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Gesicles packaging dCas9-VPR ribonucleoprotein
complexes can combine with vorinostat
and promote HIV proviral transcription

Michaela A. Fisher,! Waj Chaudhry,' and Lee A. Campbell’

Laboratory of Preclinical Neurobiology, Department of Neuroscience, Washington, DC, USA

Despite the success of combination antiretroviral therapy
(cART) in HIV treatment, a cure for HIV remains elusive. Sci-
entists postulate that HIV latent reservoirs may be a vital target
in curative strategies. Vorinostat is a latency-reversing agent
that has demonstrated some effectiveness in reactivating latent
HIV, but complementary therapies may be essential to enhance
its efficacy. One such approach may utilize the CRISPR-Cas9
system, which has evolved to include transcriptional activators
such as dCas9-VPR. In this study, we explored the effects of
combining vorinostat coupled with gesicle-mediated delivery
of dCas9-VPR in promoting the transcription of integrated
HIV proviruses in HIV-NanoLuc CHME-5 microglia and
J-Lat 10.6 lymphocytes. We confirmed that dCas9-VPR ribonu-
cleoprotein complexes can be packaged into gesicles and appli-
cation to cells successfully induced HIV transcription through
interactions with the HIV LTR. Vorinostat also induced sig-
nificant increases in proviral transcription but generated
inhibition of cellular proliferation (microglia) or cell viability
(lymphocytes) starting at 1,000 nM and higher concentrations.
Experiments combining dCas9-VPR gesicles and vorinostat
confirmed the enhanced transcriptional activation of the HIV
provirus in microglia but not lymphocytes. Thus, a combina-
tion of dCas9-VPR gesicles with other latency-reversing agents
may provide a complementary method to activate latent HIV in
future studies utilizing patient-derived cells or small animal
models.

INTRODUCTION

The human immunodeficiency virus (HIV) is a global health
epidemic that since its inception, has infected 85.6 million individuals
and resulted in a loss of 40.4 million lives." HIV is a lentivirus that
functions by attacking the body’s immune system, primarily targeting
CD4+ T cells. The replication cycle within CD4+ T cells is cytotoxic,
resulting in their destruction and a steady decline in their overall pop-
ulation within the body.z’3 Ifleft untreated, this infection can progress
to the acquired immunodeficiency syndrome, characterized either by
CD4+ cell count falling below 200 cells/mm? or the development of
more opportunistic infections regardless of CD4+ cell count. The cur-
rent standard of care is combination antiretroviral therapy (cART),
which effectively suppresses viral replication, delays disease progres-
sion, decreases viral loads to undetectable levels, and prevents trans-
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mission to uninfected individuals.”” However, despite the success of
cART, a cure for HIV remains elusive.

It is postulated that HIV latent reservoirs, in which cells and tissues
remain in a reversible state of non-productive infection,’”® may be
a vital target in curative strategies. These viral reservoirs are imper-
vious to cART, and due to their resting phenotype, evade recognition
by the immune system.™ Furthermore, treatment interruption re-
sults in reservoir activation, igniting viral rebound within weeks.'*"’
The latent HIV reservoir exists in a variety of cells and tissues
throughout the body including CD4+ T cells, mononuclear macro-
phages, dendritic cells, hemopoietic progenitor cells, astrocytes, and
microglia.'*™'*

One therapeutic strategy, referred to as the “shock and kill” method,
has been extensively studied in an aim to find a cure for HIV. This
strategy utilizes various latency-reversing agents to induce viral
expression in latently infected cells, resulting in recognition and elim-
ination by the immune system or antiretroviral therapies.'”*” Among
the latency-reversing agents, vorinostat is a potent histone deacetylase
(HDAC) inhibitor that has been found to effectively reactivate latent
HIV.”'"*> However, clinical trials using vorinostat have shown
modest efficacy in its ability to activate latent HIV and subsequently
decrease the number of latently infected cells.'”** Thus, alternative
and/or complementary strategies may need to be utilized to enhance
its effectiveness.

In addition to pharmacological approaches, the CRISPR-Cas9 gene
editing system is an alternative method that is being explored for
HIV therapies. Various compositions of this system have been uti-
lized to either trigger HIV inactivation or induce HIV transcription.
The CRISPR-Cas9 system is generally composed of the Cas9 endo-
nuclease and a guide RNA (gRNA) sequence that is next to a pro-
tospacer adjacent motif site (typically -NGG). In a sequence-specific
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manner, this system causes cleavage of double-stranded DNA,
which is followed by random based pair insertions or deletions (in-
dels) due to DNA repair, and ultimately results in an introduction
of permanent mutations within the DNA sequence.””° Investiga-
tors have successfully utilized this system in vitro and in vivo to
both mutate key regions in the HIV provirus that are required for
replication (e.g., long terminal repeat, Gag-Pol, gp120, and others)
or perform complete proviral excision.””** Moreover, clinical trials
utilizing CRISPR-Cas9 for HIV eradication are now under way
(ClinicalTrials.gov  identifiers: NCT05144386, NCT05143307).
Alternatively, the gene editing system can be used as an activator
when composed of an endonuclease dead version of Cas9 (dCas9)
fused to a transcription activation domain. In combination with a
gRNA, these proteins can target the HIV promoter region, the
long terminal repeat (LTR), and activate viral ‘wanscription.”’”’3 0
Several systems utilizing various transcription factors including
VP16 (from herpes virus, targets Gal4-binding sites), VP64 (four
tandem copies of VP16), p65 (part of the NF-kB transcriptional
complex), Rta (from Epstein-Barr virus, can bind to Rta responsive
element or act through protein recruitment), and p300 (histone ace-
tyltransferase) have been shown to effectively cause HIV activa-
tion.”>*'* Of these, a hybrid VP64-p65-Rta tripartite activator,
referred to as VPR, has been found to have robust effects in
increasing transcriptional activation.’*>¢

A majority of CRISPR-Cas9 systems currently utilize viral vectors,
including adeno-associated viruses and lentiviruses, to express Cas9
and gRNA sequences in eukaryotic cells. In comparison, our lab has pre-
viously utilized a microvesicle called a gesicle’” to package Cas9 and its
associated gRNA as a ribonucleoprotein (RNP) complex. Gesicles are
produced by an overexpression of vesicular stomatitis virus G glycopro-
tein (VSV-G) and allow for rapid delivery, but transient expression of
Cas9 RNP, with the goal of reducing potential off-target effects. We
have previously utilized this method to mutate or excise integrated
HIV proviruses by delivering Cas9 targeted to the HIV LTR. However,
ithas not been established if utilizing gesicles to package the dCas9-VPR
variant can effectively induce HIV transcriptional activation.

In this study, we characterized whether dCas9-VPR could be pack-
aged into gesicles and if gesicle treatment would affect the proviral
transcription of HIV-NanoLuc CHME-5 microglia and J-Lat 10.6
lymphocytes. Furthermore, we explored the synergistic effects of vor-
inostat coupled with gesicle-mediated delivery of dCas9-VPR on pro-
moting HIV transcription. We found that dCas9-VPR gesicles can
induce HIV transcription alone, or in combination with vorinostat
by acting on the HIV LTR. Thus, gesicles packaging dCas9-VPR
may be an attractive alternative approach to enhance proviral tran-
scription alone or in combination with other latency-reversing agents.

RESULTS

dCas9-VPR can be packaged into gesicles and promote HIV
proviral transcription

Our first goal was to confirm that dCas9-VPR ribonucleoprotein
complexes could be packaged into gesicles. Gesicles are produced in
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HEK293FT cells via a calcium phosphate transfection that utilizes a
gesicle packaging mix containing CherryPicker Red, VSV-G, a spe-
cific Cas9 variant, and a gRNA directed to the NF-«kB II binding
site on the HIV LTR (Figure 1A). Three specific variants of Cas9:
Cas9, Cas9-VPR, or dCas9-VPR were utilized to compare their effects
on HIV transcription and site-specific mutation (Figure 1B). Cas9 is a
bacterial endonuclease that couples with the gRNA to cleave DNA via
complementary base pairing.”®*’ Dead Cas9 (dCas9) lacks its endo-
nuclease activity, allowing for CRISPR-mediated gene silencing,*’
Cas9-VPR and dCas9-VPR are fusion proteins in which either Cas9
or dCas9 fuse with VP64-p65-Rta (VPR), a tripartite activator.”
We anticipated that only dCas9-VPR gesicles would promote HIV
transcription and would be free of site-specific mutations.

After transfection, gesicles were collected and purified by ultracentri-
fugation from the concentrated media of HEK293FT producer cells.
Western blot analysis was performed on both the cell lysate and
collected gesicles to examine the expression of VSV-G, Cas9 variants,
and actin. Untreated producer cells and media were used as controls.
Western blot analysis of lysates (L) and gesicles (G) from transfected
cells revealed the presence of VSV-G and Cas9 variants (Figure 1C,
left and middle blots). Neither control lysates nor media expressed
VSV-G or Cas9. Next, the controls, lysates, and gesicles were all
analyzed for expression of actin. Western blot analysis detected actin
within each of the lysates but with minimal expression in the gesicles
or media control (Figure 1C right blot). Additionally, because gesicles
were produced in the absence of a packaging facilitator such as the i-
Dimerize system, these data suggest that dCas9-VPR can be stochas-
tically packaged into gesicles.

We next applied gesicles carrying their respective Cas9 variants to
HIV-NanoLuc CHME-5 microglia, which contain integrated HIV
proviruses that express NanoLuciferase under control of the HIV
LTR.*' Gesicles were allowed to enter the cells over a course of 16
h, and live cell imaging showed the uptake of CherryPicker Red fluo-
rescent gesicles over time (Figure 1D). After the time course, a lucif-
erase assay was performed that showed a 2-fold increase of HIV tran-
scriptional activity in cells specifically treated with dCas9-VPR
gesicles.

dCas9-VPR gesicles do not cause mutation or excision of the
HIV provirus

We next performed a PCR assay to determine if excision or mutation
occurred by dCas9-VPR gesicle treatment. A full-length integrant of
the HIV provirus is located at the ROSA26 locus. Thus, we amplified a
1,015-base pair (bp) region that spans through this locus into the
NanoLuciferase region of the provirus, effectively encompassing the
entire 5’LTR (Figure 2A). We also prepared a primer set to amplify
~500 bp of glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
as a control.

Because the HIV provirus contains two identical LTR regions (5" and
3’ end), complete proviral excision can occur. In this situation, the in-
ternal primer binding site would be missing, leading to a loss of PCR
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Figure 1. dCas9-VPR gesicles increase HIV proviral
transcription

Gesicles were prepared with three Cas9 variants to deter-
mine if gesicle-mediated delivery of dCas9-VPR would
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product. We performed PCR on the genomic DNA purified from ge-
sicle-treated cells and observed a decrease in the 1,015-bp amplicon in
those receiving Cas9 (Figure 2B). Densitometric analysis against
GAPDH confirmed a significant decrease in band density of Cas9-
treated cells, but not those treated with dCas9-VPR. The resulting
1,015-bp amplicons were then excised, gel purified, and run through
Sanger sequencing to ultimately perform tracking of indels by decom-
position (TIDE) analysis** (Figure 2C). This method allows for the
identification and quantification of site-specific mutations. Our anal-
ysis revealed that Cas9-treated cells showed significant mutation effi-
ciency (~2.4%) when compared with cells exposed to dCas9-VPR
(~0.7%), where 2% is the limit of detection for site-specific mutations.
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sequence targeted to the NF-kB I binding site of the long
terminal repeat was used in conjunction with Cas9 variants.
(B) Schematic of gesicles packaging Cas9 variants with
expected results from gesicle treatment. (C) Western blot
analysis identifies protein expression and confirms suc-
cessful packaging of Cas9 variants into gesicles. Samples
from untreated HEK293FT cells (unt) were used as a
negative control. Cell lysates (L), conditioned media (M),
and gesicles (G) were assayed. VSV-G (57.5 kDa) was
expressed in both gesicles and lysates of cells transfected
with the gesicle packaging mix, but not in untreated cells.
Cas9 variants (~160+ kDa) were expressed in both
gesicles and lysates of transfected cells, but not in
untreated cells. Actin (42 kDa) was highly expressed in the
cell lysates, but minimally present in media or gesicles. (D)
Prepared gesicles were used to treat HIV-NanolLuc
CHME-5 microglia for a total of 16 h. Time course images
of gesicle application and entry are provided in the panel.
Scale bar, 200 um. (E) Luciferase assay for proviral activity
after gesicle treatment of Cas9 variants. n 12 (six
separate gesicle preparations, two technical replicates per
gesicle preparation). Statistical analysis was performed by
an ordinary one-way ANOVA with Dunnett’s multiple
comparisons test vs. baseline luminescence. ***p < 0.001.
Data are expressed as the mean (SD).
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HIV Transcription:

Gesicle delivery of Cas9 Variants
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Taken together, delivery of dCas9-VPR by gesicles
results in a significant increase in proviral tran-
scription but does not cause excision or mutation
of the HIV provirus.

Vorinostat increases HIV proviral

transcription but inhibits cellular proliferation
Vorinostat (VOR) is a histone deacetylase
(HDAC) inhibitor that can induce alterations in
transcription.*> To examine the effects of VOR
on HIV proviral transcription, HIV-NanoLuc
CHME-5 microglia were treated with VOR, as
well as lipopolysaccharide (LPS) and Resiquimod
(R848). LPS is a toll-like receptor (TLR) agonist that acts on
TLR4,** and R848 is also a toll-like receptor agonist but acts by bind-
ing to TLR7 and TLR8. Activation of both these receptors is corre-
lated with elevated levels of NF-kB-mediated transcription, which is
known to enhance HIV proviral activity.

We first treated cells with various concentrations of LPS, R848, and
VOR ranging from 0.1 to 100,000 nM. After a 16-h incubation period,
a luciferase assay was used to examine the effects of LPS, R848, and
VOR on HIV proviral transcription. As expected, LPS increased pro-
viral transcription at each concentration, with a peak at 10,000 ng/mL
(4-fold increase) (Figure 3A). R848 also caused significant increases in
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Table 1. List of primer sets used

Primer description Sequence 5’ to 3’

ROSA26 FWD- for HIV-
NanoLuc CHME-5 LTR
amplification

5'-CTCTGCTGCCTCCTGTCTTCTG-3'

NLuc REV- for HIV-NanoLuc

7 _ 2/
CHME-5 LTR amplification 5'-CGGACACCCCGAGATTCTGAAAC-3

LTR REV- nested primer

/_ 2/
for TIDE analysis 5'-AGTCACACAACAGACGGGCAC-3

GAPDH FWD- for GAPDH

- 5'-ACCACAGTCCATGCCATCACTGCCAC-3'
amplification

GAPDH REV- for GAPDH

e 5'-AGGTCCACCACCCTGTTGCTGTAGCC-3'
amplification

JLat10.6 FWD- for J-Lat

/_ 2/
10.6 LTR amplification 5'-ATAGTAATCGCTCTGACTGCTCCATC-3

JLat10.6 REV- for J-Lat 10.6

L 5" CCGCTTAATACTGACGCTCTCGC-3'
LTR amplification

transcription. However, significance was only observed starting at a
100-nM concentration (2-fold increase) (Figure 3B). In comparison,
treatment with VOR resulted in large, however non-dose-dependent
increases in proviral transcription. Significant increases in transcrip-
tion were observed at 100 nM (2-fold increase), 1,000 nM (~12-fold
increase), 10,000 nM (~8-fold increase), and 100,000 nM (~6-fold
increase) (Figure 3C). Thus, proviral transcription occurred to the
greatest extent when cells were treated with VOR at a concentration
of 1,000 nM but decreased at higher concentrations.

Taking this into consideration, we wanted to evaluate the effect of
VOR treatment on cell viability and proliferation. HIV-NanoLuc
CHME-5 microglia were treated then analyzed after 16 h using a
luminescence-based ATP assay for viability. Treatment of the cells
with VOR did not result in any significant changes in cell viability
(Figure 3D). Because VOR is known to have anti-proliferative prop-
erties, we used Hoechst staining to count cells post treatment. We
found that VOR concentrations of 1,000-100,000 nM caused a signif-
icant decrease in cellular proliferation (Figure 3E). Due to these re-
sults, our subsequent combination experiments utilized VOR at
100 nM, which activated proviral transcription but did not result in
decreased proliferation, and at 1,000 nM, which had the highest pro-
viral activation, but significantly decreased proliferation.

dCas9-VPR gesicles can combine with vorinostat and enhance
HIV proviral transcription

We performed combination experiments by pre-treating HIV-
NanoLuc CHME-5 microglia with VOR for 1 h, followed by gesicle
application directly into the media containing VOR. Live cell imaging
confirmed the uptake of gesicles in the presence of VOR at both con-
centrations (Figure 4A). Subsequent luciferase assays after the 16-h
time course revealed that dCas9-VPR enhanced proviral transcription
when combined with 100 nM and 1,000 nM VOR (Figure 4B). Inter-
estingly, the other variants—Cas9 and Cas9-VPR—showed a signifi-
cant decrease in proviral transcription when combined with VOR at
1,000 nM (Figure 4B).
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We also analyzed excision and mutation of the HIV provirus as pre-
viously described. Results confirmed that dCas9-VPR gesicles do not
cause significant excision or mutation even when combined with
VOR at either concentration. However, the excision assay showed a
decrease in the 1,015-bp amplicon with Cas9 under both 100 nM
and 1,000 nM VOR (Figure 5A), which was significant after densito-
metric analysis (Figure 5B). Interestingly, TIDE analysis showed
greater mutation efficiency when combining Cas9 with VOR at
both 100 nM and 1,000 nM (Figure 5C and 5D). Together, the data
suggest that dCas9-VPR gesicles can combine with VOR in HIV-
NanoLuc CHME-5 microglia to enhance proviral transcription
without causing site-specific mutation or proviral excision.

dCas9-VPR gesicles reactivate latent provirus in J-Lat 10.6
lymphocytes

We next tested the efficacy of dCas9-VPR gesicles to activate a latent
HIV provirus in J-Lat 10.6 lymphocytes.”>*® This model contains a
single integrant of a modified provirus that expresses enhanced green
fluorescent protein (EGFP) upon reactivation. We first established a
dose-response against vorinostat utilizing the same concentrations
as previously described (0-100,000 nM). Live cell imaging confirmed
latency reversal using vorinostat (Figure 6A). We then utilized west-
ern blot analysis using an antibody specific to EGFP to quantify la-
tency reversal, where we observed a significant increase in EGFP
expression at concentrations of 1,000 nM and above (Figure 6B).
Interestingly, as shown in our western blots, a decrease in actin
immunoreactivity correlated with increased EGFP expression.
Because of this, we assayed cell viability through trypan blue staining
and showed a significant decrease in cell viability starting at a concen-
tration of 1,000 nM (Figure 6C). Our next experiments focused spe-
cifically on Cas9 and dCas9-VPR gesicles to determine alterations in
proviral latency. When comparing the LTR targeted gRNA sequences
of HIV-NanoLuc CHME-5 and J-Lat 10.6 lymphocytes, there is a sin-
gle base pair difference at the second nucleotide (G vs. C, see materials
and methods). Thus, we first performed molecular-based TIDE anal-
ysis and confirmed that the J-Lat 10.6 specific gRNA was interacting
in the correct area (Figure 7A), where results showed significant site-
specific mutations using Cas9 gesicles but not dCas9-VPR gesicles as
expected. Further application of Cas9 or dCas9-VPR gesicles were
used to assay latency reversal through EGFP expression either alone
or in combination with 1,000 nM vorinostat (the first concentration
that resulted in significant EGFP expression). Combination experi-
ments were performed as previously described, with a 1-h pretreat-
ment of vorinostat prior to gesicle addition. Cells were exposed to vor-
inostat and gesicles concurrently for the rest of the treatment time
course. Our observations of live cell imaging showed that dCas9-
VPR gesicles (and Cas9 gesicles) induce cellular clumping, but only
dCas9-VPR gesicles caused EGFP expression (Figure 7B). Western
blot analysis revealed that dCas9-VPR gesicles significantly increased
EGFP expression alone (Figures 7C and 7D) but not in combination
with vorinostat (Figures 7C and 7D). In addition, we continued to
observe alterations in actin expression after vorinostat treatment.
Interestingly, latency reversal through dCas9-VPR gesicles did not
seem to affect actin (Figure 7C). Therefore, we performed a viability
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mutation of the HIV provirus
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assay using trypan blue and found that gesicle treatment did not affect
cell viability alone or in combination with vorinostat (Figure 7E).
Together, these results confirm that gesicles can deliver dCas9-VPR
to reactivate latently infected J-Lat 10.6 lymphocytes. However,
further combination experiments utilizing vorinostat and other la-
tency-reversing agents may be needed to optimize the effect.

DISCUSSION

Within this paper we demonstrate an alternative approach for latency
reversal, utilizing gesicle-mediated delivery of dCas9-VPR. We char-
acterized that dCas9-VPR can be packaged into gesicles and act on the
HIV LTR to promote HIV proviral transcription. Furthermore, we
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HIV transcription and reverse HIV latency.”' >’

In this study, we found that vorinostat was able
to promote HIV transcription but also caused an
inhibition of cellular proliferation in HIV-
NanoLuc CHME-5 microglia. This is consistent
with other studies that have identified that vorino-
stat inhibits cellular proliferation within various
cell types.*”** Inhibition of cellular proliferation
is common among HDAC inhibitors, including
vorinostat, which is currently used for cancer
treatment as it promotes antitumor activity.*>>
While vorinostat has been found to effectively re-
activate latent HIV, clinical trials have shown
modest efficacy in its ability to activate latent
HIV and subsequently, decrease the number of
latently infected cells.'”* It is postulated that this can be due to
several factors, including the viral reservoir being larger than origi-
nally thought, the inability to produce enough viral proteins to result
in cell death, or because of an inadequate cytotoxic T lymphocyte
response. Therefore, HDAC inhibitors alone may not be capable of
reversing the entire latent reservoir.”">*

DE Efficiency
%k

Treatment

In addition to vorinostat, various forms of the CRISPR-Cas9 gene ed-
iting system have been recognized in their ability to modulate HIV
proviral transcription.””*>** When coupled with gRNAs, gene-spe-
cific transcriptional activation has been achieved using dCas9 fused
to various transcription factors including the synergistic activation
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Figure 3. Effect of vorinostat on HIV proviral transcription in HIV-NanoLuc CHME-5 microglia

HIV-NanolLuc CHME-5 microglia were treated with LPS, R848, or VOR at increasing concentrations to create a dose-response relationship. Cells were incubated for 16 h and
then examined via a luciferase assay. For the following experiments, statistical analysis was performed by an ordinary one-way ANOVA with Dunnett’s multiple comparisons
test vs. the untreated (0) control. (A) LPS dose-response curve. n = 6 (three cell passages, two technical replicates per passage). *“p = 0.0077, ***p <0.001, ***p < 0.0001. (B)
R848 dose-response curve. n = 6 (three cell passages, two technical replicates per passage). “p = 0.0449, ***p < 0.0001. (C) VOR dose-response curve. n = 6 (three cell
passages, two technical replicates per passage). ***p < 0.001, ***p < 0.0001. (D) ATP assay for cell viability. n = 6 (three cell passages, duplicate wells per passage).
(E) Proliferation assay by cell counting of Hoechst-positive cells. n = 6 (three cell passages, two technical replicates per passage). “*“p < 0.001. Data are expressed as the

mean (SD).

mediator (SAM), VP16, VP64, p65, Rta, and p300.29’31’33’53 Consis-
tent with other studies, we found that dCas9-VPR can promote
HIV proviral transcription, but in addition we explored a unique
method for delivery of dCas9 and gRNA. Routinely, delivery of
dCas9 and gRNA is achieved via plasmid transfection or viral trans-
duction (via adeno-associated virus or lentivirus), both of which can
induce transient or stable expression of Cas9 and/or gRNA. While
effective, evidence suggests that sustained expression of these compo-
nents can lead to off-target mutation events.”* > Another strategy al-
lows for transient expression of CRISPR-Cas9 activity by delivery of a
Cas9 RNP complex, commonly accomplished by electroporation or
encapsulating the complex with cationic lipids.””*® Alternatively, de-
livery of the Cas9 RNP complex may occur via extracellular vesicles
that are characterized as microvesicles, exosomes, or apoptotic
bodies.”” Within this study, we explored the ability of a microvesicle
called a “gesicle” to package the Cas9 RNP complex. We confirmed
that dCas9-VPR can be packaged as an RNP into gesicles and deliver
its cargo to recipient cells within 16 h, leading to a significant increase
in HIV proviral transcription.

To enhance the latency-reversing efficiency of vorinostat, we coupled
vorinostat treatment with gesicle-mediated delivery of dCas9-VPR.
Various studies have previously explored the synergistic abilities of vor-
inostat coupled with other latency-reversing agents.”” > For example,
one study found that combined treatment with a PKA activator and
HDAC inhibitor (vorinostat or trichostatin A) resulted in synergistic
HIV-1 reactivation in latently infected cells.”’ Another study demon-
strated that lentiviral transfection of SAM coupled with vorinostat treat-
ment resulted in synergistic increases in latency reversal in J-Lat 9.2 and
J-Lat 10.6 cell lines.> While additional studies have identified synergis-
tic increases in latency reversal by coupling vorinostat with CRISPR ac-
tivators, in this study we utilized gesicle-mediated delivery dCas9-VPR.
This delivery method removes the process of transcription and transla-
tion associated with plasmid/virus methods of delivery, thus allowing
for tighter temporal control of transcriptional activation. This unique
characteristic may be beneficial when combining methodologies for la-
tency reversal. For instance, vorinostat has a half-life of ~2 h.°>** Our
data confirm that a 1-h pretreatment with vorinostat can combine with
gesicle-mediated delivery of dCas9-VPR to enhance proviral
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A B HIV Transcription Figure 4. dCas9-VPR gesicles can combine with
Vorinostat + Gesicle delivery vorinostat to enhance proviral transcription
. Gesicle of Cas9 Variants HIV-NanoLuc CHME-5 microglia cells were pretreated
Vorinostat ~ Application * . i . - . )
Pretreatment  (15pL) 16  — with vorinostat prior to gesicle addition and proviral
14+ v transcription was determined. (A) Timeline of assay and live
1 Hour 16 Hours E::SZ?’S“ g1 |L| | cell imaging of CherryPicker Red fluorescence with
E 1 pA combination treatment. Scale bar, 200 um. (B) Luciferase
30 min. 3 hr. 16 hr. ° assay after combination treatment. n = 12 (six separate
o g E gesicle preparations, two technical replicates per gesicle
% = preparation). Two groups were formed for statistical
o3 @ | ] analysis. Experimental conditions receiving 100 nM
T ) )
vorinostat were analyzed by an ordinary one-way ANOVA
5 o,*‘(&\\'sg o”'aq SQQ. R @@ c}"‘ga >\Qq. >\QQ. ; , y Y ‘ " 4
0> 0.,9 o 0,;3 & & 'Dg & with Dunnett’s multiple comparisons test vs. the V100
2 E ":Q*c' & @QQQ*O xé’ condition. **p < 0.001. Experimental conditions receiving
[l
o8 <+ 4\@ RS ,\@“ 1,000 nM vorinostat were analyzed by an ordinary one-way
+ ANOVA with Dunnett’s multiple comparisons test vs. the
Treatment

transcription. This differs with the previously discussed study where sta-
ble transduction and expression of CRISPR activators occurred first,
before vorinostat was added to enhance latency reversal.*”

It is important to note that various cells and tissues throughout the
body can harbor latent HIV, such as myeloid-derived cells and certain
T cell populations (e.g., CD4+, Central Memory).12 Additionally,
various HIV-infected cell lines differ from each other in the mecha-
nisms that govern latent HIV infection.®> Moving forward, it would
be beneficial to examine the latency reversal effects of vorinostat
coupled with gesicle-mediated delivery of dCas9-VPR in additional
HIV-infected cell lines before translating the approach to primary cells
and in vivo models of HIV latency. Indeed, there can be clear differ-
ences in the efficacy and outcomes of latency reversal depending on
cell type. For instance, vorinostat treatment caused proviral transcrip-
tion/latency reversal in both HIV-NanoLuc CHME-5 microglia and
J-Lat 10.6 lymphocytes but caused decreased proliferation in microglia
that contrasted the loss of viability in lymphocytes. Additionally, while
dCas9-VPR gesicles successfully combined with vorinostat in HIV-
NanoLuc CHME-5, there was less of a clear effect with J-Lat 10.6.
Thus, further experiments exploring the effects in different cell types
should be conducted in future experiments. Furthermore, additional
experiments investigating the effect of gRNA placement throughout
the LTR, as well as experiments combining dCas9-VPR gesicles with
other LRA classes (e.g., TLR or PKA activators) would be warranted.

In terms of future translation to a clinical setting, several aspects should
be addressed. First, a procedure to mass produce and purify gesicles
would be needed for potential in vivo/ex vivo experimentation. Gesicles
are essentially non-viral, VSV-G pseudotyped microvesicles. One
approach would be to translate techniques including liquid chromatog-
raphy and suspension culture that are used to produce and purify lenti-
viral vectors.®®®” Furthermore, while VSV-G has a wide tropism for

transducing cells,”® it would be interesting to know if gesicles can
be produced through the overexpression of other viral envelops

including those from feline endogenous retroviruses, measles, cocal vi-

V1000 condition. Cas9: *p = 0.0355, Cas9-VPR: *p =
0.0391, dCas9-VPR *p = 0.0148. Data are expressed as
the mean (SD).

rus, and others.”! For clinical utilization, the main benefit of the gesicle
system is the delivery of Cas9 variants in ribonucleoprotein (RNP) form.
Weand others’>”* have noted that this form of delivery rapidly transfers
an already bioactive Cas9 to the recipient cell, which is then degraded
within 24 h. This may decrease the time needed to observe a therapeutic
effect when compared with lentiviral or adeno-associated virus modal-
ities, which still require viral infection, followed by transcription and
translation of the CRISPR-Cas9 components. Moreover, the relatively
fast degradation of Cas9 suggests that this method is amenable to
more rigorous/frequent dosing strategies. This is key in treatment reg-
imens that will utilize multiple therapeutics, such as the gesicle and vor-
inostat combination strategy proposed within our data. Furthermore, a
newer paper suggests thatlipid nanoparticles were superior at mediating
delivery and viability in chimeric antigen receptor T cell engineering.”*
Perhaps the gesicle system can be utilized to quickly modify cells ex vivo
before reintroduction for their in vivo therapeutic effect. An example of
this in terms of HIV would be CCR5 mutation/deletion in T cells.”> "’
Nevertheless, the direct next steps would include discovering the in vivo
bioavailability/distribution of gesicles when delivered systemically, and
to directly compare gesicle vs. viral (lentivirus, adeno-associated virus)
therapeutic intervention in models of replication competent HIV infec-
tion. Overall, the current data lay a foundation for these future studies
and support the idea that gesicle-mediated delivery of dCas9-VPR
may be a useful alternative approach to promote HIV proviral transcrip-
tion alone, or in combination with other latency-reversing agents.

MATERIALS AND METHODS

Cell culture and treatments

HEK293FT or HIV-NanoLuc CHME-5 microglia were grown in
growth media: high-glucose DMEM (GIBCO/Thermo Fisher, Wal-
tham, MA) supplemented with 10% FBS (GIBCO) and 1% anti-
biotic/antimycotic (GIBCO) and incubated at 5% CO,, 37°C. Cells
were passaged every 4 days using 0.25% trypsin (GIBCO). J-Lat 10.6
lymphocytes were a gift from Dr. Marta Catalfamo. These cells were
grown in RPMI 1640 (GIBCO) supplemented with 10% FBS and 1%
antibiotic/antimycotic (GIBCO) and were passaged once a week.
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Figure 5. Combining dCas9-VPR with vorinostat does not cause proviral mutation or excision

Molecular assays were performed on HIV-NanoLuc CHME-5 microglia after combination treatment. (A) Representative data of excision assay. Gel electrophoresis for the HIV
LTR and GAPDH (U: untreated, C: Cas9, V: Cas9-VPR, d: dCas9-VPR). (B) Densitometric analysis of excision after combination treatment. n = 3 (three separate gesicle
preparations). Two groups were formed for statistical analysis. Experimental conditions receiving 100 nM vorinostat were analyzed by an ordinary one-way ANOVA with
Dunnett’s multiple comparisons test vs. the V100 condition. “p = 0.0173. Experimental conditions receiving 1000 nM vorinostat were analyzed by an ordinary one-way
ANOVA with Dunnett’s multiple comparisons test vs. the V1000 condition. **p = 0.022. (C) Representative data of TIDE analysis. TIDE aberrant signal sequence graph. Arise
in green bars denotes differences in untreated vs. experimental sample. (D) Efficiency score after combination treatment. n = 3 (three separate gesicle preparations).
Statistical analysis for TIDE experiments were performed by an ordinary one-way ANOVA with Tukey’s multiple comparisons test. **p = 0.0031 V100+Cas9 vs. V100+dCas9-
VPR, **p = 0.0052 V100+Cas9-VPR vs. V100+dCas9-VPR; ***p < 0.001 V1000+Cas9 vs. V1000+dCas9 VPR, **p = 0.0048 V1000+Cas9-VPR vs. V1000+dCas9-VPR.

Data are expressed as the mean (SD).

Gesicle production

Gesicles were prepared over a 6-day period by standard calcium
chloride transfection of HEK293FT cells. Day 1: HEK293FT cells
were plated at 4.5 x 10° cells on a 10-cm dish in 10 mL of growth
media. Day 2: Two tubes were prepared for transfection. Tube 1
contained 62 pL of 2M CaCl,, the following amounts of DNA
(VSV-G 10 pg, CherryPicker Red 2 pg, Cas9 variants 7 pg, gRNA
3 pg), and molecular-grade water to a total volume of 500 pL.
Regarding the Cas9 variants, Cas9 (spCas9) was acquired from
the Takara/Clontech Gesicle Kit (Takara Bio USA, San Jose, CA),
Cas9-VPR (Addgene #68497) and dCas9-VPR (Addgene #63798)
were acquired from Addgene (Watertown, MA, plasmids donated
by Dr. George Church). The gRNA sequence (LTR gRNA
5'-TTCTACAAGGGACTTTCCGC-3') was developed to target the
HIV-1 (pYU2 GenBank: M93258.1) LTR region using crispor.
tefor.net and has been previously used to mutate and excise inte-
grated HIV proviruses." J-Lat 10.6 guide RNA sequence

(5'-TGCTACAAGGGACTTTCCGC-3’) was derived from the
sequenced genome’ and targets the exact region as the HIV-
NanoLuc CHME-5 gRNA, with 1-bp difference (2" nucleotide).
Tube 2 contained 500 pL of 2xHBS (Sigma-Aldrich, St. Louis,
MO). Tube 1 was added to Tube 2 dropwise under gentle agitation,
incubated for 20 min, and the entire 1-mL volume was added drop-
wise to HEK293FT cells. Day 3: A complete media exchange was
performed with 15 mL of fresh growth media. Gesicles were allowed
to produce gesicles until Day 5. Day 5: the media was collected,
centrifuged at 1,500 RPM for 10 min to remove cells and large
debris, supernant was filtered through a 0.45-mm syringe, and
finally spun at 8,000 relative centrifugal force (RCF), 4°C for 16 h
in an ultracentrifuge (Beckman-Coulter, Brea, CA, USA). Day 6:
The supernant was discarded and pellet was resuspended in 60 puL
PBS and aliquoted for use. Using the current isolation methods,
all gesicle preparations contained a heterogeneous mix of exosomes,
microvesicles, and apoptotic bodies.
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Figure 6. Vorinostat causes latency reversal and
decreased viability in J-Lat 10.6 lymphocytes

J-Lat 10.6 lymphocytes were treated with vorinostat at
increasing concentrations to create a dose-response rela-
tionship. (A) Representative live cell images of EGFP fluores-
cence in untreated cells (0) or cells treated with vorinostat
(1,000, 10,000, 100,000 nM). (B) Western blot analysis of
EGFP (26.9 kDa) or actin (42 kDa) and densitometric quanti-
fication. U = untreated cells, 1-7 = 10-fold increase in
vorinostat concentration starting from 0.1 nM to 100000 nM
n = 3 (3 cell passages). Statistical analysis was performed
by an ordinary one-way ANOVA with Dunnett’'s multiple
comparisons test vs. the untreated (U/0) control. *p =
0.0183, ***p < 0.0001. (C) Representative phase-contrast
images of J-Lat 10.6 cells with or without vorinostat
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three times with PBS and incubated for 1 min with

Western blot

Cell lysates for western blot analysis were produced using radioim-
munoprecipitation assay (RIPA) buffer (Thermo Fisher, Waltham,
MA) supplemented with 1% Protease-Phosphotase inhibitor
(Thermo Fisher, Waltham, MA). Cells were lysed for 20 min on a
rotating plate at 4°C, after which lysates were collected and spun
down for 10 min at 10,000 revolutions/min (RPM; 9,400 RCF) in a
microcentrifuge. The supernatant was extracted, and protein levels
were read using the Pierce BCA Protein Assay Kit (Thermo Fisher,
Waltham, MA). Protein lysate was normalized to 30 mg per treat-
ment, and concentrated gesicles were loaded at a 15 pL volume. Sam-
ples were separated on a NuPage 4%-12% Bis-Tris gel (Thermo
Fisher, Waltham, MA). Protein was transferred to a Novex 0.45-
mm polyvinylidene fluoride (PVDF) membrane (Thermo Fisher,
Waltham, MA), washed with PBS, and blocked with 5% Immunoana-
Iytical Grade Blotto (Rockland Immunochemicals, Limerick, PA,
USA) for 1 h at 24°C. Primary antibodies were diluted in 5% Blotto
at a 1:1,000 dilution and incubated overnight at 4°C on a rotating
shaker. Primary antibodies used were as follows: VSV-G (Cat. no.
v4888; Sigma-Aldrich), Cas9 (Cat. no. MAC133; Millipore, Burling-
ton, MA, USA), EGFP (Cat. no. 50430-2-AP; Proteintech, Rosemont,
IL), B-actin (Cat. no. ab3280; Abcam, Cambridge, UK). After primary
antibody addition, membranes were washed with PBS three times,
and secondary antibody was applied in 5% Blotto for 1 h. Secondary
antibodies used were anti-Rabbit HRP (Cat. no. ab205718, Abcam,
Cambridge, UK) and anti-Mouse HRP (Cat. no. ab97023, Abcam,
Cambridge, UK). After secondary addition, membranes were washed
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Pierce ECL Western Blotting Substrate (Thermo
Fisher, Waltham, MA). Images were acquired us-
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ing a GE Scanner (General Electric, Boston, MA).

Gesicle application

HIV-NanoLuc CHME-5 microglia were plated on a Nuclon Delta-
treated 96-well plates (either clear or opaque white, Thermo Fisher,
Waltham, MA) at 25,000 cells per well in 200 pL of growth media.
On the day of gesicle application, media were changed to growth media
supplemented with protamine sulfate (8 mg/mL). Gesicles were added
(15 pL per well) and centrifuged at 1,150 RCF for 30 min. Cells were
returned to the incubator until endpoint assays were conducted.
J-Lat 10.6 was plated on a Nuclon Delta-treated 96-well clear plate at
25,000 cells per well in 200 L of growth media. Due to the cell type
being a suspension culture, 30 uL of gesicles were used per well and
the remaining procedure was carried out as described.

Luciferase assay

The luciferase assay was performed 16 h post gesicle treatment. Media
from the 96-well plates were aspirated and washed with 1xPBS before
RIPA buffer (75 pL) was added onto cell lysis as previously described.
Coelenterazine (Regis Technologies, Morton Grove, IL) was added to
the cells (10 uM final concentration, 100 puL per well) before lumines-
cence was assayed on a Spectramax Id3 plate reader (Molecular De-
vices, San Jose, CA).

PCR/excision assay

Cells used for molecular characterization were treated with gesicles
and/or vorinostat for 16 h, after which media was aspirated, and cells
were washed with 1xPBS before fresh media was added. Cells were
expanded from a 96-well plate to a 12-well plate over the course of
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Figure 7. dCas9-VPR gesicles can reverse latency in
J-Lat 10.6 lymphocytes
dCas9-VPR gesicles were applied to J-Lat 10.6 lymphocytes
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vE 4'~°:x°° B 4’9@9 Gel and PCR Clean Up kit (Macherey-Nagel,
&“Q < Bethlehem, PA, USA) and DNA concentrations
Treatment Treatment were analyzed by a NanoDrop 2000 (Thermo

5 days. This procedure was performed to obtain adequate DNA yields
for the subsequent experiments, as previous experiments trying to
obtain genomic DNA from a 96-well format result in undetectable
levels with some samples. The genomic DNA was isolated using the
NucleoSpin Tissue Column (Macherey-Nagel, Bethlehem, PA,
USA) according to the manufacturer’s instructions. DNA concentra-
tions were approximated by A260 reading, using a NanoDrop 2000
(Thermo Fisher, Waltham, MA). PCRs were prepared using Taq 2x
Mastermix (New England Biolabs, Ipswich, MA, USA) with 5 uM for-
ward and reverse primers and 100 ng of DNA sample. PCR was
carried out in an Eppendorf Thermal Cycler (Eppendorf, Enfield,
CA) using the following cycle: 95°C for 30 s, 30x cycles of 95°C for
22 s — 55°C for 45 s — 68°C for 5 min, 68°C for 5 min, and a
4°C hold. PCR products were run on a 1% agarose gel made with
1x TAE (Invitrogen, Waltham, MA) with SYBR Safe DNA gel stain
(Thermo Fisher, Waltham, MA) for 50 min at 150 V. The excision

Fisher, Waltham, MA). Purified PCR product
was sent for Sanger sequencing (Genewiz-Azenta, Burlington, MA)
and sequences were uploaded to TIDE for analysis of indels.

Drug treatments/cell viability and proliferation

Drugs were purchased from Sigma (Sigma-Aldrich, St. Louis, MO):
Lipopolysaccharide (L2630-10MG), resiquimod (SML0196-10MG),
and vorinostat (SML0061-5MG) and prepared as per the manufac-
turer’s instructions. Drugs were diluted in growth media at the listed
concentrations (0.1 nM-100,000 nM) and added to HIV-NanoLuc
CHME-5 microglia by a full media exchange. After treatment (16
h) a luciferase assay was performed. Viability assays were performed
using a Promega Cell-Titer Glow Luminescent Viability Assay
(Promega, Madison, WI). Hoechst staining (Thermo Fisher, Wal-
tham, MA), was performed after vorinostat treatment and cells
were counted using the Lionheart Imager and Gen5 software (Agilent,
Santa Clara, CA). Because J-Lat 10.6 lymphocytes are a suspension
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culture, viability was assayed by trypan blue staining and cell counting
using the Countess 3 Automated Cell Counter (Thermo Fisher, Wal-
tham, MA) according to the manufacturer’s instructions.

Gesicle and vorinostat combination experiments

In experiments combining gesicles with vorinostat, vorinostat was
applied to cells as a 1-h pretreatment step. Gesicles (15 L for HIV-
NanoLuc CHME-5 or 30 pL for J-Lat 10.6) were then spiked into the
media and centrifuged as previously described. Therefore, cells were
exposed to both vorinostat and gesicles for the reminder of the treat-
ment time course.

Live cell imaging

HIV-NanoLuc CHME-5 microglia were live cell imaged using a Lion-
heart Imager and Gen5 software (Agilent, Santa Clara, CA). In brief,
the microscope incubator was set to 5% CO,, 37°C, and humidified.
Brightfield and/or Texas Red channels were imaged every 15 min for
a total of 16 h.

Statistical analysis and data processing

Data processing was only performed for luciferase assays measuring
HIV proviral transcription. Raw luminescence values were normalized
to the baseline luminescence of untreated cells to create fold-change
graphs. All data were analyzed using GraphPad Prism 9 (GraphPad,
San Diego, CA). Statistical analysis was performed where appropriate
by three different tests including an ordinary one-way ANOVA with
Dunnett’s multiple comparisons test, an ordinary one-way ANOVA
with Tukey’s multiple comparisons test, and an unpaired t test.
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