Molecular Therapy
Original Article

AMERICAN SOCIETY of
w GENE & CELL

el THERAPY

Gesicle-Mediated Delivery of CRISPR/Cas9
Ribonucleoprotein Complex for Inactivating

the HIV Provirus

Lee A. Campbell,! Lamarque M. Coke,! Christopher T. Richie,! Lowella V. Fortuno,! Aaron Y. Park,’

and Brandon K. Harvey!

Intramural Research Program, National Institute on Drug Abuse, Biomedical Research Center, Suite 200, 251 Bayview Boulevard, Baltimore, MD 21224, USA

Investigators have utilized the CRISPR/Cas9 gene-editing sys-
tem to specifically target well-conserved regions of HIV, lead-
ing to decreased infectivity and pathogenesis in vitro and
ex vivo. We utilized a specialized extracellular vesicle termed
a “gesicle” to efficiently, yet transiently, deliver Cas9 in a ribo-
nucleoprotein form targeting the HIV long terminal repeat
(LTR). Gesicles are produced through expression of vesicular
stomatitis virus glycoprotein and package protein as their
cargo, thus bypassing the need for transgene delivery, and al-
lowing finer control of Cas9 expression. Using both NanoSight
particle and western blot analysis, we verified production of
Cas9-containing gesicles by HEK293FT cells. Application of
gesicles to CHME-5 microglia resulted in rapid but transient
transfer of Cas9 by western blot, which is present at 1 hr, but
is undetectable by 24 hr post-treatment. Gesicle delivery of
Cas9 protein preloaded with guide RNA targeting the HIV
LTR to HIV-NanoLuc CHME-5 cells generated mutations
within the LTR region and copy number loss. Finally, we
demonstrated that this treatment resulted in reduced proviral
activity under basal conditions and after stimulation with
pro-inflammatory factors lipopolysaccharide (LPS) or tumor
necrosis factor alpha (TNF-at). These data suggest that gesicles
are a viable alternative approach to deliver CRISPR/Cas9 tech-
nology.

INTRODUCTION

The CRISPR/Cas9 gene-editing system has become a versatile and
efficient technique to manipulate genomic DNA. This method has
been utilized in basic science studies to correct the pathogenic pheno-
type in a number of disease models stemming from genetic devia-
tions, including muscular dystrophy,' > hemophilia,** autism,”” can-
cers,® and others. Furthermore, the CRISPR/Cas9 system has been
shown to have efficacy in infectious diseases, including infection by
HIV.”'? Investigators have successfully targeted well-conserved re-
gions of the integrated HIV provirus (e.g., long terminal repeat
[LTR] regions, gag-pol, and env regions) to cause mutations, leading
to a decrease in proviral activity and mature virus production, along
with an “immunization” of cells expressing the CRISPR/Cas9 compo-
nents in vitro. Nevertheless, evidence of guide RNA (gRNA)-specific,
CRISPR/Cas9-resistant HIV has been reported, which may occur

from constitutive expression of CRISPR/Cas9 components in
conjunction with active viral production.'"'* These data, in addition
to numerous studies showing that continuous expression of the
CRISPR/Cas9 components can increase the occurrence of off-target
mutation events,"> ' signify the need for alternative methods of de-
livery that would enable transient, limited CRISPR/Cas9 activity.

A well-established strategy for transient CRISPR/Cas9 activity is the
delivery of a Cas9 ribonucleoprotein (RNP) complex (i.e., Cas9
already coupled to its guide RNA).'®
to accomplish this involves electroporation'® or encapsulating the
complex with cationic lipids.'” An alternative approach is to use
extracellular vesicles (EVs) containing the Cas9 RNP complex for
direct delivery to the recipient cell. EVs have become a topic of focus

7 The most common methods

because of their implications as disease biomarkers in cancer and
immunological disorders,”>*" functions in normal physiology such
as cell-to-cell communication,”>** and bioengineering-restorative ca-
pabilities.”**” EVs are endogenously produced membranous vessels
that are heterogeneous in size, shape, and cargo. In general, EVs
can be characterized into three subpopulations based on size and pro-
cess of formation: microvesicles, exosomes, and apoptotic bodies (re-
viewed in Kalra et al,”* Momen-Heravi et al,” and Akyurekli
et al.”%). Microvesicles are formed from budding of the outer mem-
brane of the cell, and typically range from 50 to 1,000 nm in diam-
eter.”! Exosomes are smaller and arise from the packaging of inner
cellular membrane bodies, resulting in a multi-vesicular structure.
The inner individual vesicles of the multi-vesicular structure range
from 40 to 100 nm.”*” Finally, apoptotic bodies are formed when
programmed cell death occurs, and contain degrading organelles
and cellular debris. These are the largest of the EV's, with sizes ranging
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from 50 to 5,000 nm.>**° Cells can be engineered to increase their
production of EVs. A recent study described a microvesicle that is
produced through overexpression of vesicular stomatitis virus G
glycoprotein termed a “gesicle.”*® The investigators showed that ge-
sicles can be utilized for direct transfer of membrane, cytoplasmic,
and nuclear proteins. Due to the relatively high and ubiquitous
expression of the cellular receptor for vesicular stomatitis virus G pro-
tein (VSV-G), the low-density lipoprotein (LDL) receptor,””® ge-
sicles have a broad tropism. Recently, gesicles have been engineered
to contain Cas9 as an RNP complex,’® creating the potential for ge-
sicle-mediated delivery of CRISPR to target cells.

In this study, we explored the efficacy of gesicle-mediated delivery of
Cas9 RNPs for inactivating HIV proviral activity in a previously
described microglial cell line.*” The features of this characterized
cell line allowed us to examine proviral mutation, copy number
loss, and functional activity in a stable, reproducible setting. We first
showed that gesicles can package Cas9 RNP complexes and confer
acute, transient delivery of this functional RNP complex to
CHME-5 cells. Using a Cas9 RNP containing a gRNA to the HIV
LTR, we observed both mutation and copy number loss of the HIV
provirus, along with decreased activity as measured by NanoLuc
luminescence and the protein analysis of viral protein Nef. Therefore,
the use of gesicles may be an alternative strategy to deliver CRISPR/
Cas9 in protein form. The transient nature of protein delivery is
aimed to reduce the potential deleterious effects of constitutive
Cas9 activity that may arise from virus-mediated delivery methods.

RESULTS

Confirmation of CherryPicker Red, VSV-G, and Cas9 Expression
by Gesicles

Gesicles are produced using a packaging system comprised of four
components: CherryPicker Red, VSV-G, Cas9, and the chosen
gRNA (Figure 1A). After transfection into HEK293FT producer cells,
VSV-G promotes gesicle formation through membrane fusion and
eventual budding from the cellular membrane. CherryPicker Red is
a membrane-associated protein that contains a “DmrA” domain
that physically associates with the DmrC domain present on the
Cas9 RNP in an inducible manner.*"** This occurs by the addition
of the A/C heterodimerizer molecule, facilitating Cas9 RNP pack-
aging into the gesicle. Additionally, Cas9 dissociation occurs by dilu-
tion of the A/C heterodimerizer once the gesicle fuses with the mem-
brane of the recipient cell. We first confirmed the presence of
CherryPicker Red, VSV-G, and Cas9 in both the HEK293FT pro-
ducer cells and the gesicles released into the media after transfection
with the gesicle-forming components. Untransfected producer cells
and media were used as controls. Epifluorescent imaging of live
HEK293FT cells transfected to produce gesicles showed robust
expression of CherryPicker Red (Figure 1B). Cell lysates from
HEK293FT producer cells were then prepared, and western blot anal-
ysis confirmed expression of CherryPicker Red, VSV-G, and Cas9
(Figures 1C-1E, HEK293FT Producer Cell columns). Gesicles iso-
lated from the producer cells by filtration and ultracentrifugation
were probed for the same markers. Western blot analysis confirmed
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the presence of CherryPicker Red, VSV-G, and Cas9 within the
sedimented material (Figures 1C-1E, Conc. Media columns). An
additional gesicle preparation was made in the absence of A/C heter-
odimerizer. Western blot analysis confirmed the presence of Cherry-
Picker Red in all groups prepared with the gesicle packaging mix (Fig-
ure 1F). As expected, the presence of A/C heterodimerizer increased
the levels of Cas9 associated with the isolated gesicle material (Figures
1G and 1H).

Characterizing Size and Concentration of Gesicles

Gesicles were originally characterized as membranous, vesicle-like
structures that measured 100 nm in diameter on average.’® We
measured the size and concentration of particles using NanoSight
technology**** for both the media from untransfected cells (media
control) and cells transfected to produce gesicles. Preparations were
conducted using EV-depleted fetal bovine serum (FBS) and normal
FBS. For transfected cells, we compared Gesicle Packaging Mix
with Xfect or Lipofectamine to compare the impact of the transfection
reagent. The CherryPicker Red fluorescent particles ranged from 50
to 700 nm (Figure 2A, bottom panels). The most numerous popula-
tions of CherryPicker Red fluorescent particles (peaks ranging from
~50 to 100 nm) are consistent with the published size of a gesicle.*®
The larger fluorescent particles (400-700 nm) may include a mixed
population of EVs (e.g., microvesicles and apoptotic bodies).*> Media
from untransfected cells did not have detectable fluorescent micro-
particles (Figure 2A, bottom left). Light scatter detected EVs in all
samples regardless of conditions (Figure 2, top panels). The dominant
peaks for fluorescent and light scatter readings did not coincide and
may be the result of aggregates or objects derived from the FBS or
EVs produced from HEK293FT cells. Sample videos captured during
the NanoSight analysis are available (Video S1). We observed that the
transfection reagents produced comparable particles as measured by
fluorescence and light scatter, and both reagents increased total par-
ticles by a 3- to 6-fold increase over untreated cells. Preparations that
used EV-depleted media contained almost twice as many fluorescent
particles in the total EV population compared with normal serum
containing media (0.38% versus 1%; Figure 2B). These data support
the use of EV-depleted media in the production of gesicles.

Determining Transfer of Gesicle Proteins to CHME-5 Cells

Gesicles provide rapid and direct transfer of cytoplasmic, membrane-
associated, and nuclear proteins to recipient cells.’® After gesicle
treatment, we observed CherryPicker Red fluorescence associated
with CHME-5 cells. The fluorescence remained associated with the
cellular morphology during cellular migration and division (Fig-
ure 3A). A full time-course video is shown in Video S2. Because ge-
sicle-mediated transfer of CherryPicker Red and Cas9 protein has
not been characterized, we performed western blot analysis on lysates
prepared from CHME-5 cells after gesicle treatment. Gesicles were
applied to CHME-5 microglia cells by centrifugation, and cells were
harvested at 1, 4, and 24 hr post-centrifugation. Western blot analysis
for CherryPicker Red, VSV-G, and Cas9 confirm the direct and rapid
transfer of these proteins to their recipient cells (Figures 3B-3D).
CherryPicker Red, VSV-G, and Cas9 proteins associate with
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Figure 1. Production and Characterization of Cas9
Gesicles

(A) HEK293FT producer cells were transfected with the
gesicle packaging mix containing CherryPicker Red,
VSV-G, Cas9, and a chosen gRNA. Gesicles were released
over the course of 48 hr and were collected by media
filtration and ultracentrifugation. (B) Live-cell images of
HEK293FT cells either untreated (—) or transfected with the
gesicle packaging mix (+). The gesicle packaging mix
condition showed strong CherryPicker Red fluorescence in
comparison with the untreated condition. Cell lysates were
prepared from HEK293FT producer cells from untreated
(—) and gesicle packaging mix (+) conditions, and a western
blot was run to identify protein expression of CherryPicker
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CHME-5 cells as early as 1 hr after centrifugation. CherryPicker Red
and VSV-G protein were detectable for at least 24 hr (Figures 3E and
3F). However, there is no detection of Cas9 at 24 hr when compared
with untreated control (Figure 3G), suggesting its half-life is shorter
than the other proteins delivered by gesicles.
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Reducing HIV Proviral Activity Using Gesicle-Mediated Delivery
of Cas9

To examine the efficacy of gesicle-mediated delivery of Cas9 RNPs,
we targeted the LTR of HIV in a microglial cell line HIV-NanoLuc
CHME-5, which contains a modified HIV provirus with a
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Red (C), VSV-G (D), and Cas9 (E). Additionally, media were
taken and concentrated to obtain gesicles from un-
transfected (—) or gesicle packaging mix (+) cells (Conc.
Media column). We observed an increased expression of
CherryPicker Red (B), VSV-G (C), and Cas9 (D) in the
preparation from cells transfected with the gesicle pack-
aging mix. A parallel preparation of gesicles was prepared
using the gesicle packaging mix without the presence of
A/C heterodimerizer. We observed CherryPicker Red
protein expression in all preparation conditions using the
gesicle packaging mix (F). The absence of A/C hetero-
dimerizer significantly decreases the expression of Cas9 as
observed by western blot (G) and densitometry (H). Data are
the mean + SEM of three experiments, analyzed using a
one-way ANOVA with post hoc test; *p < 0.05 versus no
A/C treatment group.
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of the HIV LTR." LTR-mediated expression can
be enhanced by nuclear factor kB (NF-kB) acti-
agents including lipopolysaccharide
(LPS) and tumor necrosis factor alpha (TNF-a).
The cell line also produces the HIV viral protein
Nef and contains a stable copy number of inte-
grated proviruses. Two gRNAs designated LTR
gRNA 2 and 4 were used for gesicle production.
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HIV LTR, and LTR gRNA 4 targets the 3’ end
of the LTR near the TAR region (Figure 4A).
After gesicle delivery, the expected results include
mutation of the HIV proviral LTR regions (Figure 4B) and/or proviral
excision, resulting in copy number loss (Figure 4C).

We first verified mutation within the LTR region using T7E1 assay,
which produced the expected cleavage products (Figure 5A; Fig-
ure S1B). We used protamine sulfate to reduce non-specific binding
of gesicles and therefore used protamine sulfate treatment alone as
“vehicle control. We next examined genomic DNA for evidence of ge-
sicle-mediated proviral copy number loss using droplet digital PCR
(ddPCR) analysis of both NanoLuc and Nef (Figure 4C). The cells
treated with gesicles showed a decrease in the copy number of HIV
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Figure 2. Assaying Gesicle Size and Concentration

(A and B) Media from untreated HEK293FT producer cells
or cells transfected with either the gesicle packaging mix
or Lipofectamine were prepared in EV-depleted FBS or
normal FBS and analyzed to determine size distribution
and concentration of particles after ultracentrifugation and
resuspension. (A) Top panels: in cells grown using EV-
depleted FBS, light scatter analysis of media control from
HEK293FT producer cells and producer cells transfected
with the gesicle packaging mix or Lipofectamine + plas-
mids confirm that all conditions produce extracellular
vesicles. Bottom panels: only the gesicle packaging mix
and Lipofectamine conditions contain fluorescent parti-
cles. The fluorescent particles ranged between 50 and
700 nm in size. (B) Preparations of media control, gesicle
packaging mix, and Lipofectamine conditions were pre-
pared and analyzed for particle number. Transfection with
the gesicle packaging mix or Lipofectamine increases the
presence of extracellular vesicles in the media by 3- to
6-fold over untreated cells. Within the total population of
extracellular vesicles, ~1% are CherryPicker Red* under
EV-depleted conditions while normal FBS conditions
exhibit only 0.38% of particles.
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(Figure 6A). Additionally, a decrease in the viral
protein Nef was observed by WES analysis (Fig-
ures 6B and 6C) and immunofluorescence
(Figure 6D).
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0 Finally, we compared gesicle delivery with Lipo-
fectamine-based transfection of plasmids ex-
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pressing Cas9 and gRNAs. We observed that a
single transfection was not sufficient to result
in decreased proviral activity in the same time
duration as a gesicle treatment. HIV-NanoLuc

Light Scatter 2.42x10° +/- 7.10x107

Fluorescent 2.66x107 +/- 8.93x106

CHME-5 cells required two rounds of transfec-
tion to decrease proviral activity (Figure S2A).
Incidentally, we observed significant proviral

1.1%

proviruses (Figure 5B; Figure S1C). Direct sequencing of the PCR
products, followed by tracking of indels by decomposition (TIDE)
analysis,46 further confirmed mutational events at the HIV LTR using
gRNA 4, with approximately 8% of amplified products harboring mu-
tations (Figure 5C). A primary concern when using CRISPR/Cas9
technology is off-target mutational events. We found that no sites
were completely homologous to our chosen gRNA sequences, and pu-
tative off-target sites were not located in coding regions of genes. Two
off-targets for LTR gRNAs 2 and 4 were examined by TIDE; however,
no mutational events were observed above 2% background™® (Fig-
ure 5D; Figure S1D).

We next determined whether HIV proviral activity and cell pheno-
type were altered by gesicle treatment. NanoLuciferase activity,
both basal and stimulated, was decreased following gesicle treatment
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copy number loss for LTR gRNA 2 after two

rounds of transfection as well (Figure S2B).
When off-target analysis was performed by TIDE, we continued to
observe low off-target effects (Figure S2C), although LTR 4 was higher
by plasmid transfection (2%) compared with gesicles (0.6%).

Gesicle Dosage and Viability

We tested various concentrations of gesicles ranging from 0.01 to
100 pg protein/mL for effects on viability. Gesicles were added by
centrifugation, and differences in CherryPicker Red fluorescence
were observed 24 hr after addition (Figure 7A). We measured viability
both acutely and after cellular expansion and passaging. No loss of
viability as measured by ATP assay was detectable acutely at 24 hr
for all doses of gesicles (Figure 7B). For longer experiments in which
cells were grown to confluency and passaged for 3 weeks, both cell
yield and viability remained unchanged (Figure 7C). LTR gRNA 4
produced significant proviral inhibition at both 10 and 100 pg
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protein/mL concentrations, with 100 pug protein/mL maintaining sig-
nificant proviral inhibition for up to 3 weeks (Figure 7D).

DISCUSSION

The versatility and selectivity that comes with CRISPR/Cas9 gene ed-
iting has opened the possibility for translation into human therapies.
However, many issues related to safety, efficacy, and specificity
remain before such therapies are feasible. Incremental advances to
address these issues will facilitate the translation of CRISPR/Cas9
into a viable approach for the treatment of disease. Here, we demon-
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Figure 3. Gesicle Treatment Rapidly Delivers Protein
to CHME-5 Microglia

(A-G) CHME-5 microglia were treated with gesicles by
centrifugation and placed on an EVOS microscope sys-
tem of longitudinal imaging of live cells and CherryPicker
Red fluorescence. (A) A combination of bright-field and
CherryPicker Red fluorescence showed co-localization
over time. Cell lysates were prepared at 1, 4, and 24 hr
post-centrifugation. Cell lysates were run on a western
blot and probed for CherryPicker Red (B), VSV-G (C), and
Cas9 (D) in comparison with untreated cells. Densitometry
was then performed for CherryPicker Red (E), VSV-G (F),
and Cas9 (G). We observed a rapid yet transient delivery of
Cas9 by gesicles. Data are the mean + SEM of three ex-
periments, analyzed using a one-way ANOVA with post
hoc test; “p < 0.05 versus untreated cells.

strate that gesicles can be used to rapidly and
transiently deliver Cas9 RNP to a microglial
cell line. Furthermore, we showed that gesicle-
mediated delivery of the Cas9 RNP complex
containing gRNAs targeting the HIV LTR can
produce site-specific mutations, proviral copy
number loss, and decreased HIV proviral activ-

ey ity, consistent with other findings.”'® To our
il knowledge, this is the first instance where a
£ E E gesicle and Cas9 RNP complex were used in
- ¥ A« conjunction to inactivate HIV. Additionally,
== the use of gesicles may serve as an alternative
o . ™= trategy to deliver functional Cas9 in compari-
son with gene delivery vehicles such as adeno-
Actin  associated viruses and lentiviruses.

Gesicles as Delivery Vehicles of Protein

In the manuscript first describing gesicles by
Mangeot, Lotteau, and colleagues,36 the authors
showed that several types of proteins including
cytosolic, membrane bound, and nuclear local-
ized can be loaded and subsequently transferred
to recipient cells by gesicles. Here we confirmed

* *

&

D that membrane-bound CherryPicker Red and
nuclear Cas9 can be packaged into VSV-G-pro-
duced gesicles (Figure 1). Interestingly, the pro-
teins packaged into gesicles may be structurally
different than in the producer cell line. For example, the cherry fluo-
rescent protein is expressed as an ~30-kDa monomer,*” and addition
of the DmrA domain to form CherryPicker Red is ~60 kDa. We
observed four protein bands ranging from ~30 to 60 kDa in the
HEK293FT producer cell lysates. However, only the 50- to 60-kDa
molecular weight bands were present in isolated gesicles (Figure 1C).
The data suggest that the mature CherryPicker Red protein is present
at the membrane, but the cell-associated protein is incompletely
processed or cleaved. For example, a significant portion of the over-
expressed CherryPicker Red may be misfolded and targeted for
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A Schematic of HIV LTR Targeting by Gesicles
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Figure 4. Schematic of the HIV Long Terminal Repeat and Expected
Products after CRISPR/Cas9 Targeting by Gesicles

(A) Two gRNAs were developed to target the HIV LTR. LTR gRNA 2 targeted the
NF-«B Il transcription site, whereas LTR gRNA 4 targeted the TAR region. (B) The
HIV provirus utilizes two LTR regions at the 5" and 3’ ends. If CRISPR/Cas9 occurs at
separate instances (denoted by the light and dark lightning bolts), mutations in these
regions can occur. Black arrows denote the primer binding sites to assay mutations
within the LTR regions. (C) Additionally, if a double-stranded break occurs at the
same instance, there is a possibility of whole provirus excision resulting in a loss of
HIV proviral copies. Black arrows denote primers used to assay the loss of integrated
proviruses by ddPCR.

degradation before ever reaching the membrane. Additionally, a
portion of the membrane containing CherryPicker Red may be re-
cycled and degraded instead of becoming part of a gesicle. We also
observed a difference in apparent size of Cas9 between producer cells
(~180 kDa) and gesicles (three proteins at 180 kDa and lower). Based
on expected sizes of the modified Cas9, it appears that it may be
cleaved once associated with gesicles, or the other forms are a result
of degradation. Further studies are needed to understand the nature
of this process and whether it affects the specific activity of a Cas9-
containing gesicle.

Mangeot et al.’® measured gesicle size using gold labeling and found
the size of the gesicle to be roughly 100 nm. Hung and Leonard*®
similarly performed a size characterization by both electron micro-
scopy and NanoSight analysis, revealing gesicles to be 50-200 nm
in diameter. Our analysis of cherry particles by NanoSight confirms
the presence of 50- to 200-nm particles (Figure 2A). In addition, we
observed fluorescent particles with diameters greater than 200 nm.
Currently, we are unable to determine whether these are separate
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and distinct gesicles or a possible clustering and aggregation of mem-
brane-fused gesicles. Using the NanoSight analysis, we were able
to examine two previously uncharacterized facets of gesicle
biology: the extent to which the transfection of gesicle components fa-
cilitates vesicle formation and the percentage of particles that are
CherryPicker Red” (and potentially Cas9") after purification. We
found that transfection increases the presence of microparticles in
the media by 91%-140% over the untransfected control. Although
we observed an increase in the presence of microparticles, only 1%
of these particles were CherryPicker Red” (Figure 2B). The relatively
low efficiency of CherryPicker Red incorporation into microparticles
may be improved by altering the time course of expression between
VSV-G and CherryPicker Red. Because VSV-G is overexpressed
to produce gesicles, the formation of gesicles may occur before
CherryPicker Red has fully trafficked to the membrane. Such an
approach might also improve the packaging of Cas9 by allowing it
to associate with the membrane before being incorporated into ge-
sicles. Our study provides a basis for further optimization of the pro-
duction of Cas9-containing gesicles.

Transient Delivery of Cas9

Studies targeting HIV provirus using CRISPR/Cas9 have shown that
gene editing may result in the development of CRISPR/Cas9-resis-
tant strains of HIV.'"'? Furthermore, the potential of off-target mu-
tations is widely discussed regarding CRISPR/Cas9 gene editing.
One strategy to reduce off-target mutational effects is to limit the
duration of Cas9 activity, which can be achieved by delivering
Cas9 in a RNP form. Work by Kim et al.'” demonstrated that
Cas9 RNP complexes have a more rapid time course of mutational
events when compared with CRISPR/Cas9 delivered by DNA, with
detectable mutations starting at 3 versus 12 hr, respectively. Similar
to our findings (Figure 3), Kim et al.'” also found that the presence
of Cas9 RNP in recipient cells after delivery is transient, with protein
detection of Cas9 nearly undetectable at 24 hr. Furthermore, Cas9
RNP delivery resulted in decreased off-target mutations and cellular
toxicity when compared with plasmid delivery of CRISPR/Cas9.
This is consistent with studies reporting that Cas9 RNP delivery re-
sults in high-fidelity mutational events with minimal cell mortal-
ity.*>*° In the current study, we found no evidence of off-target ef-
fects, but we did observe mutations within the LTR region, as well as
a loss of copy number likely resulting from the presence of two
target sites (one in each LTR). The relatively close proximity of
the provirus’s remaining LTR may also serve as a donor template
for the repair of the first LTR that obtains a Cas9-mediated dou-
ble-strand break. This type of repair would also result in a deletion
of the proviral genome, leaving a single LTR (which can be acted
upon further) in its place. Importantly, we also found no significant
changes in viability as a consequence of gesicle treatments, both
acutely and through long-term cell passaging (Figure 7). These re-
sults suggest that gesicle-mediated Cas9 RNP delivery maintains
the characteristics of high mutation efficiency, low toxicity, and
low off-target effects. Gesicles may potentially be used as an
alternative CRISPR/Cas9 delivery system to target integrated HIV
proviruses.
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Figure 5. Gesicle Treatment Causes Specific
Mutation Events at the HIV LTR

HIV-NanoLuc CHME-5 microglia were assayed to deter-
mine mutation and a loss of proviral copy number. (A)
T7E1 of the 5 LTR amplified region showed positive
products for mutation by LTR gRNA 4. (B) Droplet digital
PCR was performed using a probe for the NanoLuc and
the Nef regions of the provirus relative to a GGT7, a single
copy gene. We observed a decrease in proviral copies per
genome by LTR gRNA 4. (C) TIDE analysis was performed
for LTR gRNA 4, confirming mutational events near the
designated gRNA target site. The average efficiency of
mutation events was 8%. (D) Two of the top off-target sites
for LTR gRNA 4 were amplified and assayed for mutational
events by TIDE analysis. Off-target 1 showed little to no
variation from the control sample with an efficiency of
0.6%. Data are the mean + SEM of three experiments,
analyzed using a two-way ANOVA with post hoc test; *p <
0.05 versus untreated cells for NanoLuc ddPCR; p <
0.05 versus untreated cells for Nef.
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of non-Cas9-carrying gesicles. Overall, new ef-
forts should be explored to enhance gesicle pro-
duction and purification to aid in the feasibility
of translation into a possible human therapeutic
method.

o
%
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In these experiments, we evaluated gesicles as a
delivery vehicle for CRISPR/Cas9 to target and
inactivate HIV proviral DNA. We used a previ-
ously characterized microglial cell line that con-
tains a modified HIV provirus, HIV-NanoLuc-
CHME-5." We showed that gesicle-mediated
delivery of Cas9 RNP with gRNA targeted to
LTR could reduce copy number of proviral ge-

basepair

Enhancing Gesicle Production and Future Directions

We observed that a relatively low percentage of isolated microparticles
were CherryPicker Red” (1%; Figure 2B), but our gesicle preparation
produced phenotype-altering mutations in the target cells. Given
that we could induce functional mutations with our gesicle prepara-
tions, it is feasible to employ them for in vivo applications. However,
the delivery of the extraneous materials for in vivo systems warrants
concern for potential adverse effects including immunogenic and cyto-
toxicity. Improving the homogeneity of the resulting gesicle suspen-
sion would be beneficial to decrease these unwanted effects, while
increasing efficacy. Mangeot et al.’® showed that gesicle preparations
can be separated using an iodixanol gradient. Combining these gesicles
with capture antibodies to VSV-G or CherryPicker Red may result in a
highly purified gesicle product. Further optimization of production
methods may improve gesicle yield and reduce the relative portion

%,

nomes and reduce viral protein expression.
These studies establish the gesicle as a capable
delivery vehicle of CRISPR/Cas9 for HIV target-
ing. Future studies using additional cell models
of HIV infection are needed to establish efficacy and off-target effects.
This would include lymphocyte cell lines such as the Jurkat®"* and
SupT1°*** cell lines, or peripheral blood mononuclear cells™ isolated
from patient samples that are transduced with replication-competent
HIV. While there are data showing that T cell populations lack the
VSV-G receptor,” there may be other membrane modifications
that can be made to facilitate gesicle-mediated transduction of this
cell type including co-pseudotyping with other virus glycopro-
teins.””*® These data would add to the feasibility of gesicle-mediated
Cas9 RNP delivery in T cell populations that are commonly infected
with the virus. Lastly, in vivo delivery of Cas9 RNPs using gesicles
needs to be tested. Previous work showed that Cas9 RNP complexes
fused with Simian vacuolating virus 40 nuclear localization sequences
can be delivered through intracranial injection.”® Overall, gesicle-
mediated Cas9 RNP delivery in vitro inhibited proviral activity in
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Figure 6. Gesicle Treatment Reduces HIV Proviral
Activity

(A) Cell populations treated with LTR gRNA 2 and LTR
gRNA 4 were stimulated with pro-inflammatory factors,
and cell lysates were taken for the luciferase assay. LTR
gRNA 2 and 4 significantly decreased proviral activity after
stimulation with TNF-a (50 ng/mL). Additionally, LTR
gRNA 4 significantly decreased proviral activity under both
basal conditions and LPS (100 ng/mL) stimulation. (C)
Lysates were also run on a WES and probed for the HIV
protein Nef. (B) Densitometry analysis confirms that HIV
viral protein Nef is decreased using LTR gRNAs 2 and 4
after TNF-a treatment. (D) Immunohistochemistry also
showed decreased immunoreactivity of Nef in cells
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treated with LTR gRNA 4. Data are the mean + SEM of two
stable cultures, with three experiments each, analyzed
using a two-way ANOVA with post hoc test for each
stimulation group (A) or one-way ANOVA with post hoc
test (B). *p < 0.05 versus untreated cells: unstimulated;
*5 < 0.05 versus untreated cells: LPS stimulated; "p <
0.05 versus untreated cells: TNF-a. stimulated. 2, LTR
gRNA 2; 4, LTR gRNA 4; P, protamine; U, untreated.

into the pGuide-it-sgRNA vector and confirmed
by sequencing. A single LTR gRNA sequence
was used in one gesicle preparation. The chosen
LTR gRNA plasmid (10 pg) was diluted in

LTR 4

Untreated

Untreated

Brightfield

ef

the HIV-NanoLuc CHME-5 cell line. Future studies of these unique
EVs may lead to alternative therapeutic approaches for controlled
CRISPR/Cas9 activity.

MATERIALS AND METHODS

Gesicle Production

Gesicles were prepared two ways. Unless otherwise noted,
gesicles were prepared using the Guide-it CRISPR/Cas9 Gesicle
Production System (catalog [Cat.] no. 631613; Clontech/Takara,
Mountain View, CA, USA) according to the manufacturer’s instruc-
tions. In brief, two guide RNA sequences (LTR gRNA 2: 5-TTCTA
CAAGGGACTTTCCGC-3' and LTR gRNA 4: 5-GCCCGTCTGTT
GTGTGACTC-3') were developed to target the HIV-1 (pYU2
GenBank: M93258.1) LTR region using http://crispr.mit.edu. Oligo-
nucleotide duplexes encoding the gRNA sequences were ligated
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LTR 4 nuclease-free water to a volume of 600 pL and
added to the gesicle packaging mix. The entire
mix was added dropwise onto HEK293FT pro-
ducer cells, which were plated at 4.5 x 10° cells
in a 10-cm dish. Forty-eight hours post-trans-
fection, the media were collected, filtered
through a 0.45-pm syringe, and spun at 8,000
relative centrifugal force (RCF), 4°C for 16 hr
in an ultracentrifuge (Beckman-Coulter, Brea,
CA, USA). The pellet was resuspended in PBS
and aliquoted for use. Regarding Figure 2, we
utilized Lipofectamine 2000 (Thermo Fisher,
Waltham, MA, USA) as the transfection reagent to compare the par-
ticle size and concentration of gesicles prepared using this method
with those produced by the Gesicle Production System (Clontech/
Takara). The transfection mix was prepared following the manufac-
turer’s instructions for a 10-cm dish, using the following plasmid ra-
tios: CherryPicker Red, 3 pg; VSV-G, 12 pg; Cas9, 3 pg; and chosen
LTR gRNA plasmid, 3 pg. After transfection, the media were prepared
as previously described. Using the current isolation methods, all ge-
sicle preparations contain a heterogenous mix of exosomes, microve-
sicles, and apoptotic bodies.

Western Blot

Cell lysates for western blot analysis were produced using radioim-
munoprecipitation assay (RIPA) buffer (50 mM Tris HCI [pH 7.5],
0.25% sodium deoxycholate, 150 mM NaCl, and 1 mM EDTA) with
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Figure 7. Gesicle Dosage and Viability

(A-D) HIV-NanoLuc CHME-5 microglia were treated with
gesicles containing LTR gRNA 4 at varying concentrations
(0.01-100 pg protein/mL). (A) Live-cell images 24 hr post-
centrifugation indicated CherryPicker Red fluorescence
increases as gesicle dose increases. (B) Viability 24 hr
post-gesicle treatment was assayed using the ATP
viability assay. No significant differences were detected
between the different gesicle concentrations. (C) Long-
term viability after cellular expansions and culture was
measured by cell yield and % viability using trypan blue.
No significant differences were observed between treat-
ment conditions. (D) Cells treated with 10 and 100 pg
protein/mL concentrations of LTR gRNA 4 or protamine
alone. After expansion, cells were plated and stimulated
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1% NP-40 detergent (Thermo Fisher) and protease inhibitor (Sigma-
Aldrich, Allentown, PA, USA). 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 detergent compatible (DC) assay (Thermo-
Fisher). Protein was normalized to 20 pg per treatment and sepa-
rated on a NuPage 4%-12% Bis-Tris gel (Thermo-Fisher). Protein
was transferred to a Novex 0.45-um polyvinylidene fluoride
(PVDF) membrane, washed with PBS, and blocked with Rockland
Blocking Buffer for Fluorescent Western (Rockland Immunochemi-
cals, Limerick, PA, USA) for 1 hr at 24°C. Primary antibodies were
diluted in Rockland Blocking Buffer at a 1:1,000 dilution and incu-

(C and D), analyzed using a one-way ANOVA with post
hoc test (B) or analyzed using a two-way ANOVA with post
hoc test for each stimulation group (C and D); *p < 0.05
versus untreated cells: unstimulated; “p < 0.05 versus
untreated cells: LPS stimulated; “p < 0.05 versus un-
treated cells: TNF-a stimulated.

§ Weeks post-
- § gesicle treatment:
> g H 1 week
) 3 H 2 weeks
E B 3 weeks
g § bated overnight at 4°C on a rotating shaker.
] Primary antibodies used were as follows: Living
= § Colors mCherry (Cat. no. 632543; Clontech/
Z

Takara), VSV-G (Cat. no. v4888; Sigma-Al-
drich), Cas9 (Cat. no. MAC133; Millipore, Bur-
lington, MA, USA), Nef (the following reagent
was obtained through the AIDS Reagent Pro-
gram, Division of AIDS, NIAID, NIH: Nef
Antibody Cat. no. 3689 from Dr. James Hoxie),
B-actin-mouse (Cat. no. ab3280; Abcam, Cam-
bridge, UK), and B-actin-rabbit (Cat. no. A5060; Sigma-Aldrich).
After primary antibody addition, membranes were washed with
PBS three times, and secondary antibody was applied at a 1:10,000
dilution in Rockland Blocking Buffer for 1 hr. Secondary antibodies
used were Rockland Dyelight anti-mouse IR680 (Cat. no. 610-144-
002; Rockland) and Rockland Dyelight anti-rabbit IR800 (Cat. no.
661-145-002; Rockland). After secondary addition, membranes
were washed three times with PBS and imaged using a LI-COR Od-
yssey Scanner (LI-COR Biosciences, Lincoln, NE, USA). Addition-
ally, samples were prepared for examination by Wes (ProteinSimple,
San Jose, CA, USA). Samples were prepared as previously described
(RIPA buffer) and used at a 400 pg/mL concentration in conjunction
with buffers and antibodies provided by the manufacturer (Cat. no.
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PS-MK15; Master Kit with Split Buffer) to detect Nef protein
expression.

Immunocytochemistry

HIV-NanoLuc CHME-5 cells were washed with 1x PBS and fixed
with 4% paraformaldehyde solution for 30 min. Cells were then per-
meabilized using blocking buffer (2.5% bovine serum albumin with
0.01% Triton X-100 for 30 min), after which the primary antibody
(Nef, 1:500 dilution) was added and incubated overnight at 4°C in
on a shaker. The following reagent was obtained through the AIDS
Reagent Program, Division of AIDS, NIAID, NIH: Nef Antibody
Cat. no. 3689 from Dr. James Hoxie. After which, cells were washed
three times with 1 x PBS and a 1:1,000 dilution of secondary antibody
Alexa Fluor 488 (Cat. no. Z25002; Thermo Fisher) was added for 1 hr
to determine fluorescence.

NanoSight Analysis

Analysis of size and concentration was performed on different gesicle
preparations using the NanoSight NS500 (NanoSight/Malvern, Salis-
bury, UK). Light scatter mode was used to detect all particles in the
solution. Gesicle preparations were diluted at a 200 pg/mL concentra-
tion and infused into the instrument. Six screen captures of 30 s each
were used for particle analysis. Fluorescent mode using a 565-nm
laser was utilized to detect CherryPicker Red" particles only. Camera
level was used at 16 (nanoparticle tracking analysis [NTA] 3.0 levels),
and detection threshold was set at 3.

Cell Culture and Treatments

CHME-5 microglia or HIV-NanoLuc CHME-5 microglia were grown
in microglia growth media: high-glucose DMEM (GIBCO/Thermo-
Fisher) supplemented with 5% FBS (Hyclone/GE, Logan, UT, USA)
and 1% penicillin and streptomycin (GIBCO). Cells were passaged
every 4 days using 0.05% trypsin (GIBCO). HIV-NanoLuc
CHME-5 were stimulated with LPS 100 ng/mL (Cat. no. L3012;
Sigma-Aldrich) or TNF-o 50 ng/mL (Cat. no. T5944; Sigma-Aldrich)
diluted in microglia growth media.

Gesicle Application

For time-dependent protein expression experiments (Figure 3),
CHME-5 microglia were plated on a 24-well plate at 0.5 x 10°
cells/well in 1 mL of media the day before experimentation. On the
day of gesicle application, media were changed to 600 pL of growth
media supplemented with protamine sulfate (8 pg/mL). Gesicles
were added (50 pg protein/mL) and centrifuged at 1,150 RCF for
30 min as per the gesicle kit instructions. Cells were lysed, and protein
processed at 1, 4, and 24 hr post-centrifugation. For HIV-LTR target-
ing experiments (Figures 4, 5, and 6), HIV-NanoLuc CHME-5 cells
were plated and treated as previously described (with protamine sup-
plement and centrifugation). After gesicle addition, cells were allowed
to expand for 3 days. The entire cell population was then trypsinized
and transferred to a 12-well plate for 48 hr. After this time the entire
population was trypsinized again and transferred to a 10-cm culture
dish as a stable cell line stock. For dosage and viability experiments
(Figure 7), HIV-NanoLuc CHME-5 cells were plated in a 96-well
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plate at 5.6 x 104 cells/well in 200 pL of media, and gesicles were
applied at varying concentrations (0.01-100 pg protein/mL). Two
days after gesicle addition, cells were trypsinized and transferred to
a 12-well plate for a stable cell line stock. This stock of cells was main-
tained for 3 weeks for repeated experimentation. Gesicles prepared
using normal FBS were applied in Figures 3, 4, 5, and 6, and gesicles
prepared in EV-depleted FBS were applied in Figures 2 and 7.

Transient Transfection of CRISPR/Cas9

HIV-NanoLuc CHME-5 cells were plated on a 24-well plate at 0.5 x
10 cells/well in 1 mL of media. The plasmids utilized were FLAG-
tagged NLS-Cas9-T2A-PuroR (48139; Addgene), and the LTR
gRNAs were ligated into the pGuide-it-sgRNA vector (previously
described). Lipofectamine 2000 (Thermo Fisher) was used as the
transfection reagent, and the concentration for each treatment are
as follows: Cas9, 1.6 ng/mL + pBluescript IT SK1.6 (212205; Addgene);
Cas9, 1.6 pg/mL + LTR; gRNA 2, 1.6 ug/mL; Cas9, 1.6 ng/mL + LTR;
gRNA 4, 1.6 ug/mL. Cells were treated with either one round of trans-
fection or two rounds of transfection after the first cellular expansion
and plating procedure.

EVOS Live-Cell Imaging

For live-cell time-course imaging of gesicle application, HIV-
NanoLuc CHME-5 microglia were plated on a 24-well plate with
0.5 x 10° cells/well in 1 mL of media the day before experimentation.
The day of experimentation, media were changed to 600 pL of
FluorBrite Imaging Media (GIBCO) supplemented with 5% FBS
(Hyclone), 1% penicillin and streptomycin (GIBCO), and 8 pg/mL
protamine sulfate. Gesicles were applied by centrifugation as
described, and the plate was placed in an EVOS FL Auto2 incu-
bator-microscope (EVOS/Thermo Fisher). Bright-field and red fluo-
rescent images were taken every 15 min for 16 hr.

Determining Off-Target Mutation by CRISPR/Cas9

Potential off-target regions utilizing HIV LTR gRNAs were deter-
mined using http://crispor.tefor.net. The HIV LTR gRNA sequences
were scanned against the rat genome due to CHME-5 cells originating
% The top two predicted off-target sites for LTR gRNAs 2
and 4 were chosen, and primers were developed to amplify this region
to be used for the resolvase assay. LTR gRNA 2 off-target 1 is located
on chromosome 1, and off-target 2 is located on chromosome 17. LTR
gRNA 4 off-target 1 is located on chromosome 14, and off-target 2 is
located on chromosome 17. After comparing the off-target sites with
the gRNA sequence, we confirmed that no gRNA sequence had 100%
homology to the paired off-target. Furthermore, no off-target areas
are located within exon regions. Primers used for analysis are as fol-
lows: LTR gRNA 4 off-target 1, Fwd: 5'-GCGTGAGGGCTTTGTAG
AGCTG-3, Rev: 5-GCTAGCAAACATCACCACAG-3, TIDE
primer: 5-GACTTTCATCAGCCAGGGCAC-3'; LTR gRNA 4 off-
target 2, Fwd: 5-GACCAAGCCATCTTCTGACAC-3/, Rev: 5'-GTT
TGGGTTGCAGCCTTTCTCC-3/, TIDE primer 5-GGGTTGGTG
TGGTTGGTAGAG-3'; LTR gRNA 2 off-target 1, Fwd: 5-GGAGC
AACTGGTGTGATTCTG-3', Rev: 5- GGTTCCATTCTGCGAA
GATGAG-3/, TIDE primer 5'-CATAGGGACAGGCATTATGG-3';

from the rat.
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LTR gRNA 2 off-target 2: Fwd: 5-GGCTTCAGAAGCCTCAGA
ATG-3', Rev: 5- GCTCTCCTTCCTGCCAGTGTAG-3/, TIDE
primer 5'-GCTTTCACTTTCCCAGTGCC-3'.

PCR

The genomic DNA were isolated using the NucleoSpin Tissue Col-
umn (Macherey-Nagel, Bethlehem, PA, USA) according to the man-
ufacturer’s instructions. DNA concentrations were approximated by
A260 reading, using a NanoDrop 2000 (Thermo Fisher). PCRs
were prepared using Phusion High Fidelity GC Buffer (New England
Biolabs, Ipswich, MA, USA) with 5 uM forward and reverse primers
and 1 pL of DNA sample. PCR was carried out in a Bio-Rad C1000
Thermal Cycler (Bio-Rad, Hercules, CA, USA) using the following cy-
cle. For amplification of HIV-LTR: 98°C for 30 s, 40 x cycle of 98°C
— 72°C, 72°C 5 min, 12°C hold. PCR products were run on a 1%
agarose gel made with 1x TAE (VWR, Radnor, PA, USA) with
SYBR Safe DNA gel stain (Thermo Fisher) for 45 min. LTR amplifi-
cation primers used were Fwd: 5'-CTCTGCTGCCTCCTGTCT
TCTG-3', Rev: 5-GTTTCAGAATCTCGGGGTGTCCG-3', and
TIDE primer: 5'-CCTTCTAGCCTCCGCTAGTC-3'.

T7 Endonuclease 1

The T7 Endonuclease 1 enzyme “I'7E1” (New England Biolabs) was
used to detect mutations in the HIV-LTR PCR-amplified region.***’
Amplified products were denatured and slowly annealed in NEBuffer
2 (New England Biolabs) using the following cycle: 95°C for 5 min,
85°C for 30 s — ramp 2°C per 5s,25°C 30 s — ramp 0.1°C per sec-
ond, 25°C hold. T7E1 was then added to the reannealed products and
incubated at 37°C for 1 hr. DNA were run on a 1% agarose gel, and
presence of T7E1 digestion was used to verify CRISPR/Cas9-medi-
ated mutation.

ddPCR

The relative copy number per genome of the modified HIV provirus
was determined using ddPCR (QX200; Bio-Rad) to quantify the num-
ber of provirus templates per microliter for the NanoLuc transgene
relative to the autosomal reference gene GGT1. Primers and probes
used are as follows: NanoLuc ddPCR, Fwd: 5-ATTGTCCTG
AGCGGTGAAA-3', Rev: 5-CACAGGGTACACCACCTTAAA-3,
Probe: FAM-5-TGGGCTGAAGATCGACATCCATGT-3'-Iowa
Black; GGT1 ddPCR, Fwd: 5-CCACCCCTTCCCTACTCCTAC-3,
Rev: 5-GGCCACAGAGCTGGTTGTC-3/, Probe: HEX-5-CCGA
GAAGCAGCCACAGCCATACCT-3'-Iowa Black; Nef EVAGreen
assay, Nef Fwd: 5'-GGCTGGATGGCCTACTGTAAGG-3', Nef Rev
5-GTCTTTCCAGGTCTCGAGATACTGC-3'. Reaction conditions
consisted of a master mix containing 1x ddPCR Supermix for Probes
(no dUTP) (Bio-Rad), 450 nM forward and reverse primers, 50 nM
probe, 0.1 U Msel restriction enzyme with 50 ng of genomic DNA.
Reactions were run analyzing NanoLuc and GGTI simultaneously
as a duplex reaction. Reactions for Nef were performed using
EVAGreen Dye (Bio-Rad). Equation for calculating copy number is
([copies/pL NanoLuc]/[copies/uL GGT1])*(2) = copy number provi-
rus per genome.

Luciferase Assay

NanoLuciferase was assayed as previously described.* Cells that were
prepared for luciferase assay were lysed directly in an opaque 96-well
plateusing RIPA lysis buffer/1% NP-40 with protease inhibitor. Lumi-
nescence was measured in the opaque plate using the substrate coe-
lenterazine (Regis Technologies Morton Grove, IL, USA) in a Bio-
Tek Synergy 2 plate reader (Winooski, VT, USA).

Cell Viability

Cell viability was assessed by two methods. For acute viability, gesicles
were applied to HIV-NanoLuc CHME-5 cells supplemented with
protamine by centrifugation, and viability was assayed 24 hr post-
treatment by using the CellTiter-Glo ATP assay (Promega Fitchburg,
WI, USA) according to the manufacturer’s instructions. For long-
term viability and cell yield, gesicle were applied to cells and expanded
for 1 week. HIV-NanoLuc CHME-5 cells were split, with cell yield
and viability assayed using trypan blue in the Countess automated
cell counter (Invitrogen, Waltham, MA, USA).

Statistical Analysis

All analyses were evaluated by Prism GraphPad (GraphPad Software,
La Jolla, CA, USA). Data were analyzed with one-way ANOVA with
Bonferroni’s multiple comparison post-test, or with two-way
ANOVA with Tukey’s multiple comparison post-test. Data are ex-
pressed as the mean + SEM. Statistically significant differences were
considered as p < 0.05.
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