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ABSTRACT Low level HIV transcription during modern antiretroviral therapy (ART) in
persons with HIV is linked to residual inflammation and associated diseases, like cardiovas-
cular disease and cancer. The “block and lock” approach to hold HIV in a state of deep
latency may help decrease residual inflammation in a person with HIV on ART and thus
improve health. A camptothecin analog topotecan (TPT) was previously implicated as an
inhibitor of active HIV replication. Using an in vitro primary T cell model of HIV latency,
we demonstrated that (i) TPT reduces HIV transcriptional activity in latently infected cells;
(i) downregulation of HIV RNA by TPT cannot be reversed by latency reversing agents;
(iii) several primary and secondary mechanism of action of TPT may be involved in control
of HIV replication; (iv) regulation of HIV RNA by TPT is dependent on splicing complexity;
(v) increase in proportion of unspliced HIV transcripts was facilitated by intron retention
and upregulation of splicing factors, specifically SRSF6, by TPT. Although high TPT dosing
(10 uM) was needed to achieve the observed effects, viability of primary CD4* T cells
was not greatly affected. Because toxicity can be observed with TPT in persons with can-
cer, TPT is unlikely to be used as an anti-HIV agent in clinic, but our study provides proof
that camptothetin has “block and lock” activity. Other camptothetin analogs, which are
less toxic than TPT, should be designed and tested as HIV “block and lock” agents.

IMPORTANCE HIV survives in a state of very low activity, called latency, for long periods
in persons with HIV on antiretroviral therapy. This low activity of HIV is linked to residual
inflammation and associated diseases, such as heart disease and cancer. New strategies
are being explored to further silence the HIV provirus and suppress residual inflamma-
tion. This study provides strong evidence that the camptothetin analog, Topotecan,
can reduce residual activity of HIV in an experimental model of HIV latency. While
Topotecan itself is likely not suitable for use in the clinic due to its toxicity, other camp-
tothetin analogs should be designed and investigated as “block and lock” agents.

KEYWORDS HIV latency, Topotecan, block and lock, transcription, RNA splicing, intron
retention, SRSF6

odern antiretroviral therapy (ART) can successfully suppress the spread of HIV
within a person, but the latent reservoir still persists in the form of integrated
provirus (1). Cells containing latent provirus have basal transcriptional activity, causing
residual HIV replication. This HIV replication during ART has been linked to systemic
immune activation and inflammation (2-4). Increased inflammation promotes both the
clonal expansion of infected T cells, thus maintaining the HIV reservoir (4), and several
non-AIDS comorbidities, such as cardiovascular disease and cancer (5).
Multiple approaches to curing HIV have been proposed and attempted. One approach,
commonly known as “shock and kill,” is based on proviral reactivation in the presence of
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ART, followed by elimination of infected cells by viral cytotoxicity or the immune system
(6). This approach often uses latency reversing agents (LRAs) to disrupt the latent state of
the provirus to initiate viral production, followed by immune clearance of infected cells.
Unfortunately, this strategy has had limited success (7).

Another approach is “block and lock,” where HIV activation is blocked and the pro-
virus is locked in a nonreplicative state (8). Although the “block and lock” approach
would not eliminate the provirus, it has some advantages. First, it does not rely on the
person’s immune system for HIV clearance after a “shock” treatment with an LRA.
Second, the “block and lock” approach would not generate inflammatory responses
like a “shock” treatment that could be detrimental in organs such as the brain (9).
Third, “block and lock” is likely less invasive than gene therapy, chimeric antigen recep-
tor T-cell therapy, and allogeneic stem cell transplantation cure strategies. Additionally,
because HIV transcription is not completely suppressed with current ART regimens, a
“block and lock” strategy that is adjunctive to ART may be useful by reducing residual
inflammation and associated diseases, which is a major health issue for persons with
HIV on modern ART (5).

Topotecan (TPT) is a semisynthetic drug derived from camptothecin that blocks the
S-phase of cell cycle by inhibiting Topoisomerase | (10). It has been widely studied and
is used clinically as a small molecule inhibitor for ovarian and small cell lung cancers
(10). In the field of HIV research, early studies demonstrated that TPT slows the spread
of infection by inhibiting HIV replication (11). This was independent of its ability to in-
hibit Topoisomerase | (12). More recently, the antiviral mechanism of action of a camp-
tothecin analog (parent compound of TPT) was demonstrated to be through inhibition
of HIV accessory protein, Vif (13). TPT was abandoned as an antiviral because of the
much clearer utility of direct antiviral agents in the early 1990s. However, TPT may now
be useful in the era of modern ART, as a “block and lock” strategy for HIV cure efforts and
for blocking low-level HIV transcription that causes local inflammation and damage.

In this study, we investigated the antiviral effects of TPT using an in vitro primary T
cell model of HIV latency (14-17). We demonstrated that TPT greatly decreases basal
transcription in cells latently infected with HIV, even after treatment with several
potent LRAs. Analysis of transcriptome remodeling by TPT using RNA-Seq indicated
both direct effects of TPT on transcription, as well as indirect effects on HIV replication
via modulation of cell signaling pathways. Moreover, we found that reduction of HIV
RNA expression mediated by TPT was dependent on splicing complexity. We further
determined that TPT may have several effects on splicing, including enhancement of
intron retention and upregulation of splicing factors that favor generation of unspliced
HIV RNAs. Our findings support the need for further studies of the camptothecin class
of compounds for the “block and lock” approach of HIV latency.

RESULTS

Topotecan inhibits transcription in an in vitro primary CD4+ T cell model of HIV
latency. Previous studies by Zhang et al. found antiviral effects of TPT using primary
cells with acute HIV infection (12). To investigate the antiviral effects of TPT on latent
HIV infection, we used an in vitro primary T cell model of latency (14-17). In this model,
latent infection is established in primary CD4* T cells in coculture with autologous acti-
vated, productively infected cells via cell-to-cell virus spread (17). Following latency
establishment in this model, there is essentially no production of p24, but there are
measurable low levels of HIV RNA (15, 17). Cells derived from this model were treated
for 24 h with a broad dose range of TPT (1 nM, 10 nM, 100 nM, 1T M, and 10 wM) in six
replicate experiments. HIV GAG RNA and multiply spliced (MS) transcripts were signifi-
cantly downregulated by both 1 nM and 10 uM concentrations of TPT, compared to
the solvent control, dimethyl sulfoxide (DMSO). The reduction in HIV RNA expression
was most consistent across six replicates using the 10 M concentration of TPT (GAG,
25% = 10%, MS, 4% = 2%, P < 0.001), while reduction of HIV RNA expression with 1
nM TPT showed more variability (GAG, 53% = 21% P < 0.001; MS, 59 = 37, P = 0.03)
(Fig. 1A). Overall, cell viability was only modestly decreased with increased concentrations
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FIG 1 Downregulation of HIV RNA by TPT. (A) Unspliced (GAG) and multiply spliced (MS) transcripts
were quantified by ddPCR, normalized to housekeeping gene RPL27, and presented as percent
expression compared to DMSO control (0 nM TPT). (B) Viability was quantified using Aqua Live/Dead
staining and cells from 3 donors. (C) RNA yields per cell (pg per cell) were determined by multiplying
RNA concentration (quantified using Qubit) by extraction volume and divided by the number of
collected cells. In A and C, the entire range of TPT concentrations was used for four out of six
replicate experiments. In two experiments, 10 nM and 1,000 nM were omitted due to cell number
constraints. In all graphs, mean and standard deviation are shown for three to six replicate
experiments with CD4" T cells obtained from different blood donors, individual data points are
shown. Error bars represent standard deviation. Asterisks indicate significant difference compared to
DMSO controls (0 nM TPT); *, P < 0.05; ***, P < 0.001.

of TPT (88% viability with DMSO, 85% at 1 nM and 100 nM TPT, and 82% at 10 uM TPT)

(Fig. 1B).

Topotecan perturbs transcriptional processes and signaling pathways. To test
whether the observed decrease in HIV transcription represented specific TPT effect on
HIV versus inhibition of transcription globally, total RNA yields were first compared
between the treated and untreated conditions. Here, we found that overall RNA yields

were not dependent on TPT dosing (Fig. 1C).

Because overall RNA yields were similar, we hypothesized that TPT had differential
impact on the host transcriptome. To investigate this hypothesis, we conducted RNA-
Seq using the in vitro model of HIV latency set up with cells obtained from three differ-
ent blood donors. Cells were treated with solvent control DMSO versus 10 uM TPT.
Differential gene expression analysis identified 522 genes that were upregulated by
TPT, while 1,227 genes were downregulated (Table S1). To determine which biological
processes and pathways were affected by TPT, gene ontology (GO) terms and pathway
enrichment analysis was conducted using the Database for Annotation, Visualization
and Integrated Discovery (DAVID) v2022q3 (18) (Tables S2 and S3). Consistent with its
known Topoisomerase | inhibition activity, treatment with TPT induced DNA damage
responses, evident from pathways DNA Damage/Telomere Stress Induced Senescence
and G2/M DNA damage checkpoint being enriched for differentially expressed genes
(Table S2). We also found that TPT modulated transcriptional processes, including upreg-
ulation of histone genes and downregulation of multiple genes that encode proteins
involved in regulation of transcription (Tables S2 and S3 and Fig. 2). Several signaling
pathways, including T cell receptor signaling, positive regulation of JNK cascade, regula-
tion of actin cytoskeleton, and positive regulation of GTPase activity were affected by

TPT treatment (Table S2; Fig. 3).

Topotecan affects alternative splicing of HIV RNA. Because MS transcripts were
downregulated to a greater extent compared to unspliced HIV RNA (GAG) (Fig. 1A), we
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FIG 2 Interference of TPT with genes involved in regulation of transcription. RNA-Seq was conducted using
cells from three different blood donors, and differentially expressed genes were identified between samples
treated with 10 uM TPT and DMSO solvent control. A number of pathways and biological processes
involved in regulation of transcription were identified (Tables S2 and S3); upregulation of histone genes and
downregulation of chromatin modifying enzymes in Reactome pathways are shown. Heatmap was
constructed using function heatmap.2 from the library gplots in R. For the heatmap construction, samples
were arranged by group (DMSO followed by TPT); construction of dendrograms was omitted. Gene
expression was scaled by row; scale bar represents scaled gene expression values.

hypothesized that TPT may be affecting alternative splicing. To test this hypothesis, we
performed a dose range study where cells from our primary cell latency model were
treated with 1 uM and 10 uM TPT and then assayed for unspliced (GAG), singly spliced
(ENV) and MS HIV transcripts, representing an increase in splicing complexity. No effect
was observed at the 1 M dosing, but at 10 wM TPT dose splicing complexity (MS tran-
scripts) was clearly inhibited. Specifically, expression of GAG RNA ranged between 17%
and 42% (P < 0.001), ENV RNA between 6 and 36% (P < 0.001), and MS RNA between
2% and 8% (P < 0.001), compared to expression in samples treated with DMSO.

To begin to understand the mechanism by which TPT downregulated different HIV
transcripts, we quantified the change in proportion of each transcript following 1 uM
and 10 uM treatment with TPT. While no changes were seen at 1 wM dose, treatment
with 10 uM TPT resulted in an average increase in unspliced transcripts (GAG) from
48.5% to 61.5% (P < 0.001), while singly spliced (ENV) and MS transcripts decreased on
average from 44.9% to 37.0% (P < 0.001) and from 6.6% to 1.4% (P < 0.001) (Fig. 4).
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FIG 3 Interference of TPT with signaling pathways. RNA-Seq was conducted using cells from three different blood
donors, and differentially expressed genes were identified between samples treated with 10 uM TPT and DMSO
solvent control. Biological process GO terms and a KEGG pathway are presented. Heatmaps were constructed using
function heatmap.2 from the library gplots in R. For the heatmap construction, samples were arranged by group
(DMSO followed by TPT); construction of dendrograms was omitted. Gene expression was scaled by row; scale bars
represent scaled gene expression values.

Because during eukaryotic RNA production splicing occurs simultaneously with native
RNA transcription, the observed synchronous accumulation of GAG and reduction of
spliced RNA species is consistent with dysregulation of alternative splicing pathways.

Mechanisms of dysregulation of alternative splicing pathways by Topotecan.
Based on the evidence that TPT is likely to dysregulate alternative splicing pathways,
we hypothesized two possible mechanisms that may explain the observed preferential
reduction of the MS transcripts: (i) TPT promotes intron retention or (i) TPT affects
expression of host genes that regulate HIV splicing.
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FIG 4 Accumulation of unspliced and reduction in proportion of spliced HIV transcripts following
treatment with TPT. Transcripts of HIV (GAG, ENV, and MS) are presented as percentage of all HIV
transcripts quantified by ddPCR and normalized to housekeeping control RLP27. Following treatment
with 10 uM TPT, proportion of unspliced transcripts increases, while proportion of spliced forms
decreases. This effect is more pronounced for MS compared to singly spliced transcript ENV. Error
bars represent standard deviation. Asterisks indicate significant difference compared to DMSO
controls (0 nM TPT); ***, P < 0.001.

Intron retention is a rare event among vertebrate genes, with only nine cases con-
firmed experimentally (18). In humans, intron retention has been reported for four cases:
(i) serine and arginine rich splicing factor 7 (SRSF7), previously known as 9G8 (19);
(i) TGFB-induced factor homeobox 2 (TGIF2) (20); (iii) thrombopoietin (THPO, previously
known as TPO) (21); and (iv) kallikrein gene family (22). To select a suitable target in our
experiments, expression of human genes with reported intron retention events was eval-
uated in human primary CD4" T cells using our RNA-Seq data. Expression of kallikerins
and THPO was not detected, while TGIF2 was detected and a low level. The only gene
that was expressed at a high level, sufficient for detection by droplet digital PCR (ddPCR),
was SRSF7. In this gene, the intron retention event is in the intron between exons 3 and
4, and there is a possible alternative splice site from exon 3 (19). We, therefore, quantified
the main spliced transcript, the alternatively spliced transcript, and the transcript with
intron retention at this position in uninfected CD4* T cells treated with 1 «M and 10 uM
TPT, compared to DMSO controls. Both spliced transcripts of SRSF7 were downregulated
in TPT-treated samples (expression level relative to DMSO control was 56% * 27%
[P < 0.001] and 44% = 17% [P = 0.64] with 1 uM; 20% = 5% [P < 0.001] and 15% * 17%
[P < 0.001] with 10 uM TPT) (Fig. 5A). The transcript of SRSF7 with intron retention was
modestly upregulated (expression level relative to DMSO control was 130% =+ 33%
[P =0.17] with 1 uM and 130% = 45% [P = 0.19] with 10 uM TPT) (Fig. 5A). This
observation is not consistent with the idea that intron retention caused by TPT is spe-
cific for HIV but rather affects host gene transcripts as well.

Another possible mechanism of action of TPT is the effect on HIV splicing efficiency.
There are 12 canonical splicing factors, SRSF1 through 72, many of which regulate HIV
splicing (reviewed in reference 23). We were interested in testing how TPT affects
SRSF4 and SRSF6 because these factors act to increase the abundance of unspliced HIV
RNA in the cytoplasm (24, 25). Using ddPCR, we found that expression of both of these
splicing factors at the RNA level was elevated in the TPT-treated samples (Fig. 5B).
Expression level relative to DMSO control for SRSF4 was 149% =+ 48% (P = 0.07) with
1 uMand 177% = 100% (P = 0.012) with 10 wM TPT. Expression level relative to DMSO
control for SFRS6 was 199% = 120% (P = 0.025) with 1 M and 253% = 80%
(P < 0.001) with 10 uM TPT (Fig. 5B). In a separate experiment, using cells from three
different donors, expression of SRSF4 and SRSF6 was assessed at the protein level using
immunoblot. After treatment with 1 uM TPT, no differences in expression were
observed, while with 10 uM TPT treatment, expression of protein encoded by SRSF6,
but not SRSF4, was elevated (176% = 74%, P = 0.008) (Fig. 5B). To further link changes
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FIG 5 Mechanisms of splicing regulation by TPT. (A) TPT promotes intron retention. Different SRSF7 isoforms were
quantified by ddPCR, demonstrating modest upregulation of transcripts with intron retention between exons 3 and 4,
and downregulation of spliced transcripts. (B) TPT upregulates splicing factor SRSF6 both at the RNA and protein
levels, and SRSF4 at the RNA level only. Transcripts were quantified by ddPCR (left graph), and protein was quantified
by immunoblot (right graph). In all graphs, mean and standard deviation of percent expression relative to DMSO
solvent control are shown in triplicate experiments with CD4" T cells obtained from different blood donors;
individual data points are shown. Error bars represent standard deviation. Asterisks indicate significant difference
compared to DMSO controls (0 nM TPT); *, P < 0.05; **, P < 0.01; ***, P < 0.001. Raw immunoblot data are presented
on the right. (C) Spearman correlation analysis between expression of SRSF6 (copies per 10A3 molecules of
housekeeping control RPL27) and proportion of GAG transcripts among all HIV transcripts. All available samples
treated with DMSO (N = 3), 1 uM TPT (N = 1) and 10 uM TPT (N = 3) were used for this analysis.

in expression of SRSF6 and HIV splicing, correlation analysis between SRSF6 expression
and proportion of GAG transcripts was conducted. We observed a modest (r = 0.32) in-
significant (P = 0.25) positive correlation between these variables (Fig. 5C), consistent
with the idea that some variance in the proportion of GAG transcripts may be explained
by differences in SRSF6 expression, but more samples may be needed to evaluate this
relationship. We next evaluated expression of all 12 SRSF genes in our RNA-Seq data.
SRSF12 was not detected, and among the 11 detected genes many were modestly up-
regulated (less than 1.5-fold, false discovery rate [FDR]-corrected P < 0.05) (Table 1).
Altogether, these results are consistent with the idea that TPT interferes with HIV splic-
ing via modulating host splicing factors.

“Block and lock” effects of Topotecan are not reversed by latency reversing
agents. To test the effect of TPT on HIV transcription, we used LRAs with a variety of
mechanisms of action: (i) protein kinase C (PKC) agonists bryostatin, phorbol myristate
acetate (PMA) and prostratin; (ii) histone deacetylase inhibitors (HDACis) Romidepsin
and suberoylanilide hydroxamic acid (SAHA); (iii) T cell receptor (TCR) signaling activa-
tor, phytohemagglutinin M (PHA-M); and (iv) TNF receptor-associated factor (TRAF) re-
cruiter, tumor necrosis alpha (TNF-a). Cells derived from the latency model were
treated with LRAs in the presence and absence of TPT (10 uM). As might be expected,
LRA treatment alone caused an increase in HIV RNA levels in the latency model, but
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TABLE 1 Expression of the SRSF genes from the RNA-Seq experiment

ENSEMBL iD Gene symbol“ Fold change® P value FDR®

ENSG00000111786 SRSF9 1.50 4.95E-08 1.42E-07
ENSG00000136450 SRSF1 1.42 4.96E-09 1.56E-08
ENSG00000188529 SRSF10 1.42 6.87E-09 2.13E-08
ENSG00000100650 SRSF5 1.41 1.43E-05 3.15E-05
ENSG00000116754 SRSF11 1.34 3.08E-06 7.33E-06
ENSG00000124193 SRSF6 1.33 3.60E-06 8.51E-06
ENSG00000161547 SRSF2 1.29 1.26E-04 2.48E-04
ENSG00000116350 SRSF4 117 1.22E-02 1.85E-02
ENSG00000115875 SRSF7 1.14 3.71E-02 5.21E-02
ENSG00000263465 SRSF8 —1.09 1.49E-01 1.86E-01
ENSG00000112081 SRSF3 —1.12 6.21E-02 8.37E-02

aOfficial gene symbol.
bFold change in expression in samples treated with 10 uM TPT relative to the solvent control DMSO.
cFalse discovery rate corrected P value.

this effect was abrogated across the board when the cells were also treated with TPT
(Fig. 6A and B).

For the proof-of-principle that TPT suppresses HIV transcription for an extended pe-
riod of time, a cell line model of HIV latency, the JLat clone 6.3, was treated with TPT
for 24 h, and then cultured in the absence of TPT for 3 days. Cells that were treated
with the solvent DMSO were used as a control. During TPT treatment, and every day
following removal of TPT from culture, cells were treated with TNF-a for 24 h.
Induction of HIV expression was monitored using expression of the green fluorescent
protein (GFP) reporter introduced into the HIV genome in this cell line (see Fig. 6C for
experimental design). For the entire duration of the time course, production of GFP
was reduced to similar levels in cells pretreated with TPT, compared to DMSO controls
(Fig. 6D). These results are consistent with the idea that inhibition of HIV gene expres-
sion remains for at least 3 days following TPT removal.

DISCUSSION

Permanent or long-term silencing of the HIV provirus can be achieved by targeting
factors that are known to control and stabilize HIV latency. For example, absence of Tat
and other long terminal repeat (LTR) regulators of HIV (e.g., TAR hairpin) can inhibit HIV
transcriptional initiation and elongation, and push latent provirus into a state of deeper
latency (26, 27). A proof-of-concept study demonstrated that Tat inhibitor didehydro-
Cortistatin A suppressed HIV transcription via epigenetic silencing at the LTR (28, 29).
Most recently, a new small molecule compound, Q308, was shown to suppress HIV in a
Tat-dependent manner via enhancing Tat proteasomal degradation (30). Though target-
ing Tat is an excellent choice for a “block and lock” approach, the nature of Tat/TAR feed-
back circuit presents a limitation in that targeting Tat may require prolonged treatment
or involve a combination of targets (31). To increase the probability of success of “block
and lock” strategy for HIV cure, investigating other viral and cellular targets is crucial.

The present study evaluated the value of TPT as a “block and lock” agent. We dem-
onstrated that: (i) TPT reduces HIV transcription in latently infected cells (Fig. 1); (ii)
downregulation of HIV gene expression caused by TPT cannot be reversed by LRAs in a
primary T cell and a cell line models of HIV latency (Fig. 6); (iii) several primary and sec-
ondary mechanism of action of TPT may be involved in control of HIV replication (Fig.
2 and 3; Tables S2 and S3); (iv) regulation of HIV transcription by TPT is dependent on
splicing complexity (Fig. 4); and (v) increase in proportion of unspliced HIV transcripts
(Fig. 4) was facilitated by intron retention and upregulation of splicing factors, specifi-
cally SRSF6, by TPT (Fig. 5; Table 1).

Antiviral action of another camptothecin derivative 02-16, was previously sug-
gested to be via inhibition of Vif and protection of APOBEC3G from Vif-mediated deg-
radation (13). While we did not evaluate TPT effects on Vif and protection of APOBEC3G,
our data indicate that TPT treatment effectively inhibits HIV RNA transcription during
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FIG 6 TPT inhibits potency of LRAs. (A and B) Experiment was performed using primary CD4" T cell
model of HIV latency set up using cells from three different blood donors. Reactivation capacity of
several LRAs was tested in the absence (orange circles), or presence (blue squares) of 10 uM TPT;
mean and standard deviation are shown. Asterisks indicate significant difference between LRA-treated
and LRA+TPT-treated groups; *, P = 0.05; **, P < 0.01. (A) Percent expression of MS transcript
relative to DMSO; (B) Percent expression of GAG transcript relative to DMSO. (C) Experimental design
to evaluate the effect of TPT on HIV gene expression following removal of TPT from culture. JLat cell
line model of HIV latency (clone 6.3) was used for these experiments. Cells were treated with TPT for
24 h (blue boxes); TPT was washed out, and cells were cultured in the absence of TPT for 3
additional days. Cells treated with DMSO solvent were used as control (orange boxes). Every day
aliquots of cells from both TPT- and DMSO-treated conditions were used to activate HIV gene
expression using TNF-e, and for untreated controls. The next day, cells were evaluated for expression
of the GFP reporter protein using flow cytometry. (D) TPT inhibited HIV reactivation with TNF-« over
the 3-day time course. At each time point, percentage of cells positive for GFP following treatment
with TNF-a was normalized to percentage of cells positive for GFP when cells were not treated with
TNF-a. The data are expressed as percentage of cells positive for GFP expression in TNF-a-treated
samples minus percentage of cells positive for GFP expression in untreated samples.

latency (Fig. 1A). In addition to reducing baseline transcription, TPT was able to block
reactivation of HIV transcripts when LRAs with different mechanisms of action were
used. Because neither spliced (MS) or unspliced (GAG) transcripts could be reactivated
with either of the LRAs tested in the presence of TPT (Fig. 6), TPT is likely to act at the
stage of transcription initiation or elongation. Our RNA-Seq analysis indicated that TPT
treatment influenced multiple genes involved with transcriptional regulation, including
upregulation of genes that encode histone proteins and downregulation of chromatin
modifying enzymes and other transcription factors (Fig. 2). Furthermore, TPT treatment
interfered with a number of pathways important for HIV replication, including T cell re-
ceptor, JNK, and GTPase signaling and regulation of actin cytoskeleton (32-35).
Together, these TPT-mediated effects represent potential secondary mechanisms of
action by which HIV provirus is maintained in an inactive state. Some of these secondary
effects seem to also interfere with the ability of LRAs to reactivate HIV transcription.

In addition, we observed that TPT treatment caused synchronous accumulation of
unspliced HIV transcripts (Fig. 4). Of the two splicing factors tested, SRSF4 and SRSF6,
which promote accumulation of unspliced HIV RNA (24, 25), upregulation of SRSF6 by
TPT treatment was consistent at both RNA and protein level. Moreover, expression of
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SRSF6 modestly correlated with accumulation of unspliced HIV RNA. This observation is
consistent with a prior report that demonstrated SRSF6 promoted production of incom-
pletely spliced huntingtin transcripts (36). It is thus plausible that TPT promotes intron
retention in part via upregulation of SRSF6. The effect of TPT treatment on intron reten-
tion also seemed to apply to host genes as well, for example SRSF7 (Fig. 5A). Altogether,
our results demonstrate antiviral mechanisms of TPT other than Vif inhibition.

Overall, our results are consistent with TPT regulating HIV expression at multiple
levels, but limitations remain. One limitation is that posttranslational effects have not
been evaluated, and identification of posttranslational mechanisms of action might be
important for development of additional treatment targets. Another limitation of our
study is the short-term culture of cells following TPT treatment, as longer term treat-
ment with a camptothetin class of drugs would likely be needed. Along these lines, it
is unclear if the repression of HIV transcription would occur in a person with HIV and
whether this repression would decrease inflammation and improve health. Long-term
studies will also be needed to evaluate the ability of TPT to suppress proviral reactiva-
tion with LRAs. A general limitation of using TPT is its high concentration at which the
effects on HIV transcription and splicing were considerable and consistent. Even
though we did not see much of an effect on viability of CD4" T cells (Fig. 1B), a clinical
trial using TPT to treat progressive multifocal leukoencephalopathy in persons with
HIV demonstrated toxicity, in particular anemia, neutropenia, and thrombocytopenia
(37).

Thus, TPT is not likely to be a useful “block and lock” therapy, but this study was a
proof-of-concept that camptothetin analogs can serve this purpose, and similar but
less toxic drugs should be identified and tested. Although advances in ART have been
successful in reducing mortality and controlling viral rebound, low level of HIV tran-
scriptional activity causing residual inflammation continues to be a problem (2, 5).
Having an adjunctive therapy that could stop such HIV transcription and thus inflam-
mation is important in the next generation of HIV treatment. Our findings suggest that
TPT-like drugs may serve this purpose.

MATERIALS AND METHODS

Study participants. Whole blood from HIV seronegative donors was used to isolate primary CD4* T
cells for this study. The protocol was approved by the Institutional Review Board of the University of
California San Diego. All volunteers provided written informed consent to participate.

Isolation of CD4* T cells. For all experiments that involved in vitro infection with HIV, buffy coat
was obtained from whole blood of healthy donors using Lymphoprep (StemCell Technologies, Inc.,
Vancouver, Canada). CD4™" T cells were isolated using negative selection kit (StemCell Technologies, Inc.,
Vancouver, Canada). Quality control check was performed to assess sample purity (>95% CD4*) and
expression of activation marker HLA-DR (<10%) using the Accuri C6 flow cytometer (BD Biosciences,
Inc., San Jose, CA, USA). For experiments with uninfected CD4* T cells, cryopreserved cells were used.

The in vitro model of HIV latency. Viral stocks were prepared by transfecting CEM T lymphoblastoid
cell line as described (38) and quantified for infectivity by the PAR5 MAGI blue cell assay (39). Latently
infected primary CD4™" T cells were generated using an in vitro model of HIV latency, as described previ-
ously (14-17). Briefly, following isolation, 80% of CD4* T cells were set aside for 5 days without infection
or stimulation (“resting”). The other 20% were labeled with a cell tracking dye (e-flour 670, Thermo
Fisher Scientific, Inc., Waltham, MA, USA), held overnight, and infected in aliquots of 4 to 6 x 10° cells
for 4 h to 6 h using wild-type HIV,, ; at the multiplicity of infection 0.005 infectious units. Postinfection,
cells were extensively washed with phosphate-buffered saline containing 2% human serum and stimu-
lated using plate bound aCD3/CD28 antibodies for 4 days. These autologous productively infected cells
were mixed with uninfected resting cells at a ratio of 1:4 and cultured in IL-2/IL-15 rich media to facilitate
cell-to-cell virus transmission and establishment of latent infection in resting cells. After 3 days of cocul-
ture, resting e-fluor negative cells were sorted by means of flow cytometry using either a MoFlo XDP cell
sorter (Beckman Coulter, Brea, CA, USA), or a FACSAria Il instrument (BD Biosciences, Inc., San Jose, CA,
USA). Cells were cultured for 3 additional days to complete viral integration, at which point they were
ready for cell assays.

The cell line model of HIV latency. The cell line JLat clone 6.3, developed in the laboratory of Dr.
Verdin (40) was obtained through the NIH AIDS Reagents Program. This cell line has an integrated HIV
provirus with the GFP reporter cloned in place of nef, which allows tracking HIV expression using flow
cytometry. Cells were passaged in RPMI medium containing 10% fetal bovine serum until they
doubled every 24 h. Culture media was changed every 48h to 72 h and prior to drug treatments, with
starting cell concentration 300,000 cells per mL. Cell count and viability were accessed using hemocy-
tometer and 0.04% trypan blue exclusion dye (Thermo Fisher Scientific, Inc.,, Waltham, MA, USA).
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Drug treatment. TPT, PHA-M, PMA, Prostratin, Bryostatin (Sigma-Aldrich, LLC, St. Louis, MO, USA),
SAHA and Romidepsin (Selleck Chemicals, LLC, Houston, TX, USA) were solubilized in DMSO. TNF-«
(Peprotech, Inc., Rocky Hill, NJ, USA) was solubilized in water. For cytotoxicity and dose response studies,
cells derived from the latency model were treated with TPT (1 nM to 10 wM) for 24 h. Reactivation of
latently infected cells using LRAs, in the presence and absence of TPT, was performed for 24 h (Bryostatin
[33 nM], PMA [2 nM], Prostratin [100 nM], Romidepsin [15 nM], SAHA [300 nM], PHA-M [33 wg/mL]) and
48 h (TNF-a [0.2 ng/mL]). Each treatment was initially set up using 500,000 cells. At harvest, cells were
counted using the Accuri C6 flow cytometer (BD Biosciences, Inc., San Jose, CA, USA) and bead standards
(Thermo Fisher Scientific, Inc., Waltham, MA, USA). RNA extraction was performed using Qiagen RNeasy
RNA extraction kit (Qiagen, Inc., Valencia, CA, USA). Cell viability following treatment with TPT was
assessed using the live/dead fixable dead-cell stain kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA).
The JLat 6.3 cell line was treated with 10 wM TPT or its solvent DMSO for 24 h. Aliquots of cells treated with
TPT were used to treat (or not) cells with TNF-a (10 ng/mL), in parallel with TPT treatment, to collect base-
line data on the levels of inhibition of HIV expression by TPT. Each treatment had initially 300,000 cells.
The following day, baseline samples were accessed for GFP expression using the Accuri C6 flow cytometer
(BD Biosciences, Inc., San Jose, CA, USA). The cells treated with TPT were washed and resuspended in fresh
medium. Every day for additional 3 days, aliquots were taken to treat (or not) these cells with TNF-« for
24 h, and GFP expression data were collected the following day.

Isolation and quantification of RNA. RNA was isolated from primary CD4* T cells using RNeasy
micro kit (Qiagen, Inc., Valencia, CA, USA). RNA concentrations were assessed using Qubit 2.0 fluorome-
ter (Thermo Fisher Scientific, Inc., Waltham, MA, USA). RNA yields were calculated as RNA concentration
multiplied by extraction volume divided by the number of cells from which RNA was extracted.

RNA-Seq. RNA-Seq experiment was conducted using the in vitro model of latency treated with
10 uM TPT and DMSO solvent control, generated from three different blood donors. Cells collected for
RNA-Seq experiments were lysed using RLT buffer from the RNeasy micro kit, and ERCC spike-in RNA
(Thermo Fisher Scientific, Inc., Waltham, MA, USA) was added to cell lysates prior to RNA isolation. Even
though RNA yields were similar, we reasoned that using spike-in RNA will serve as additional validation
that TPT does not induce global gene expression inhibition. Following isolation, RNA integrity was
assessed using an Agilent Tapestation and deemed of good quality for conducting an RNA-Seq experi-
ment; RNA integrity numbers were an average 9.25 = 0.08. RNA-Seq was performed at the Institute of
Genomics Medicine (IGM) Genomics Center at the University of California San Diego. Libraries were pre-
pared using 100 ng of RNA as a starting material and the TruSeq Stranded Total RNA Library Prep kit
(lllumina, Inc., San Diego, CA). Libraries were sequenced on the NovaSeq 6000 instrument (lllumina, Inc.,
San Diego, CA) to generate 100-bp paired end library reads. FASTQ files are available through the Gene
Expression Omnibus (GEO) database, accession number GSE215461.

Data preprocessing included filtering of low-quality reads and removal of 3’ adapter sequences
using the Trim Galore tool, which utilizes the Catadapt program (41). Reads were mapped to the human
genome hg38 (GRCh38, p13) using HISAT2 (42). Mapped reads were counted against the human
GENCODE annotation (v37) (43) using HT-Seq (44). ERCC scaling factors were calculated as described
(45, 46). The range of scaling factors was 0.72 to 1.16, consistent with the idea that TPT did not induce
global inhibition of gene expression. Therefore, all further analyses were conducted without adjusting
gene read counts based on ERCC reads. The EdgeR library (47) in the R computing environment was
used for differential gene expression analysis. EdgeR uses empirical Bayes estimation and exact tests
based on the negative binomial distribution of the RNA-Seq read data, followed by the FDR correction
using the Benjamini-Hochberg method (48). Genes were considered significantly modulated by TPT
when FDR-corrected P-values were <0.05. To reduce the number of false positives, genes were also
filtered by the fold change in expression (absolute fold change > 2).

Pathways and GO terms overrepresented for differentially expressed genes were identified using the
Database for Annotation, Visualization and Integrated Discovery (DAVID) v2022q3 (49). All genes with
FDR-corrected P-values <0.05 and absolute fold change >2 were used as input. DAVID uses a one-sided
Fisher's exact test for gene set enrichment analysis. Pathways and GO terms with FDR-corrected
P-values < 0.05 were considered significantly enriched for differentially expressed genes.

Droplet digital PCR. RNA (20 to 60 ng) was reverse transcribed using cDNA synthesis kit (Quanta
Bio, Inc., Beverly, MA, USA). DdAPCR was performed as described previously (14), using host gene ribo-
somal protein L27 (RPL27, assay HS03044961_g1, Applied Biosystems, now Thermo Fisher Scientific, Inc.,
Waltham, MA, USA) as normalization control in all experiments with resting cells. When cells were acti-
vated by LRAs, HIV RNA expression was normalized to cell input into reactions. To quantify HIV RNA,
GAG, ENV, and MS assays (14) were used. Selection of host genes for intron retention study was based
on expression level likely detectable in a single ddPCR reaction (number of reads per base in the RNA-
Seq experiment greater than 0.5). Reads per base were calculated by dividing the number of reads
mapped to each of the genes with reported intron retention events over the average transcript length
as determined by the GenomicFeatures library (50) in Bioconductor R. The assays to quantify different
transcripts of the selected gene SRSF7 were obtained from Integrated DNA Technologies, Inc. (Coralville,
IA, USA): assay for retained intron between exons 3 and 4- forward, 5'-GCCTTGCAAATCCGACAATTA-3;
reverse, 5'-GGTGAAGCTAGGTGTAGATGAC-3’; probe, 5'-TCCTCCTAGACCTTGAGGTGATCAGC-3'; assay span-
ning exons 3 and 4- forward, 5'-ATGCTATGAGTGTGGCGAAA-3’; reverse, 5'-CTTCCTCTGGATCGAGAATGTG-
3'; probe, 5'-CGAAGAAGAAGCAGGTCACGGTCT-3'; assay spanning exon 3 and alternate exon 4- forward,
5'-TGCTTATGATTGTCATCGTTACAG-3’; reverse, 5'-CCCAATTGTAAGCCAAATTTACTG-3'; probe, 5'-CAAATT
TTCTGCCCTGCTTCTTCTTCG-3". The assays for SRSF4 (Hs00900675_m1) and SRSF6 (Hs00740177_g1) were
from Applied Biosystems (now Thermo Fisher Scientific, Inc., Waltham, MA, USA).
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Immunoblotting. Uninfected primary cells obtained from three different blood donors were treated
with DMSO or TPT (1 uM and 10 uM) for 24 h. Cell pellets were lysed using radioimmune precipitation
buffer containing protease inhibitors, and the concentration of protein was quantified using the Pierce
BCA protein assay kit (Thermo Fisher Scientific, Inc., Waltham, MA, USA). A total of 10 micrograms of pro-
tein lysate was resolved on 4% to 20% gradient SDS-PAGE and transferred to a polyvinylidene difluoride
membrane (Bio-Rad Inc., Hercules, CA) using a semidry transfer method. The membrane was probed
with rabbit anti-SRSF6, rabbit anti-SRSF4 (Thermo Fisher Scientific, Inc., Waltham, MA, USA) and goat
anti-cyclophilin A (Bio-Rad Inc., Hercules, CA) primary antibodies and horseradish peroxidase-conjugated
goat anti-rabbit and donkey anti-goat (Bio-Rad Inc., Hercules, CA) secondary antibodies, respectively.
Proteins were detected and quantified using the ChemiDoc MP Imaging System (Bio-Rad Inc., Hercules,
CA). Band volumes for SRSF6 and SRSF4 were divided by band volumes for Cyclophin A to normalize to
housekeeping protein. For the purpose of graphical representation, percent expression in TPT-treated
samples relative to DMSO was determined by dividing normalized band volumes in TPT-treated samples
by DMSO-treated samples and multiplying by 100.

Statistical analyses. Viability data and percentages of different transcripts were analyzed using
regression modeling available in the betareg library (51) in the Bioconductor tool repository. DAPCR data
normalized to RPL27 and RNA yields were log, transformed. Immunoblot data were normalized to cyclo-
philin A. Repeated measures analysis of variance (RM ANOVA) was implemented using library nime (52)
followed by post hoc Tukey test in all ddPCR, RNA yield and immonoblot comparisons that involved mul-
tiple TPT doses. Examination of residuals for each model was conducted using the shapiro.test function
in R, indicating no large deviations from normality. Correlation analysis between SRSF6 expression and
proportion of GAG transcripts was conducted in GraphPad Prism software (GraphPad Software, La Jolla,
CA, USA), using Spearman one-sided test, hypothesizing that higher expression of SRSF6 is associated
with accumulation of unspliced HIV transcripts. The effect of TPT on HIV reactivation using LRAs was
assessed by comparing fold changes in expression between groups treated with TPT and LRAs versus
LRAs alone. Fold changes were log, transformed, and the normality of the distribution in each LRA- and
LRA+TPT-treated group for MS and GAG was verified using shapiro.test function. The equal variance test
was performed using function var.test. Based on the results of these tests, t test with equal or unequal
variance was performed in cases where data distribution was normal, and Wilcoxon signed rank test oth-
erwise. Because we hypothesized that TPT blocks HIV reactivation with LRAs, all these tests were one-
sided. All graphs were constructed using GraphPad Prism software (GraphPad Software, La Jolla, CA,
USA). Heatmaps were constructed using function heatmap.2 from the library gplots in the R computing
environment.

Data availability. RNA-Seq data for this work have been deposited in the Gene Expression Omnibus
(GEO) under accession number GSE215461.
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