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Abstract

The relationships between HIV-1 DNA copy number, proviral transcriptional activity, and residual
plasma viremia in individuals off and on ART are not well defined. To address this, we performed
a cross-sectional study of 12 viremic donors and 23 ART-treated virologically suppressed (plasma
HIV-1 RNA<20 copies/mL) donors. We report a strong association between HIV-1 DNA copy
number and HIV-1 transcriptional activity in blood that persists on suppressive ART, but not
between transcriptional activity and the levels of persistent viremia on ART. The latter finding
contrasts with that in viremic donors and suggests that most HIV transcription in donors on
suppressive ART does not result in virion production. This uncoupling of proviral transcription
and viremia warrants closer investigation.
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Introduction

Although HIV-1 replication is suppressed during combination antiretroviral therapy (ART),
replication-competent HIV-1 proviruses persist in latently-infected CD4* T-cells (CD4), and
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their remarkably long half-life of 44 months prevents a “sterilizing” cure from ART alone
(Finzi et al., 1997; Siliciano et al., 2003). In addition, various forms of cell-associated (CA)
HIV-1 RNA continue to be synthesized during ART (Chun et al., 2003; Fischer et al., 2000;
Lassen et al., 2004), and ultrasensitive PCR assays can detect HIV-1 virions in the plasma
(Maldarelli et al., 2007; Palmer et al., 2008), indicating that HIV-1 proviral transcription and
small amounts of virion production persist on ART.

With the growing interest in controlling or eliminating HIV-1 reservoirs, plasma HIV-1
RNA, along with total HIV-1 DNA and unspliced RNA, have been used as virologic markers
of HIV-1 persistence to assess the therapeutic effect of new pharmacological and
immunological approaches to achieve a functional cure of HIV-1 (Archin et al., 2014;
Elliotet al., 2014; Rasmussen et al., 2014). Molecular markers offer reliable and inexpensive
ways to monitor changes in the number and transcriptional activity of HIV-1-infected cells.
This approach is potentially valuable because the gold standard of measuring the HIV-1
latent reservoir — the quantitative viral outgrowth assay (QVOA) — is expensive and time
consuming, and other approaches to improving or replacing QVOA still require ex vivo cell
culture (Laird et al., 2013; Procopio et al., 2015). Molecular markers of HIV-1 have also
been evaluated extensively, and a number of observational studies have characterized the
dynamics of their decay as a result of ART (Besson et al., 2014; Furtado et al., 1999;
Koelsch et al., 2008; Palmer et al., 2008). Although some researchers have questioned the
value of molecular markers because they do not correlate with the latent reservoir measured
by QVOA (Eriksson et al., 2013), others have suggested that HIV-1 DNA and RNA could
provide important information on the time to virological relapse after the interruption of
ART (Li et al., 2016; Pasternak et al., 2009; Sneller et al., 2017; Williams et al., 2014).

HIV-1 DNA, unspliced RNA and plasma viral RNA represent three distinct stages in the
lifecycle of HIV-1 replication, i.e., infection of CD4" T-cells, transcription of proviruses and
production of virions, respectively. It is therefore not surprising that these molecular markers
are correlated during untreated viremia (Furtado et al., 1999). However, it is still unclear
how suppressive ART alters these correlations. To explore their relationships on ART, we
conducted a cross-sectional study of molecular markers in virologically suppressed donors
on stable ART and compared them to viremic donors off ART. Although previous studies
have explored associations between HIV-1 DNA and CA HIV-1 RNA (Malatinkova et al.,
2015; Procopio et al., 2015), HIVV-1 DNA and plasma viremia (Chun et al., 2011; Mexas et
al., 2012), or CA HIV-1 RNA and plasma viremia (Procopio et al., 2015), the current study
examines each of these correlations within the same set of samples; and importantly,
compares viremic patients to those suppressed on ART.

Materials and Methods

Clinical specimens

The study was approved by the University of Pittsburgh Institutional Review Board. Study
participants were recruited from the University of Pittsburgh AIDS Center for Treatment and
provided written informed consent. Two groups of participants were enrolled: (1) viremic
donors with plasma HIV-1 RNA >1,000 copies/ml (Roche COBAS AmpliPrep/COBAS
TagMan, v2.0) who were not currently receiving ART (some participants had a history of
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ART exposure); and (2) virologically suppressed donors who had been on stable suppressive
ART for at least 6 months with plasma HIV-1 RNA <20 copies/ml (Roche). In a subset of
donors, samples were collected at two timepoints (5 of 12 viremic donors and 19 of 23
virologically suppressed donors).

Sample specimens were collected through either large-volume phlebotomy (100 —180 ml) or
leukapheresis, and then processed to peripheral blood mononuclear cells (PBMC) by Ficoll-
Paque density gradient centrifugation (Sigma-Aldrich, USA) within 4 hours of collection.
The cells were cryopreserved in 5 -10 million aliquots and stored in liquid nitrogen before
analysis. Plasma was harvested from whole blood by double centrifugation (400 g x 10 min,
followed by 1,350 g x 15 min) and stored at —80°C before analysis.

Isolation and quantification of HIV-1 DNA and unspliced HIV-1 RNA

Total HIV-1 DNA and unspliced HIV-1 RNA levels in PBMC were quantified as reported
(Hong et al., 2016b). Briefly, total nucleic acid (TNA) was isolated from 2.5 million PBMCs
using Proteinase K/Guanidinium HCI/Guanidinium Thiocyanate lysis and isopropanol
precipitation. TNA was split and one half used for HIV-1 DNA quantitation in triplicate by
gPCR and one half treated with Dnase and then used for CA-HIV-1 RNA quantitation in
triplicate by RT-qPCR. The target for both assays is the 3’ end of pol. The limit of detection
for both HIV-1 DNA and RNA was one copy per reaction, as determined by limiting dilution
analysis of DNA and RNA standards. Nucleic acid input of 700 (DNA) or 300 (RNA) ng
was used for each gPCR (DNA) or RT followed by gPCR (RNA) reaction. The number of
cell equivalents was estimated by gPCR targeting CCR5 according to a published protocol
(Malnati et al., 2008), and was used to normalize HIV-1 DNA and unspliced RNA per
million cells. The results were further normalized, as appropriate, by the percentage of CD4*
T-cells, i.e., HIV-1 DNA copies/million CD4" T-cells was calculated by dividing HIV-1
DNA copies/million cells by CD4* T-cell percent. For those donors from which samples
were obtained at two timepoints (as above), the mean values from duplicate assays are
reported.

Quantification of plasma HIV-1 RNA

Plasma HIV-1 RNA was quantified with single copy sensitivity (single copy assay; SCA)
using qRT-PCR targeting a highly conserved region in po/ (Cillo et al., 2014). The limit of
detection for HIV-1 RNA was one copy per reaction as determined by limiting dilution
analysis of HIV-1 transcripts. For those donors from which samples were obtained at two
timepoints (as above), the mean values from duplicate assays are reported.

Flow cytometric analysis

CD4™* T-cell percentage in PBMC was determined by flow cytometry either by clinical assay
or in-house. Briefly, cells were fixed using BD Cytofix buffer and analyzed for surface
expression of T-cell markers using CD3-V450, CD4-APC-H7 and CD8-PE using an LSRII
cytometer with FACSDiva software (BD Biosciences). All antibodies were obtained from
BD Biosciences.
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Statistical analysis

Results

Plasma HIV-1 RNA (SCA) levels below the detection threshold were analyzed as half of the
corresponding limit of detection. HIV-1 DNA and CA HIV-1 RNA levels per million CD4*
T-cells were calculated as HIV-1 DNA and CA HIV-1 RNA copies/10% PBMCs,
respectively, and where appropriate were divided by the corresponding fraction of CD4* T-
cells in PBMC (which was determined by flow cytometry, as described above, or by clinical
assay). Correlations between CA HIV-1 RNA, HIV-1 DNA, CA HIV-1 RNA/DNA ratio and
SCA level were assessed using Spearman rank-based correlation coefficients.

Thirty-five donors were studied, including 12 viremic and 23 virologically suppressed
individuals on ART. Table 1 displays baseline characteristics including age, sex, CD4* T-cell
count and plasma HIV-1 RNA from before ART. At the time of the initial sample collection,
the median CD4"* T-cell count was 240 cells/mm3 (range: 17; 1,053) for the viremic group
and 642 cells/mm?3 (range: 386; 1,667) for the virologically suppressed group after a median
of 5.7 years of suppressive ART. Median CD4+T-cell nadir before ART was 227 cells/mm?3
(range: 23, 578) in the virologically suppressed group.

Figure 1 and Supplemental Table 1 summarize the HIV-1 DNA and CA HIV-1 RNA in
PBMC and plasma HIV-1 RNA in the viremic and virologically suppressed groups. The
median plasma HIV-1 RNA level in the viremic group was 9,189 copies/ml (range: 206;
474,211), ~10,000-fold higher than in the virologically suppressed group (median 0.7
copies/ml; range: 0.2; 13.4; 5 of 23 below limit of detection). The median HIV-1 DNA for
the viremic and virologically suppressed groups was 557 (range: 43; 4,680) and 357 (range:
47; 1,005) copies/108 PBMCs, respectively, and the median CA HIV-1 RNA for the two
groups was 305 (range: 30; 19,172) and 45 (range: 2; 471) copies/108 PBMCs, respectively.
The sixfold lower CA HIV-1 RNA levels in donors on ART is small compared with the > 4
logqq difference in plasma viremia between the two groups, revealing a major dissociation
between HIV-1 transcription and viremia on ART.

A strong, positive correlation was found between HIV-1 DNA and CA HIV-1 RNA in both
the viremic (rho = 0.86, p < 0.001, Figure 2A) and virologically suppressed groups (rho =
0.76, p < 0.001, Figure 3A), indicating that the levels of proviral transcription in HIV-1-
infected individuals is proportional to the number of cells containing HIV-1 DNA.
Normalizing HIV-1 DNA copies per million CD4* T-cells did not alter the correlations, and
may have strengthened them (viremic: rho = 0.87, p < 0.001, Figure S1A; suppressed: rho =
0.85, p < 0.001, Figure S2A).

Recent studies have reported that HIV-1 DNA and CA HIV-1 RNA reach a steady state after
4 years of suppressive ART (Besson et al., 2014; Gandhi RT et al., 2016). We therefore
repeated the analysis on individuals who had been receiving ART for more than 4 years.
Despite the small sample size, HIVV-1 DNA and CA HIV-1 RNA remained strongly
correlated in PBMC (rho = 0.78, p = 0.003, n = 11) and when corrected for CD4* T-cells
(rho = 0.89, p < 0.001, n = 10), which indicates that even among individuals on long-term
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effective ART, there is a strong proportional relationship between the number of HIV-
infected cells and the levels of unspliced HIV-1 RNA.

Among the viremic group, there was a strong correlation between the levels of plasma
HIV-1 RNA and HIV-1 DNA in PBMC (rho = 0.67, p = 0.017, Figure 2B) and when
corrected for CD4* T-cells (rho = 0.71, p = 0.009, Figure S1B), indicating that the
production of HIV-1 virions is directly proportional to the number of HIV-infected cells.
Surprisingly, this correlation persisted, albeit less strongly, after virologically suppressive
ART (PBMC: rho = 0.43, p = 0.04, Figure 3B; corrected for CD4* T-cells: rho = 0.52, p =
0.012, Figure S2B). Positive correlations were also found in the viremic group between the
levels of plasma HIV-1 RNA and CA HIV-1 RNA, both in PBMC (rho = 0.60, p = 0.039,
Figure 2C) and when corrected for CD4* T-cells (rho = 0.85, p < 0.001, Figure S1C). This
finding is consistent with previous reports (Furtado et al., 1999), and indicates that the level
of transcription of HIV-1 proviruses is associated with the production of virions during
uncontrolled viremia. By contrast, after ART suppression, the correlation between plasma
and CA HIV-1 RNA is no longer evident (PBMC: rho = 0.21, p = 0.35, Figure 3C; corrected
for CD4* T-cells: rho = 0.30, p = 0.18, Figure S2C), suggesting that most of the HIV-1
transcription in the virologically suppressed group does not lead to virus production or
viremia. When data were stratified by time on ART (<4 yrs, n=11 or >4 yrs, n=9) a non-
significant trend toward a direct correlation was noted in those on ART <4 years (PBMC:
rho = 0.57, p = 0.12, Figure S3A), but not in those on ART >4 yrs (PBMC: rho = 0.10, p =
0.78, Figure S3B). The reason for the dissociation between CA HIV-1 RNA and persistent
viremia with longer-term ART is unknown, but may be related to the progressive clearance
of virus producing cells and not those cells that are transcriptionally active without
producing viral proteins or virions. With regard to clearance of virus producing cells on
ART, longitudinal studies have shown decay of persistent viremia with long-term
suppression on ART (Maldarelli et al., 2007; Riddler et al., 2016). No association was found
between the CA HIV-1 RNA/DNA ratio and plasma HIV-1 RNA in either the viremic (rho =
0.33, p = 0.30) or virologically suppressed groups (rho = —0.06, p = 0.8).

Conclusions

This study explored quantitative relationships between the number of HIV-infected cells,
HIV-1 transcription, and viremia in both viremic and virologically suppressed donors on
ART using identical primer and probe sets to quantify total HI\V-1 DNA, unspliced CA
HIV-1 RNA and viral genomes in plasma, respectively. We found a strong positive
correlation between total HIV-1 DNA and unspliced HIV-1 RNA in both groups, indicating
proportionality between the number of infected cells and transcriptional activity,
independent of ART. Our finding that there is a positive association between HIV-1 DNA
and HIV-1 RNA regardless of ART status is somewhat unexpected, given that others have
found that most proviruses persisting on ART are defective and thus incapable of infectious
virus production (Eriksson et al., 2013; Fourati et al., 2012; Ho et al., 2013). The fraction of
proviruses that are intact (i.e., can produce replication-competent virus) is small (<5%) and
varies greatly from donor to donor, which has led to the assumption that total HIV-1 DNA is
not a useful measure (Bruner et al., 2016; Ho et al., 2013). The inability to produce
infectious virions, however, may not preclude proviral transcription; along these lines, recent
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reports indicate that defective or hyper-mutated proviruses can transcribe HIV-1 RNA
(Thomas et al., 2016).

Compared with viremic donors, levels of HIV-1 DNA were less than twofold lower in
virologically suppressed donors, and levels of unspliced CA HIV-1 RNA were
approximately sixfold lower, which was surprising given the ~10,000-fold lower level of
viremia. This finding suggested that the levels of HIV-1 transcription in donors with stable
virologic suppression on ART are not related to viremia, and that most HIV-1 transcription is
non-productive for virions. Indeed, we found no correlation between CA HIV-1 RNA levels
and persistent viremia on ART. By contrast, CA HIV-1 RNA was directly and strongly
correlated with the level of viremia in donors not receiving ART.

The lack of correlation between plasma HIV-1 RNA and unspliced CA HIV-1 RNA after
virological suppression may be related, in part, to the progressive loss of productively-
infected, virus producing cells after the initiation of ART, which is manifested by large
declines (~85%) of HIV-1 DNA and the rapid decline of HIV-1 viremia (99.999%) (Besson
et al., 2014). The infected cells that persist on ART are thus either transcriptionally silent
(i.e., latent) or remain transcriptionally active but produce few virions or no virions. It
appears then that following virologic suppression on ART, CA HIV-1 RNA largely becomes
a measure of non-productive proviral transcription. Quantitative PCR-based assays targeting
a specific CA HIV-1 RNA sequence can amplify a number of viral RNA forms containing
the target sequences. The bulk of these viral RNA forms are likely transcriptional products
of defective HIV-1 proviruses, given that >95% of proviruses in participants on ART are
defective as a consequence of large deletions, point insertions or deletions, and G-to-A
hypermutation. As noted above, recent findings indicate that defective proviruses can be
expressed, and that transcripts containing some intact open reading frames have the potential
to be translated, although virion production is improbable (Imamichi et al., 2016). Another
source of defective CA HIV-1 RNA may be chimeric readthrough transcripts that are
initiated at host promoters (Bullen et al., 2014), although their contribution is likely minor
among virologically suppressed participants (Pasternak et al., 2015). A number of studies
have also suggested that HIV-1 latency could be maintained by post-transcriptional blocks
even when HIV-1 mRNAs are produced from integrated proviruses, such as by nuclear
retention of multiply spliced HIV-1 mRNAs (Lassen et al., 2006) or by cellular mRNAs
inhibiting HIV-1 expression (Huang et al., 2007). Indeed, a recent study by Yukl, et al.
reported that most transcription products from proviruses in suppressed patients contain a
variety of short and elongated but unprocessed RNA species, suggesting that incomplete
transcripts result from both blocks in transcript elongation and post-elongation processing
(polyadenylation and multiple splicing). Along these lines, because our gPCR assay targets
the 3’end of pol transcripts it should not detect most short transcripts resulting from
elongation blocks. By contrast, our assay should detect the substantial fraction of RNA
transcripts that face post-elongation blocks, which could contribute to the lack of correlation
between transcriptional activity (CA-HIV RNA) and virion production (plasma HIV-1 RNA
by SCA) (Yukl et al., 2018).

It is important to point out that our results seem to contrast the finding that CA-RNA
correlates with plasma viremia in suppressed patients by Kiselinova et al. (Kiselinova et al.,
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2016). However, in that study, residual viremia in suppressed patients was correlated with
CA-RNA only at the baseline measurement, whereas the correlation diminished in
subsequent measurements. This finding is very similar to the results of our analyses
stratified by time on ART.

It has recently been shown that HIV-infected cells can undergo clonal expansion; a
substantial fraction of HIV transcripts can be found in these clonally expanded cells, and
transcriptionally active clones can persist over time (Wiegand et al., 2017). In some
instances, the sequences of transcripts in clonally expanded cells match the rebound virus
after the cessation of ART, indicating that transcriptionally active infected cell clones may
have intact proviruses (Kearney et al., 2015). However, such cells are expected to be
infrequent, because most proviruses are defective. Indeed, most of the transcripts in clonally
expanded cells do not match an infectious virus that can be recovered from the same cell
population (Hong F et al., 2016a; Kearney et al., 2015). The relative proportion of defective
vs. intact proviruses that is transcriptionally active is not known; this is the topic of ongoing
investigations. New methods are required to address this question: the CA HIV-1 RNA assay
used in the current study and in most other studies of CA HIV-1 RNA (Hong F et al., 201643;
Kearney et al., 2015; Li et al., 2016; Thomas et al., 2016) measures HIV-1 transcription in
infected cell populations, but cannot determine the fraction of HIV-1-infected cells that is
actively transcribing HIV-1 mRNA. Assays that can assess transcription in single infected
cells are thus required and have recently been reported (Wiegand et al., 2017).

The apparent disassociation between plasma HIV-1 RNA and unspliced CA HIV-1 RNA in
suppressed patients calls into question the utility of using CA HIV-1 RNA as an endpoint in
clinical trials that aim to evaluate the efficacy of latency-reversing agents on HIV-1
persistence. While helpful in monitoring the disturbance of proviral transcription, our data
indicate that even a large increase in CA HIV-1 RNA may have uncertain significance
without a concomitant and measurable increase in plasma HIV-1 RNA. Indeed, several
studies of histone deacetylase inhibitors have reported increased CA HIV-1 RNA levels
without statistically significant changes in either HIV-1 DNA or plasma HIV-1 RNA (Archin
et al., 2014; Elliott et al., 2014), which highlights the importance of using a combination of
assays to measure latency reversal.

A recent study showed that HIV-1 DNA was predictive of disease progression as well as
plasma viral rebound after ART cessation in participants with primary HIV-1 infection
(Williams et al., 2014), suggesting that HIV-1 DNA is a clinically relevant biomarker.
Interestingly, other studies have also suggested that unspliced CA HIV-1 RNA is an
important biomarker of therapy outcomes among patients with undetectable plasma HIV-1
RNA (Pasternak et al., 2009) and of virological rebound after treatment cessation (Li et al.,
2016). These associations between HIV-1 DNA and RNA and time to viral rebound after
ART interruption may appear to contradict our data and others indicating that most HIV-1
DNA is defective and that CA HIV-1 RNA is not associated with viremia on ART. However,
a small fraction of proviruses is intact and may be transcriptionally active, leading to
rebound viremia. The likelihood that such intact, transcriptionally active proviruses are
present may be proportional to the total number of infected cells and the total number of
HIV-1 transcripts, both of which are strongly correlated. Such proportionality between total
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and intact proviruses and total and intact transcripts could explain the reported associations
between HIV-1 DNA and RNA and time to viral rebound after stopping ART. Importantly,
compartments other than blood may contribute to residual and/or rebound plasma viremia,
and inclusion of data from these compartments could provide further insight.

In summary, we describe a strong and positive correlation between HIV-1-infected cells and
the level of HIV-1 proviral transcription. We show that this relationship cannot be extended
to residual viremia in individuals on long-term suppressive ART, especially the link between
plasma viral RNA and unspliced CA HIV-1 RNA. The later finding is consistent with that
reported in a different study in virologically suppressed donors (Gandhi et al., 2017).
Additional studies are needed to better define the role of HIV-1 DNA and RNA as
biomarkers of response to experimental interventions. Our findings highlight the importance
of developing new assays that can differentiate HIV-1 DNA and CA HIV-1 RNA derived
from intact vs. defective proviruses for the study of HIV-1 persistence and the evaluation of
agents aimed at reducing HIV-1 reservoirs.

Supplementary Material
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Fig. 1. Summary of results for HIV-1 DNA and RNA in PBMCs and HIV-1 RNA in plasma
Long horizontal lines indicate median values; short horizontal lines denote first- and third-

quartile values. Each symbol within a group represents results from a single donor. CA
HIV-1 RNA and plasma HIV-1 RNA levels below the detection threshold are represented as
one-half of the corresponding limit of detection. HIV-1 DNA (copies/10® PBMCs); CA
(cell-associated) HIV-1 RNA (copies/108 PBMCs); Plasma HIV-1 RNA as determined by
single-copy assay (copies/ml). Y axis scale is logy.
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Fig. 2. Correlations between levels of HIV-1 DNA or RNA in PBMC and plasma HIV-1 RNA
among viremic donors

(A) Correlation between HIV-1 DNA and CA HIV-1 RNA. (B) Correlation between HIV-1
DNA and plasma HIV-1 RNA. (C) Correlation between CA HIV-1 RNA and plasma HIV-1
RNA. Each symbol within the panels represents data from a unique donor (n=12). Axis
scales are logg.
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Fig. 3. Correlations between levels of HIVV-1 DNA or RNA in PBMC and plasma HIV-1 RNA
among virologically suppressed donors

(A) Correlation between HIV-1 DNA and CA HIV-1 RNA. Axis scales are 1og10. (B)
Correlation between HIV-1 DNA and plasma HIV-1 RNA. Axis scales are log2. (C)
Correlation between CA HIV-1 RNA and plasma HIV-1 RNA. Axis scales are log2. Each
symbol within a panel represents data from a unique donor (n=23).
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Table 1
Baseline characteristics
GROUP
Total Viremic Suppressed
N =235 N=12 N =23
Age Min, Max 24, 66 24,58 26, 66
Median (Q1, Q3) 50 (44, 54) 49 (35, 53) 51 (45, 57)
Sex M 28 (80%) 11 (92%) 17 (74%)
F 7 (20%) 1 (8%) 6 (26%)
Race African American 22 (63%) 10 (83%) 12 (52%)
Caucasian 12 (34%) 1(8%) 11 (48%)
Hispanic 1 (3%) 1(8%) 0 (0%)
Nadir CD4 cell count (cells/mm3) * N 21
Min, Max 23,578
Median (Q1, Q3) 227 (89, 314)
ART Duration at time of screening (years) <4 9 (39%)
>4 11 (48%)
missing 3(13%)
Pre-ART HIV-1 RNA level (log10 (copies/mL) N 20
Min, Max 3.7,6.7
Median (Q1, Q3) 5.0 (4.3,5.1)
Pre-ART HIV-1 RNA level (copies/mL) ™ < 10K 2(9%)
10K — 100K 11 (48%)
> 100K 7 (30%)
missing 3 (13%)
Screening CD4 cell count (cells/mm?®) N 35 12 23
Min, Max 17, 1,667 17,1,053 386, 1,667
Median (Q1, Q3) 628 (392, 835) 240 (102, 810) 642 (486, 835)
Screening CD4 cell count (%) N 33 11 22
Min, Max 3,55 3,45 24,55
Median (Q1, Q3) 32 (25, 40) 17 (8, 31) 35 (30, 43)

*
Data not available for the Viremic group
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