CD4* T cells containing each HIV RNA transcript were calculated using the number of replicates
that did and did not contain each type of HIV RNA and the total number of cells per replicate using the
method of extreme limiting dilution analysis (27).
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