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Background: A barrier to HIV-1 cure rests in the persistence of proviral DNA in infected CD4+ leukocytes. The
high HIV-1 mutation rate leads to viral diversity, immune evasion, and consequent antiretroviral drug resis-
tance. While CRISPR-spCas9 can eliminate latent proviral DNA, its efficacy is limited by HIV strain diversity
and precision target cell delivery.
Methods: A library of guide RNAs (gRNAs) designed to disrupt five HIV-1 exons (tat;_»/rev,_»/gp41) was con-
structed. The gRNAs were derived from a conseensus sequence of the transcriptional regulator tat from 4004
HIV-1 strains. Efficacy was affirmed by gRNA cell entry through transfection, electroporation, or by lentivirus
or lipid nanoparticle (LNP) delivery. Treated cells were evaluated for viral excision by monitoring HIV-1 DNA,
RNA, protein, and progeny virus levels.
Findings: Virus was reduced in all transmitted founder strains by 82 and 94% after CRISPR TatDE transfection
or lentivirus treatments, respectively. No recorded off-target cleavages were detected. Electroporation of
TatDE ribonucleoprotein and delivery of LNP TatDE gRNA and spCas9 mRNA to latently infected cells resulted
in up to 100% viral excision. Protection against HIV-1-challenge or induction of virus during latent infection,
in primary or transformed CD4+ T cells or monocytes was achieved. We propose that multi-exon gRNA TatDE
disruption delivered by LNPs enables translation for animal and human testing.
Interpretation: These results provide “proof of concept’ for CRISPR gRNA treatments for HIV-1 elimination.
The absence of full-length viral DNA by LNP delivery paired with undetectable off-target affirms the impor-
tance of payload delivery for effective viral gene editing.
Funding: The work was supported by the University of Nebraska Foundation, including donations from the
Carol Swarts, M.D. Emerging Neuroscience Research Laboratory, the Margaret R. Larson Professorship, and
individual donor support from the Frances and Louie Blumkin Foundation and from Harriet Singer. The
research received support from National Institutes of Health grants T32 NS105594, 5RO01MH121402,
1R01AI158160, RO1 DA054535, PO1 DA028555, RO1 NS126089, RO1 NS36126, PO1 MH64570, P30
MHO062261, and 2R01 NS034239.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction

Defining the scientific pathways required to eliminate the human
immunodeficiency virus type one (HIV-1) from its infected human host
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remains a global health concern for 38 million infected people. To avoid
HIV-1 reactivation from latently integrated proviral DNA in CD4+ T cells
and mononuclear phagocytes, lifelong antiretroviral therapy (ART) is
required. ART protects against virus-induced reductions in numbers and
function of CD4+ T lymphocytes and progression to the acquired immu-
nodeficiency syndrome (AIDS) [1]. Thus, a functional cure for HIV-1 is
needed to eliminate dependence on and stigma of lifelong ART.
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Research in context

Evidence before this study

Clustered regularly interspaced short palindromic repeat
(CRISPR)-associated protein 9 (Cas9) approaches were used to
eliminate latent integrated proviral DNA from human cells in
infected humanized mice. These prior works promoted proof of
concept data sets that the human immunodeficiency virus type
one could be removed from cells and tissues. However, the per-
ils of CRISPR-Cas9 gene-editing strategies, including potential
off target toxicities, recombination, viral excision sensitivity
and specificity, and precision delivery to viral target cells were
notable approach limitations. The detection and consequent
excision of diverse sequences from a broad range of viral
strains, the avoidance of secondary adverse events, and the
generation of optimal therapeutic cargo delivery to groups of
latently infected cells were known limitations. All would enable
HIV-1 DNA elimination from infected animals and ultimately
for infected humans.

Added value of this study

CRISPR-Cas9 gRNAs designed against multiclade HIV-1 consen-
sus sequences were proven effective against a broad range of
viral strains. The gRNAs which targeted genetically conserved
and overlapping tat/rev exons facilitated CRISPR-based activi-
ties facilitating mosaic viral gene disruptions. Lentiviral and
lipid nanoparticle (LNP) delivery of the CRISPR-Cas9 HIV-1
gene editing systems successfully block HIV-1 reactivation
from prior latently infected CD4+ T cell and monocyte-macro-
phage cell lines. Cell-directed delivery of CRISPR-Cas9 is an
essential element for HIV-1 elimination.

Implications of all the available evidence

The HIV-1 global epidemic continues unabated even with the
widespread use of antiretroviral therapy. While those infected
live longer and maintain a quality-of-life, viral growth is sus-
tained as antiretroviral drugs are virostatic and viral mutations
continue in the absence of sterilizing therapy. These data dem-
onstrate that it is possible to eliminate HIV-1 infection through
gene editing approaches. A sterilizing HIV-1 cure is possible.

While curative measures for HIV-1 are under development, gene
editing stands alone in having the ability to remove the virus inde-
pendently from host antiviral adaptive immunity. Although concur-
rent viral elimination strategies that include broadly neutralizing
antibodies (bnAbs) [2], immune modulation [3], and chimeric antigen
receptor (CAR)-T cells [4,5] show promise in mice, selection for bnAb
resistant strains [6], viral rebound [3,7], and adverse side effects [8]
have been reported in monkeys and humans. Treatments notably
depend on host FcR-mediated cellular killing or antigen presentation
in MHC-I and, as such, rely on host immunity for viral clearance.
Thus, gene therapy uniquely offers the ability to block the propaga-
tion of HIV-1 infection by directly targeting either host cell receptors
or HIV-1 proviral DNA itself. The viral co-receptor CCR5 can be
ablated ex vivo [9,10] while latent viral DNA can be excised in live
animals [11]. Based on these results, gene therapy for HIV-1 elimina-
tion is wunder active clinical investigation (NCT02140944,
NCT03164135, NCT03666871).

Nonetheless, applying gene therapy towards HIV-1 cure strategies
has met several obstacles. One of the most significant rests in viral
DNA sequence diversity. With a mutation rate of 1 in 1700 nucleoti-
des [12], HIV-1 quasispecies easily accumulate during the course of
viral infection [13]. Divergent strains with increased replicative

fitness evade host immunity in individuals and circulate through
populations [13] as evidenced by the emergence of 11 global HIV-1
subtypes (also referred to as clades; A-L) [14]. HIV-1 subtypes B and C
are the most prevalent clades in Europe and the Americas (10.2%)
[15] and worldwide (46%) [16], respectively. Thus, gene therapies
designed to broadly target then eliminate HIV-1 must overcome
strain diversity.

We posit that clustered regularly interspaced short palindromic
repeat (CRISPR) approaches can meet the challenge of viral diversity.
Potential broad spectrum proviral DNA targets of the ten kilobase
pair (kb) HIV-1 genome include the viral promoter long terminal
repeat (LTR) [17-20] and viral transcription factor tat [21-23]. CRISPR
gene editing can cleave two alternatively spliced HIV-1 tat exons.
Thus, CRISPR can simultaneously cleave essential rev and env genes
that are transcribed from the same portion of the genome but in
alternate open reading frames [21].

Defining the optimal gRNAs to eliminate HIV-1 infection and
implementing the approach towards human trials is a challenge. First,
computational assessments suggest that proviral targeting choices
require affirmation in patient-derived HIV-1 isolates. Indeed, previ-
ously published LTR-directed gRNAs likely possess limited cleavage
efficiencies during natural infection [24]. Second, gRNAs must inacti-
vate HIV-1 transcription precluding the assembly of functional viri-
ons en trans from intact viral operons. Third, optimal combination
gRNAs must minimize any emergence of CRISPR-resistant escape
mutants [20,23]. While multiplexed clustered regularly interspaced
short palindromic repeats (CRISPR)-associated protein 9 (Cas9) treat-
ments were designed to account for HIV-1 strain variation [25] and
minimize viral escape [21], testing against transmitted founder viral
strains was not completed. Fourth, a CRISPR-Cas9 delivery system
seeking to find and eliminate the virus from its natural target cells
must be employed.

Accepting each of these needs, we developed then characterized a
CRISPR-Cas9 system capable of eliminating diverse proviral HIV-1
strains. The approach taken mirrors the “mosaic” HIV-1 vaccine
design currently in late-phase clinical trials (NCT03964415,
NCT03060629) serving to immunize those persons with a high risk of
acquiring infection. The vaccine employs HIV-1 gag/pol/env antigens
encoded from a global composite of viral strains [26]. The data
offered support the concept that CRISPR-Cas9 gRNAs designed
against a multiclade HIV-1 consensus sequence, hereafter termed
“mosaic gRNAs”, can prove effective against latent viral infection. The
gRNAs targeting genetically conserved and overlapping tat/rev exons
maximized CRISPR-based attenuation of HIV-1 infection. Both lentivi-
ral and lipid nanoparticle (LNP) delivery of CRISPR-Cas9 HIV-1 exci-
sion therapies proved successful in blocking HIV-1 reactivation from
latently infected CD4+ T and monocytes and primary human macro-
phages. Delivery of the potent gRNAs is a critical barrier to translation
and hence we verified and affirmed four different delivery modalities
for validation of the findings. The data, taken together, bring the
delivery of mosaic gRNAs to excise HIV-1 proviral DNA towards a
workable HIV-1 elimination strategy that can be deployed in an
infected human host.

2. Methods

2.1. Insilico HIV-1 Sequence Conservation and Guide RNA (gRNA)
Design

The HIV-1 genome was analysed, and DNA multiple sequence
alignments were made for each LTR or exon. This was completed
according to the known HXB2 reference strain (https://www.hiv.lanl.
gov/content/sequence/HIV/MAP/landmark.html) from the Los Ala-
mos National Library (LANL) HIV sequence database (https://www.
hiv.lanl.gov/) using all 4004 complete sequences available through
2018. The exported FASTA files were input to WebLogo 3 (http://
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weblogo.threeplusone.com/create.cgi) and the resulting plain text
data table of positional entropy was graphed in heat-map form. Con-
sensus sequences lacking gaps for the entire HIV-1 genome and tat
using the LANL multiple sequence alighments were generated using
SnapGene® software (GSL Biotech). CRISPR gRNAs for HIV-1 tat were
designed using CHOPCHOP v3 [27] (https://chopchop.cbu.uib.no) and
Broad Institute GPP sgRNA Designer (https://portals.broadinstitute.
org/gpp/public/analysis-tools/sgrna-design) using tat consensus
sequence as the specified target and human GRCh38 as the host
organism. The top 35 gRNA candidates were inspected in WebLogo to
identify the 8 gRNAs with the highest degrees of conservation among
HIV-1 strains. Guide RNA conservation percentages for the full 20
base pair (bp) target were also determined using SnapGene®. The
specificities of tat- and control-targeting gRNAs were predicted using
Broad Institute GPP sgRNA Designer and CRISPR-OFF webserver v1.1
(https://rth.dk/resources/crispr/crisproff/).

Putative off-target loci for top gRNA candidates were selected
from top-ranked candidates in CRISPR-OFF and Cas-OFFinder (http://
www.rgenome.net/cas-offinder/) tools. These sites were selected
based on highest predicted off target toxicity. Testing in these sites
were selected for primary screening.

2.2. Cloning and Bacterial Culture

Escherichia Coli (E.Coli, STBL3, Stellar) was used for transformation
and streak plated on selective antibiotic-containing (ampicillin,
10044g/mL, or kanamycin, 25ug/mL) on Luria Bertani (LB)-agar plates
then incubated for 16 hours at 37°C. Single clones were then inocu-
lated in LB broth with noted antibiotic and cultured (16 hours, 32°C,
185 rpm orbital shaking). Clones were stored in 1:1 glycerol/water at
-80°C. CRISPR plasmid constructs containing mosaic gRNAs were
cloned by T4 ligase oligonucleotide insertion (Table S1) in digested
px333 (Addgene #64073) or pLentiCRISPR-RFP657 (Addgene
#75162) and transformed into STBL3 E. coli. The pX333 used was a
gift from Andrea Ventura (Addgene plasmid #64073) http://n2t.net/
addgene:64073 ; (Addgene #64073) [28]. In-Fusion HD Cloning
(Takara #638920) was utilized to synthesize tat mutants on pHIV-
1NL4-3-Anef-ecrp Dackground. Maxiprep purified plasmids were trans-
fected into HEK293FT cells using PEI or into ACH2 | U1 leukocytes via
TransIT-Jurkat reagent (MirusBio #2120) or TransIT-X2 reagent (Mir-
usBio #6000). Supernatants were collected 72 hours after media
replacement (containing PEI) or plasmid transfection (TransIT-Jurkat
or TransIT-X2).

2.3. Eukaryotic cell culture

Human embryonic kidney cells (HEK293FT) cells were grown in
Dulbecco’s Modified Eagle’s Media (DMEM) containing 10% v/v fetal
bovine serum (FBS), 100 units/mL penicillin and streptomycin (Pen-
Strep), 0.5 mg/mL Geneticin®, 1% v/v MEM non-essential amino acids
(MEM NEAA), and 1 mM sodium pyruvate. Adherent HEK293FT were
detached from culture plates using 3 mL Trypsin-EDTA (0.25%) and
passaged at 3 x 10° cells in 15mL growth medium every 3-4 days.
CEM-ss CD4+ T cells (NIH ARP #776), HIV-1 latently infected ACH2 T
cells (NIH ARP #349), full length HIV-1 latently infected lymphocytic
Jurkat JLat 8.4 cells (NIH ARP #9847) and HIV-1 chronically infected
U1 pro-monocytes (NIH ARP #165) were cultured in RPMI containing
10% v/v FBS, 100 units/mL PenStrep, and 100 units/mL L-glutamine.
Suspension CEMss, ACH2, and U1 cells were maintained at 0.2-1 x
10° cells/mL by passaging in 15 mL growth medium every 3-4 days.
All cells listed were propagated in vented cap 75 cm? U-shaped flasks
at 37°C and 5% CO,.

Primary human monocytes were obtained by leukapheresis from
HIV-1,2 and hepatitis B seronegative donors and purified by counter-
current centrifugal elutriation. Monocytes were cultured in Dulbec-
co's Modified Eagle Medium (DMEM) containing 4.5 g/L glucose,

200 mM L-glutamine, and 1 mM sodium pyruvate supplemented
with 10% heat-inactivated human serum, 50 ug/mL gentamicin, and
10 pg/mL ciprofloxacin. Human macrophage colony-stimulating fac-
tor (MCSF, 1000 U/mL) was included in the culture media for seven
days to facilitate monocyte to macrophage differentiation. Half media
exchange was performed at alternate days. After differentiation was
achieved, cells were switched to the same media sans MCSF. MDMs
were then used for in vitro assays to study TatDE LNP induced protec-
tion against viral infection. All cells were grown in plate format at
37 °Cin a 5% CO, incubator.

2.4. Transfection

HEK293FT cells were seeded 24 hours prior to transfection in
DMEM growth medium lacking geneticin at 5 x 10° cells / well in 12-
well culture plates (px333-pHIV-1 co-transfection screen) or 6 x 10°
cells / 10-cm culture dish (stock HIV-1 generation). Four hours prior
to transfection, medium was changed to OptiMEM containing
250 uM chloroquine diphosphate (1 mL per well or 8 mL per 10-cm
dish). Polyethyleneimine (PEI; linear MW 25,000 Da) stock (1 mg/
mL) was diluted in OptiMEM to account for a 3:1 w/w PEI:DNA ratio.
For gRNA co-transfection screening, 1.5 ug px333 plus 1.5 ug pHIV-1
were diluted in 150 L OptiMEM, which was then further diluted
with 150 uL OptiMEM | PEL Viral stock transfections were similarly
prepared using 10 pg pHIV-1 diluted in 1.5 mL OptiMEM, which was
then further diluted with 1.5 mL OptiMEM [ PEIL. DNA | PEI mixtures
were incubated for 15 minutes at 25C prior to addition to cell cul-
tures (100 uL [/ well in biological triplicates = 1 g DNA [ well; 3 mL /
10 cm dish = 10 g DNA [ 10 cm dish). Sixteen hours post-transfec-
tion, DMEM growth medium lacking geneticin was replaced and cells
were cultured for 72 hours until experimental or lentivirus harvest-
ing. ACH2 and U1 cells were seeded in 90 uL at 5 x 10% cells / well in
round-bottom 96-well culture plates 24 hours prior to transfection
with pLentiCRISPR-RFP657. pLenti-CRISPR-RFP657 plasmid (1.08 11g)
was diluted in 81 uL OptiMEM, then supplemented with 3.24 uL
TransIT®-Jurkat transfection reagent. After 20 minutes incubation at
25°C, 10 uL of the transfection mixtures were added per well in bio-
logical replicates (n = 8) and cultured for 72 hours followed by chemi-
cal stimulation to assay viral outgrowth.

2.5. Electroporation

Electroporation was performed in 4D-Nucleofector™ X Unit
(Lonza # AAF-1002X) device using Lonza Nucleocuvette™ and Ingen-
io® Electroporation solution. The optimal program was used after
finalizing assay conditions and analysing the resultant data sets by
flow cytometry (Figure S1). Optimization was based around using
the Cell line Optimization 4D- Nucleofector™ X Kit (Lonza # V4XC-
9064) according to manufacturer protocol to find the optimal
solution + pulse condition. Mirus Ingenio electroporation solution
with different pulse code was also tested and used. For optimization,
cells were spun down (150xg, 10 minutes) and supernatants
removed. Cells were resuspended in either Cell Line solution from
Lonza with supplements or Ingenio electroporation solution.
pmaxGFP from Lonza was added to the cells at an equivalent ratio
and cells were electroporated using different pulse codes. Cells were
then incubated at RT for 10 minutes, then supplemented with prein-
cubated RPMI media and maintained at 37 °C in 5% CO, incubator.
48 hours post electroporation, cells were analysed by flow cytometry
and the results were calculated as % GFP-positive of gated singlet
cells.

2.6. (Lenti)Virus production, transduction and viral outgrowth assays

HIV-1n14-3-Anef-ecrp @0d HIV-1n143-Anef-eGFp-Atar WeTe synthesized
by reverse-genetics from supernatants of transfected HEK293FT cells.
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Supernatants were passed through 0.45 pm filters, then ultracentri-
fuged to purify and concentrate the virus. HIV-1 viral stocks were
titered by reverse transcriptase (RT)-qPCR (Takara #631235) to
determine viral RNA copies / mL. Multiplicities of infection (MOI) for
HIV-1 infection in CEMss T cells (NIH ARP #776) were calculated as
viral RNA copies/cell. CRISPR-transducing lentivirus was commer-
cially prepared at the University of lowa Viral Vector Core Facility
and titered using digital droplet PCR. ACH2 T cells (NIH ARP #349)
were transduced with CRISPR-encoding lentivirus at designated
MOIs. Primary human monocyte derived macrophages were infected
using HIV-1,pa at an MOI of 0.01.

ACH2, Jlat and U1 cells were stimulated three days following
transfection or transduction or LNP treatment with recombinant
tumour necrosis factor-alpha (TNFa; 15 or 20 ng / mL) or by phorbol
12-myristate 13-acetate (PMA; 20 ng/mL or 50 nM) in both treated
and untreated group. Subsequently, RT assay from cell supernatant
or ddPCR from extracted RNA was performed to measure stimulation
index.

2.7. (RT-q) PCR

Nucleic Acid Isolation: Biological replicates were pooled and frac-
tioned for DNA and RNA extraction. DNA was harvested from experi-
mental pooled biological triplicates using NucleoSpin Tissue XS
Micro kit (Machery-Nagel #740901). RNA was harvested from pooled
biological triplicates (cellular pellets) using TRIzol™ solution (Invi-
trogen #15596026). In short, cells were lysed using TRIzol followed
by a DNase I treatment (Zymo Research #E1010), and mechanical
lysis (30 Hz, 10 minutes) using the TissueLyzer II instrument (Qia-
gen). The subsequent RNA isolation was performed according to the
TRIzol User Guide provided by Thermofisher and scaled proportion-
ally based on the initial TRIzol volume used. Isolated RNA was then
converted to cDNA (Thermo Scientific #AB1453B).

PCR: CRISPR-mediated excision of proviral DNA was determined
by PCR using 150 ng template DNA, 12.5 uL PrimeTime Gene Expres-
sion Master Mix (IDT #1055772), 1 uL (10 uM) each of forward and
reverse primers, and water bringing the total volume to 25 L. Con-
ventional PCR was performed using a thermal cycler: 3 minutes
95°C; 35 cycles of 95°C for 5 seconds, 61.4°C for 30 seconds, 72°C for
30 seconds; and 72°C for 5 minutes. Nested PCR was performed for
DNA derived from latently infected ACH2 or U1 cells, and first they
received 15 rounds of the conventional PCR thermal cycle listed. Con-
tents of that thermal cycle run were then diluted 1:10 in water and
then 2 uL of said dilution was the template DNA for 30 additional
rounds of same conventional PCR thermal cycle conditions and setup
but with nested-specific primers 300b and 301b. Off-target PCRs
were performed in 25 uL reactions with 150 ng template DNA,
extracted from HEK293FT transfected cells, 12.5 wL AmpliTaq Gold
360 master mix, 2.5 uL GC enhancer, 1 L of each of the forward and
reverse primers (10 ©M), and a volume finalizing amount of water.
The thermal cycler set up for off-target PCRs was: 10 minutes 95°C;
35 cycles of 95°C for 30 seconds, 52-60°C (depending on primer Tm)
for 30 seconds, 72°C for 30 seconds; and 72°C for 7 minutes. Primer
sequences for all reactions are provided in Table S2. PCR final con-
tents were run in 1.5% (w/v) agarose/TAE gels by electrophoresis at
75V for 35 minutes. Gel extracted PCR amplicons, and total PCR con-
tents were sequenced and subjected to Synthego Inference of CRISPR
Edits (ICE) Analysis v2.0 (https://ice.synthego.com/#/).

RT-q-PCR: For quantitative reverse transcriptase (RT) PCR (RT-
gPCR), 10 ng RNA was treated with DNase I (Zymo Research #E1010).
Verso cDNA synthesis kits (Thermo Scientific # AB1453A) were used
combining 1uL of DNase I treated RNA and random hexamers up to a
volume of 10uL. Reverse transcriptase reactions were then carried
out (42°C for 30 minutes, 95°C for 2 minutes) with the Verso kit. RT-
gqPCR was performed in technical triplicates using standard curve
absolute quantitation for gapdh (1 diploid for genome = 6.6

picograms DNA extracted from ACH2 cells) and spCas9 (pLenti-
CRISPR-RFP657; 10° copies equal 12.01 ng according to MW 7.22 x
10° Da). Reactions were performed in 10 uL volumes containing 1
uL cDNA template, 5 uL PrimeTime Gene Expression Master Mix
(IDT), 0.5 uL of forward and reverse primer (101M) (5’-CCCAAGAG-
GAACAGCGATAAG-3’; 5'- CCACCACCAGCACAGAATAG-3’), and 0.5 uL
20x GAPDH endogenous control probe (Applied Biosystems
#4333764T) or 200 nM spCas9 probe (56-FAM/ATCGCCAGA/ZEN-/
AAGAAGGACTGGGAC/3IABKFQ). All RT-gPCR reactions were per-
formed as technical triplicates using the following thermal cycler
conditions: 3 minutes 95°C; 60 cycles of 95°C for 15 seconds, 60°C for
60 seconds.

2.8. Synthesis and characterization of DNA loaded LNPs

Synthesis process of TatDE LNPs included mixing cholesterol |
(24.06 mole %), PEG-lipids: DSPE-PEG2000 ~ 11 mole % [(1,2-dis-
tearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene
glycol)-2000] and DMG-PEG 2.780 mole % (1,2-dimyristoyl-rac-glyc-
ero-3-methoxypolyethylene glycol-2000); zwitterionic lipid: DOPE
11.25 mole % (1,2-dioleoyl-sn-glycero-3-phosphoethanolamine; and
cationic lipid, DOTAP 51.07 mole % (1,2-dioleoyl-3-trimethylammo-
nium-propane) in molecular biology grade 100% ethanol and a thin
lipid film was made by rotary evaporation followed by vacuum dry-
ing overnight. Then TatDE plasmid, diluted in ultrapure water, was
transferred into lipids film at of 60:40 molar ratio of lipid to TatDE
DNA and mixed in warm water bath (~ 30 min) with continuous
rotation to form a liposomal suspension. TatDE DNA-loaded lipo-
somal suspension was subsequently dialyzed in ultrapure water
overnight and filtered using a 0.45 pm syringe filter (storage at 4°C).
The particles were analysed by transmission electron microscope
(TEM) (FEI Tecnai G2 Spirit) after Nanovan® (Nanoprobes #2011-
5ML) stain. Diluted LNP samples were deposited and incubated on
mica for two minutes, subsequently washed and dried before per-
forming atomic force microscopy. LNPs were also analysed by
dynamic light scattering using Malvern Zetasizer Nano (Malvern Pan-
alytical) for size and polydispersity index after preparation using a
previously described method [29].

2.9. Fluorescent LNP labelling

Tracking of the LNPs was achieved by including 80 g of rhoda-
mine DHPE (Invitrogen™ Lissamine™ Rhodamine B 1,2-Dihexadeca-
noyl-sn-Glycero-3 Phospho-ethanolamine, Triethylammonium Salt;
DHPE) in the lipid film making process, followed by a LNP fluorescent
tag. Next, px333DE DNA was added to the labelled LNPs, then puri-
fied as described for unlabelled particles (section 2.8). Subsequently,
px333DE plasmid was chemically modified using click chemistry for
covalent labelling using Label IT® Nucleic Acid Labeling Kit - Rhoda-
mine-TM (Mirus #MIR4125). The labelled DNA was checked for fluo-
rescence using a fluorescence spectrophotometer (Excitation/
Emission 560/580 nm). Finally, covalently labelled DNA was used to
prepare LNPs as described above.

2.10. Measurements of RT activity

Culture supernatants were assayed for RT activity by surveying for
3H-thymidine incorporation (3H-TTP; Perkin Elmer
#NET221A001MC). Briefly, 10 uL of culture supernatants were
spiked into 96-well round bottom plates, digested for 60 minutes
with 10 uL solution A (100 mM Tris-HCI pH 7.9, 300 mM KCl, 10 mM
DTT, 0.1% NP-40), then reacted with 25 uL solution B (50 mM Tris-
HCI pH 7.9, 150 mM KCl, 5 mM DTT, 15 mM MgCl2, 0.05% NP-40,
0.250 U/mL oligo dt pd(T);2-1g), 10 uCi [ mL *H-TTP (4 uL | mL; 3H-
deoxythimidine 5'-triphosphate, tetrasodium salt, (methyl->H)). After
20 hours incubation at 37°C and 5% CO,, 50 wuL ice cold 10%
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trichloroacetic acid (TCA) was added to plates, vacuum filtered across
96-well MicroHarvest Plates (Perkin Elmer # 6005174), washed
thrice with 10% TCA and 100% ethanol and then dried for 5 minutes
at 67°C. Finally, 25 uL of Mircoscint-20 (Perkin Elmer #6013621)
was added to each well and then read by scintillation counting using
TopCount Scintillation counter (Perkin Elmer). Radioactive counts
per minute (CPM), proportionate to the amount of virus contained in
sample culture supernatant, were normalized to trypan blue-based
cell counts taken at time of harvest.

2.11. Confocal Microscopy

Primary human monocytes recovered after elutriation were
plated on coverslips in 12 well plates. After 7 days of differentiation
in MCSF treated media A, cells were maintained in media supple-
mented with human serum. Rhodamine DHPE tagged LNPs were
used for nanoparticle cell trafficking, whereas px333-rhodamine-TM
loaded LNPs were used to track the localization of CRISPR cargo inside
the nucleus. MDMs were inoculated for 12 hr with Rhodamine TM
labelled px333 containing CRISPR LNPs at 2 j1g/10° cells dose and
post inoculation were washed in PBS buffer and then fixed in 4% PFA.
For immunostaining, cells were then permeabilized with 0.25%
Tween 20 in 1x PBS for 15 minutes on rocker, followed by blocking
(blocking solution: 5% Normal Goat Serum (NGS) (abcam #ab7481),
1% Bovine Serum Albumin (BSA) (Fisher Scientific #BP1600-100),
0.25% Tween 20 (Fisher Scientific #BP337-500) in PBS for 1 hour. Pri-
mary antibodies were diluted in antibody dilution buffer (10% NGS,
1% BSA, 0.25% Tween 20 in 1x PBS) at manufacturer recommended
dilutions and added to respective wells. The following primary anti-
bodies were used to label different endosomal compartments: Rabbit
anti-human Rab5, (Abcam #ab18211), early endosomal marker, rab-
bit anti-human Rab7 (Santacruz biotechnology #sc10767), a late
endosome marker, and rabbit anti-human Lamp-1 (lysosomal-associ-
ated membrane protein-1) (Abcam #ab24170) for lysosomes. Cells
were incubated overnight at 4°C in a rocker. Cells were washed for at
least 3 times with 1x PBS for 10 minutes each in the rocker. Next, sec-
ondary antibody (Goat anti-rabbit Alexa Fluor” 488 (Invitrogen
#A11008)) was prepared in antibody dilution buffer (1:500), with
DAPI (Thermofisher, #D1306) as nuclear stain and Phalloidin (Abcam
#ab176760) as cell boundary stain. Cells were incubated for 1.5 h in
secondary antibody preparations for Rab 5, Rab7, and Lamp-1. Cells
were adequately washed with 1x PBS. Coverslips were taken out and
mounted on microscope slides using prolong gold antifade reagent.
Compartmental colocalization of LNPs was assessed using a 63 x oil
objective on an LSM 710 confocal microscope [30].

2.12. mRNA LNP preparation and characterisation

mRNA loaded LNPs were formulated using non-turbulent micro-
fluidic mixing using NanoAssmblr Ignite (Precision Nanosystem
#NINOOO1) wusing NxGen Cartridge (Precision Nanosystem
#NIN0061) following manufacturer provided protocol. In short,
25mM lipid mix containing ionizable lipid (50 mol%), DSPC (10
mol%), Cholesterol (37.5 mol%), DMG PEG 2.5K (2.5 mol%) dissolved
in ethanol was mixed with mRNA dissolved in a 100 mM acidic for-
mulation buffer (pH 4). The lipid mix is available as Genvoy ILM (Pre-
cision Nanosystem #NWWO0041) and the formulation buffer is also
available commercially(#¥NWWO0043). The cationic lipid amine to
mRNA phosphate ratio (N/P) ratio was close to 5:1 (5:1:7:1) for all
the formulations. FLuc LNP was formulated with 300 xg of CleanCap®
FLuc mRNA (5moU) - (TriLink Biotechnologies #L-7202-100) (#L-
7206-100) and GFP LNP was formulated with 200 ug of DasherGFP®
mRNA (Aldevron #3870-0200). The RNAs were dissolved in aqueous
formulation buffer and subsequently formulated using microfluidic
mixing. For the CRISPR mRNA loaded LNP, termed as TatDE rLNP, we
mixed 100 pg of CleanCap® Cas9 mRNA (5moU) - (TriLink

Biotechnologies #L-7206) with 75ug each of TatD and TatE sgRNA.
The sgRNAs were custom ordered to produce end modified chemi-
cally synthesized stable RNA. Then we dissolved them in 1500 uL of
formulation buffer to produce the aqueous phase.

The aqueous to lipid phase flow ratio was selected at 3:1 with a
flow rate of 12mL/min. After formulation, rLNPs were collected and
immediately diluted in 40x volume of PBS and subsequently concen-
trated using an Amicon® Ultra-15 (Millipore® # C7715, MWCO
10kDa) centrifugation filter to remove any residual ethanol from the
formulation. The concentrated purified formulation was approxi-
mately 2 mL for all the formulations. Next, 10 L of the LNP was
diluted in 990 L of PBS and particle properties (size, polydispersity
etc) were measured using Malvern Zetasizer. Finally, the purified
LNPs were quantified using the Quant-IT™ RiboGreen™ RNA Assay
Kit (Thermofisher # R11490) following manufacturer recommenda-
tion. For accurate quantitation, respective mRNA (Fluc or GFP) dis-
solved in formulation buffer was used to prepare standards. LNPs
were quantitated neat as well as after Triton-X degradation. Encapsu-
lation efficiency was calculated from the ratio of encapsulated RNA to
total RNA.

2.13. Assessment of Luciferase and GFP mRNA expression in infected cell
lines

Jurkat JLat 8.4 Jurkat T cell line and U1 cell lines were plated at a
density of 5x10° cells/well in 12 well plate in RPMI media supple-
mented with 10% FBS and 1% Pen/Strep for 18 hours before mRNA
LNP treatment and maintained at 37°C in a 5% CO2 incubator. They
were then treated at 1 ug equivalent LNP dose of FLuc LNP or GFP
LNP per well. All the RNA loaded LNP treatments were done in the
presence of Apolipoprotein E4 to simulate the presence of such pro-
tein in blood that aids in nanoparticle uptake. Forty-eight hours post
treatment, the Fluc LNP treated cells were analysed using Luciferase
Assay System (Promega # E1500). In short, cells were spun down at
650xg, washed in PBS and lysed for release of intracellular protein. D-
Luciferin substrate was added to the lysates and luminescence was
processed and analysed according to manufacturer recommendation
using a SpectraMax M3 Plate reader (Molecular Devices).

GFP LNP treated cells were spun down, washed with PBS and
stained with Live/Dead fixable far read stain (Invitrogen # L10120)
and fixed with 2% PFA in FACS buffer. Subsequently flow cytometry
was performed on them and the data is reported as % positive live
gated singlet cells. The detailed gating strategies are listed in the sup-
plementary materials (Figure S2-S3). Beads were used as a compen-
sation control and compensation matrices for each cell line was
created and applied to data analysis using FlowJo v10.8.

2.14. Antiretroviral efficacy testing of TatDE rLNP

TatDE rLNPs were treated at 1 pug Cas9 mRNA equivalent per
5x10° cells/well similar to the GFP and TatDE LNPs. All the conditions
in each cell line were ran in biological triplicates. Seventy-two hours
post treatment, 2.5x10° of the cells were collected and the rest of the
cells were stimulated with TNF-« or PMA for viral outgrowth assay.
Half of the collected cells were spun down and seeded in new plate
and maintained in the incubator. Subsequently they were subjected
to MTT viability assay to assess the TatDE rLNP mediated toxicity.
Untreated cells served as a control for the MTT assay. Furthermore,
the remaining cells were harvested, and genomic DNA was extracted
using NucleoSpin Tissue XS kit as described above. To account for the
low abundance of HIV genome in the genomic DNA content, nested
PCR was performed with HIV specific primers as previously described
in both treated and untreated group. Agarose gel electrophoresis was
performed to show the PCR product. To further confirm the findings,
U1 and JLat cells were harvested 72 hours post stimulation, and RNA
was extracted using TRIzol method. Digital droplet PCR (ddPCR) for
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HIV transcript was performed on the extracted DNA with semi-
nested primers as reported [31].

2.15. Ethics Committee Approval

The experiments performed in this study did not involve any
human or animal subjects. Hence, it was exempt from the require-
ment of UNMC IRB (institutional review board) and UNMC IACUC
(institutional animal care and use committee) approvals.

2.16. Role of funding bodies

The funding authorities of this study did not participate in any
part of the experimental design, execution, or data analysis. The
study was not changed, affected, or influenced in any scale by the
funding bodies.

2.17. Reagent validation

Cell Lines were obtained from NIH HIV reagent program or com-
mercial vendors. Each cell line obtained was verified against the lot
specific certificate of analysis to ensure that they were free from
mycoplasma, bacteria and fungi. Routine mycoplasma testing is per-
formed every six months in our laboratories.

All other reagents used in this study are listed with their vendors
and catalogue numbers. We checked to make sure that these num-
bers are also RRID for the said reagents. To keep uniformity, we used
the same format throughout the document to list the company name
and catalogue number. We also verified that these strings identify a
single reagent.

We only used commercial primary and secondary antibodies from
reputed vendors and the RRID is listed with the specific antibodies.

2.18. Statistical Analyses

Experiments were run in biological replicates (n = 3 or 4) in at
least two separate trials, as indicated in figure legends. RT activity
assays and RT-qPCR were further performed with technical tripli-
cates. Data are presented as mean + standard error of the mean
(SEM) or standard deviation (SD). Pearson correlation between mean
RT activity reductions and percent gRNA conservation was performed
using two-tailed p-value determination. Pearson correlation was cho-
sen to measure whether the two variables (conservation and efficacy)
were positively correlated. Statistical differences between unstimu-
lated compared to stimulated RT activity values and stimulated con-
trol compared to stimulated treatment RT activity values were
calculated with two-way ANOVA followed by Sidak’s post-hoc test
for multiple comparisons. Two-way ANOVA measured whether stim-
ulation and/or the treatment has effect on the RT activity. Sidak’s
post hoc test was performed to analyse the variance between groups
and adjust P value and confidence interval. As experimental and con-
trol groups were independent of each other and comparisons were
pre-selected for stimulated or unstimulated, and amongst stimulated
groups alone, Sidak’s test was chosen over the Bonferroni method as
control of entire family-wise error with the latter method was unnec-
essary. Normal distribution of data was determined by Shapiro-Wilk
or Kolmogorov-Smirnov tests. Homoscedasticity of data was deter-
mined by the Cochran C, Hartley, and Bartlett test. One-way ANOVA
with Dunnett’s post-hoc test for multiple comparisons was employed
to assess differences between the stimulation indices of control- and
tat-targeted treatments. This approach was used to evaluate RT activ-
ity and cell vitality in infected control (untreated) and treated groups.
Where ANOVA was used to test significance for the multivariate
experiments and whether at least two groups are different and con-
trol of total family-wise error was unnecessary, P values were
adjusted by Dunnett’s correction for comparing groups against a

single control. For these tests, each group was assumed to have equal
variance as determined by the Cochran C, Hartley, and Bartlett or Lev-
ene tests with values normally distributed as confirmed by Q-Q plots
and Shapiro-Wilk or Kolmogorov-Smirnov tests. The experiments
were performed so that each of the recorded responses were inde-
pendent of one another. Additionally, we also performed non-
parametric Mann Whitney U test for pairwise comparison by adjust-
ing P value to number of comparisons and significance was still
shown. Cohen’s d or Effect size eta squared is reported where applica-
ble. Progeny virion production as measured by RT activity in the elec-
troporation experiments were compared using unpaired t-tests. All
the control and treatment groups were assessed independently of
each other. Statistical calculations set type I error cut-off o = 0.05 and
were performed using GraphPad Prism v7.0a or 9 for Mac OS X
(GraphPad Software, San Diego, California USA, www.graphpad.com).

3. Results
3.1. Insilico design of HIV-1 tat gRNAs

Targeted HIV-1 gene therapy requires specific recognition of
diverse proviral sequences. HIV-1 sequence diversity occurs both at
the population level and during disease progression, thus lessening
the effectiveness of host immune responses and promoting the emer-
gence of antiretroviral drug resistance [32]. While the 5’ LTR is a pro-
moter for viral transcription and is susceptible to CRISPR-based HIV-
1 inactivation, we reasoned that targeting the driver of LTR-directed
full-length transcription, HIV-1 tat, would improve CRISPR therapeu-
tic efficacy. To test this notion, a multiple sequence alignment heat
map, constructed from 4004 HIV-1 strains, was utilized to observe
the degree of nucleotide heterogeneity across the viral genome
(Figure 1). Conserved regions of the HIV-1 genome include portions
of flanking LTRs, gp120-encoding segments of env, and multiple exon
overlaps (Figure 1a). Low entropy in HIV-1 genes encoding p6/prote-
ase, tat/rev, vpu/gp120, and nef/3’ LTR highlight sequence preserva-
tion in loci that govern multiple phases of the viral lifecycle.

As comparators, two CRISPR-Cas9 reference systems were
adopted. First, LTR-1 and GagD are gRNAs that target the U3 portion
of the LTR and MA region of gag, respectively (Figures 1b, S4). LTR-1/
GagD was selected as a reference control because of its utility in ster-
ilizing one-third of HIV-1 infected humanized mice, thereby estab-
lishing proof-of-concept for a CRISPR-based HIV cure in an animal
model [11]. Second, DLTR-1 and DLTR-2 are top-rated gRNAs from a
quadruplex panel designed to cleave most known HIV-1 strains with
minimal off-target human genome recognition [25]. Delivery of
DLTR-1 and DLTR-2 gRNAs to cells by lentivirus remains a challenge,
however, because their targeting of HIV-1 LTR (Figure S5) simulta-
neously also thwarts the synthesis of all CRISPR-transducing lentivi-
ruses. Control gRNAs display complete 20 base pair (bp) recognition
of 11-30% of curated HIV-1 strains (Table S3). A minimum off-target
threshold of 2.266 was set for tat gRNA design in accordance with a
CRISPR-specificity algorithm score for the DLTR-2 control.

A library of eight HIV-1 tat-targeting gRNAs designed for deploy-
ment with Streptococcus pyogenes Cas9 (spCas9) endonuclease was
created. These “mosaic” gRNAs were constructed against the tat con-
sensus sequence synthesized from 4004 HIV-1 strains (Figure S4).
Five of the eight produced gRNAs target the sense strand (Figure 1c).
Because portions of tat overlap with rev and the gp41 portion of env,
up to three exons could be simultaneously disrupted with these
gRNAs (Figure S5). Notably, tat-directed gRNAs retain full 20 bp com-
plementarity for 6-67% of all known HIV-1 strains (Table S3).
Duplexed mosaic gRNA treatments were found to target at least 56-
62% of strains, assuming no nucleotide mismatch tolerance
(Table S4). Taken together, these data demonstrate that gRNAs can
be produced with broad HIV-1 excision potential while, at the same
time, limiting off-target effects.
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Figure 1. HIV-1 CRISPR-Cas9 Mosaic guide RNA (gRNA) Design. (a) Nucleotide heterogeneity of 4004 annotated HIV-1 strains is depicted in a heat-map form demonstrating entro-
pic (blue) or conserved (red) loci in three reading frames. Prior reported gRNAs against LTR and gag regions were used as reference controls (b). Designed gRNAs targeting mosaic
HIV-1 tat sequences (c) for antisense or sense sequences are shown by down or upward-facing arrows, respectively.

3.2. Tat/rev-directed gRNAs suppress HIV-1 replication

To test the hypothesis that conserved gRNAs would most effec-
tively limit viral replication, a plasmid co-transfection screen was
implemented. Human embryonic kidney (HEK293FT) cells were
transfected with plasmids encoding HIV-1 in the absence (untreated
control) or presence of spCas9-gRNA constructs. Seven HIV-1 molec-
ular clones, one laboratory (NL4-3) plus six clade B founder strains,
were included to reflect predominant North American and European
viral subtype sequence heterogeneity. Four independent co-transfec-
tion screens were performed to ensure experimental accuracy.
Supernatants were measured after 72 hours for HIV reverse tran-
scriptase (RT) activity. The single mosaic gRNA CRISPR TatE and TatD
constructs demonstrated the most significant suppression of HIV-1
replication (Figure 2a). TatE gRNA reduced RT activity by an average
of 76% (& 6.5%, standard error of the mean (SEM)), with more than
75% reduction in 6 of 7 tested HIV-1 strains. Notably, TatE outper-
formed all single gRNA controls, including DLTR-2. Pearson correla-
tion analysis evaluated whether CRISPR gRNA activity was associated
with target sequence conservation (Figure 2b). While positive trends
were observed, significance was achieved when TatE was excluded
from the analysis. The data support the idea that although gRNA tar-
geting conserved genomic regions of HIV-1 proviral DNA are gener-
ally more efficacious, the TatE locus is critical to viral replication.
Although, TatE2 and TatF target the same region as TatE, they showed
comparatively lower efficacy. This can be attributable to mismatches
between target DNA and gRNA protospacer adjacent motif (PAM,
seen with TatF) or in seed sequence proximal to PAM (seen with
TatE2) (Figure S6). Mismatches within or close to PAM have been
previously characterized as detrimental to Cas9 endonuclease activity
[33].

We next sought to determine whether proviral DNA excision
induced by two CRISPR-Cas9 gRNAs would further suppress HIV-1
replication. The noted efficacy of TatE, which targets a region of tat
that overlaps with both rev and env, prompted us to posit that simul-
taneous disruption of multiple viral exons would most drastically
blunt HIV-1’s lifecycle. Plasmids were subcloned to express various
combinations of the top three performing tat-directed gRNAs.
Table S4 summarizes the percent conservation, excision fragment
length, and the number of deactivated exons elicited by each pairing.

Increased antiretroviral activity was observed when TatD and TatE
gRNAs were co-expressed (TatDE). Viral replication in TatDE-treated
cells was lowered on average by 82% (4 4.6% SEM), with a range of
65-98% across all tested viral strains (Figure 2a). TatDE demonstrated
greater levels of viral suppression compared to LTR-1/GagD (“LG”")
and DLTR-1/DLTR-2 (“DLTR1-2") duplexed reference CRISPR controls
by measured RT activity. The ~2.5 kilobase pair (kb) dropout of inter-
vening proviral DNA was observed against all seven HIV-1 molecular
clones (Figures 2¢, S7). To confirm the accuracy of TatDE CRISPR,
excision bands were Sanger sequenced and analysed by the Inference
of CRISPR Edits (ICE) algorithm (Figure S8).

Sequencing data qualitatively depict nucleotide degeneracy in
both target loci, with insertion/deletion (indel) mutations at a rate of
25-51% in excision bands. Pairing our two most conserved efficacious
gRNAs, TatDH, and of our largest excising duplex, TatEH, proved infe-
rior to 5-exon inactivating TatDE in suppressing RT activity. Taken
together, these data support the hypothesis that disrupting a maxi-
mal number of viral exons by CRISPR-Cas9 leads to the greatest sup-
pression of HIV-1 replication.

3.3. On-target CRISPR-Cas9 TatDE specificity

We next evaluated the specificity of our tat-directed CRISPR-Cas9
by comparing the degree of proviral genome editing to that observed
in off-target loci. ICE analysis performed on Sanger sequences from
these reactions revealed that dual gRNA systems improve indel
mutation rates to >40% as compared to <10% seen with single gRNA
controls (Figure 2d). The high efficiency may be attributed to DNA
excision, which overrides the potential for host DNA repair. TatDE
therapy resulted in an average of 45% (+ 3.0% SEM) gene modification
rate with 40-50% editing in 6 of 7 tested strains, supporting TatDE’s
ability to deactivate a broad variety of HIV-1 proviral species. Next
generation sequencing will be employed in future studies to validate
the accuracy of these findings.

To ensure TatDE cleavage is restricted to HIV-1 proviral DNA, we
investigated the potential for aberrant indels at off-target loci in the
human genome. These covered five possible loci recognized by each
TatD, TatE, LTR-1, and GagD predicted in sillico during gRNA design.
No editing was observed at top putative off-target positions for TatD
and TatE (Table S5). This was sustained regardless of whether cells
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the experiments were performed in triplicate.

were treated with single or dual gRNAs. Similarly, off-target analysis
by ICE for LTR-1 and GagD failed to demonstrate indel mutations in
host genes (Table S6). Seven of 10 possible off-target regions for
TatDE fell in intronic regions, whereas only 2 of 10 for LTR-1/GagD
were noncoding. These results suggest that TatDE CRISPR is not more
likely to affect host gene expression than the LTR-1/GagD system.
Further sequence analysis of the edited genomes will elucidate
whether mutations were inadvertently introduced at off-target sites.

Having demonstrated the ability of TatDE CRISPR to suppress plas-
mid-encoded viral transcription, we next investigated whether latent
HIV-1 could be excised in leukocytes. For these experiments, TatD,
TatE, or non-targeting control gRNAs were cloned onto a lentiviral-
CRISPR expression plasmid. To first assess CRISPR-Cas9 function,
ACH2 T cells and U1 promonocytes bearing 1-2 copies of latent HIV-1
proviral DNA copies per cell were transfected with cloned lentiviral-
CRISPR constructs. Subsequent stimulation of ACH2 T cells with TNFo
induced viral rebound in control- and LTR-1/GagD-treated cultures
but not in those receiving single- or dual TatD plus TatE treatments
(Figure S9). U1 promonocytes were equally responsive to LTR-1/
GagD and TatD/TatE treatments (Figure S10). HIV-1 proviral DNA

excision was present in both cell types and was confirmed by
sequencing. These data, in aggregate, validate the TatDE CRISPR-Cas9
system for lentiviral delivery.

We next ascertained whether lentiviral transduction of TatDE
CRISPR-Cas9 could halt HIV-1 induction from latently infected ACH2
T cells. CRISPR Transgene expression was measured by reverse-tran-
scriptase quantitative PCR (RT-qPCR) and determined to be above
detection limits (Figure 3a). Dual TatD/TatE lentiviral treatments
blocked TNFa-induced stimulation. Co-transduction of TatD/TatE at
MOIs of 10 and 1 significantly reduced the release of HIV-1 into cul-
ture supernatants by 80% and 94%, respectively (Figures 3b-c). We
also evaluated genomic DNA by nested PCR for TatDE HIV-1 excision
(Figures 3e, S11). A predictable ~525 bp excision band was present
for cells co-transduced at an MOI of 1, supporting the reduction in RT
activity at this MOI. Shorter amplicons were observed with MOI 0.1
treatment; however, the shortened amplicons disappeared in stimu-
lated conditions.

Paired with the RT activity results (Figure 3d), it is likely that
transduction at a low MOI was subtherapeutic, as few cells bear the
CRISPR-induced indel. Conversely, we cannot exclude the possibility
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Figure 3. Lentiviral TatDE CRISPR Inactivates Latent HIV-1. ACH2 T cells bearing a single copy of HIV-1 proviral DNA were transduced with lentivirus bearing a spCas9-gRNA trans-
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n? effect size of 0.44 (Two way ANOVA, error bars depict Standard Error of Mean) (d). (e) Nested PCR for assayed proviral DNA excision wherein unedited amplicons are 2986 bp
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and CRISPR-edited amplicons are approximately 525 bp. These differences are dependent on insertion-deletion mutagenesis.
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that the efficacy observed at MOI 10 in the absence of excision bands
results from cytopathicity encountered with high levels of lentiviral
treatment. These results cumulatively support the utility of TatDE
CRISPR-Cas9 in eliminating latent proviral HIV-1.

3.4. Exonic disruption is the potential mechanism for HIV-1 replication
attenuation

As a potential mechanism to explain TatE’s high antiretroviral
activity despite low sequence conservation, we investigated how dis-
ruption of different numbers of viral exons affects HIV-1 replicative
fitness. Three HIV-1N14-3-Anef-erp NON-frameshift point mutants were
created to parallel CRISPR mutation profiles (Figure 4a), in which
two- (ATatD), three- (ATatE), or five (ATatDE) exons were altered
(Figure 4b). Virions were produced by transfecting mutated NL4-3
plasmids in HEK293FT cells. The resulting virions were imaged by
transmission electron microscopy (TEM) (Figure 4c) and titered by
RT-qPCR. The size of the HIV-1 tat mutants ranged from 110.6-
150.5 nm in diameter, closely approximating that of wild-type HIV-1
measured at 125.4 nm. Likewise, the HIV-1 tat mutants’ nearly spher-
ical appearance and inner conical capsid matched the morphology of
the wild-type control virus. Next, CD4+ T lymphocytes were infected
at an MOI of 0.1. At ten days following HIV-1 infection, significant

S

Lipids mixture

PEG lipids 2—\/\,4

DSPE-PEG2000 & DMG-PEG

( CRISPR-Cas9 TatDE plasmids

Thin-film hydration method followed by
dialysis cassette purification

differences in RT activity were detected in culture supernatants
(Figure 4d). HIV-1n14-3-Acaep displayed nearly equivalent levels of
viral replication as wild-type virus, while mutants bearing > 3 dis-
rupted exons were significantly lower in RT activity compared to
unmutated control. As CD4+ T cell proliferation rates differed after
ten days due to HIV-1 induced cytopathicity, the percent of cultured
HIV-1 infected cells was measured by flow cytometry during a 28-
day time course (Figure 4e). Whereas HIV-1n14.3-Ararp Proliferation
approximated that of control HIV-1, HIV-1n14-3-Atare and HIV-1x4.5-
Actaepe Temained at or around baseline for four weeks. These data sug-
gest that the locus targeted by TatE gRNA is critical for maximal
CRISPR activity. In aggregate, we conclude that the high efficacy of
TatDE CRISPR-Cas9 therapy against numerous HIV-1 strains results
from disrupting five viral exons simultaneously.

3.5. TatDE lipid nanoparticles (LNPs) protects macrophages from HIV-
1apa infection

Next, we designed and synthesized TatDE LNPs capable of loading
the TatDE gRNA plasmid using thin-film hydration methods
(Figure 5a). The TatDE LNPs were seen morphologically as round-
shaped particles by TEM and AFM (Figure 5b-d). They had an average
size of 180 nm and polydispersity index (PDI) of 0.2 using dynamic
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Figure 5. Synthesis, Characterization, and Antiretroviral Activity of CRISPR-Cas9 LNPs in Primary Human Monocyte-Derived Macrophages (MDM). (a) CRISPR-Cas9 TatDE LNPs were
prepared by thin-film hydration with a mixture of lipids. The prepared LNPs were purified and filtered prior to virologic evaluations. (b-c) Transmission electron microscopy images
of the CRISPR-Cas9 loaded LNPs showed monodispersed spherical morphology, including a particle surface corona. The scale bar is 100 nm. (d) Atomic force microscopy illustrates
topographic features of the uniform particle distribution. (e) The dynamic light scattering graph illustrates the size distribution of CRISPR-Cas9 encased LNPs with an average size of
180 nm (PDI=0.2). (f) MDMs were treated with the CRISPR-Cas9 LNPs at a concentration of 100 to 400 ng TatDE equivalent then challenged with HIV-14pa (macrophage-tropic viral
strain) at an MOI of 0.02. HIV-1 replication was monitored by RT activity in culture fluids as an indication of progeny virion production for up to 7 days. For 400 ng concentration, P=
0.01, Cohen’s d=3.71; for 200 ng concentration P=0.04, Cohen’s d=3.56; with partial »? of 0.71 for treatment (one-way ANOVA for multiple comparisons (n=3) with Dunnett’s post
hoc test) (g) PCR was performed in extracted DNA from cell lysates using HIV-1 specific primers, followed by agarose gel electrophoresis. The excised band at 500 bp is highlighted
in yellow confirms “putative” protection. (h) The sized band was confirmed as the appropriate CRISPR-Cas9 excised subgenomic viral DNA by Sanger sequencing and the multiple
alignment program for nucleotide sequences. Data points, in e, depict mean = SEM from triplicate biological replicates.
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light scattering (DLS) and were stable during storage (Figure 5e and
§$12). CRISPR LNP treatment of primary human MDM protected
against HIV-14pa infection (MOI 0.02) in a dose-dependent manner
for seven days. This was affirmed by monitoring culture cell superna-
tants for progeny virion production by RT activity (Figure 5f) and by
polymerase chain reaction (PCR) of cell lysates with HIV-1 specific
primers spanning the subgenomic viral DNA fragments of the gRNAs.
Agarose gel electrophoresis demonstrated excision of a ~2.4 kb frag-
ment of the viral genome (Figure 5g). Extraction of this excised
amplicon followed by Sanger sequencing was deployed to validate
the CRISPR editing. The recovered Sanger traces were subjected to
sequence alignment to confirm the correct viral excision fragment
(Figure 5h).

3.6. TatDE LNP intracellular trafficking in primary human MDMs

We next sought out the mechanism of TatDE LNPs trafficking into
the cells using confocal laser scanning microscopy. For this, we used
a dual approach to label nanoparticles. In the first set of experiments,
we labelled the TatDE LNPs (Figure 6a-c) with rhodamine DHPE
phospholipid, and in another set, we labelled the nucleic acid cargo
(Figure 6d). For the first set of experiments, the goal was to assess
the route of LNP migration towards the nucleus. Cells were treated
with respective LNPs in membrane-permeabilizing solution, fixed
and stained 12h post-treatment. TatDE LNPs colocalized with Rab5
(Figure 6a) and Rab7 (Figure 6b) but not Lamp1 (Figure 6c). Rab 5
and Rab7 are early and late endosomal markers, respectively. LNP

colocalization with the endosomal compartments suggest that the
TatDE LNPs travel through the endosomal compartments. Also, there
was minimal colocalization with the Lamp1 lysosomal compart-
ments, confirming that the CRISPR LNPs are not degraded via lyso-
somes. To further survey payload delivery to the nucleus, parallel
experiments were performed with fluorescently tagged nucleic acid.
We observed that rhodamine-tagged nucleic acid reached the DAPI-
tagged nucleus inside macrophages. Z-stack analysis was performed
to show that the TatDE LNPs were indeed inside the nucleus, not on
top in a different plane. Pink colocalization between the blue nucleus
and red nucleic acid in a single plane confirmed that the CRISPR pay-
load was delivered to the nucleus by the LNPs.

3.7. TatDE ribonucleoprotein (RNP) excision of proviral DNA

Combination TatD and TatE gRNA-cas9 ribonucleoproteins (TatDE
RNP) were next assessed for antiretroviral efficacy. TatDE RNP and
two HIV molecular clones (NL4-3 & pCH040.c/2625) were co-trans-
fected HEK293FT cells using TransIT-X2 transfection reagent
(Figure 7a). 48 hours post-transfection supernatants were tested for
RT activity as an indicator of progeny virion production and extracted
cellular DNA was assessed for proviral DNA excision. TatDE RNP co-
electroporation decreased the virion production in the supernatant
by 96% (+1% SD) compared to positive control (Figure 7b and S10).
Nested PCR showed full-length amplicon in untreated cells, whereas
no full-length amplicon was seen in the RNP-treated cells
(Figure 7c). Electroporation did not adversely impact cell vitality
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Figure 6. CRISPR LNPs Cell Trafficking. Rhodamine conjugated DHPE (1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine) phosphoglycerol tracked the locale of CRISPR LNPs
in human MDMs. Confocal microscopy was employed 12 h after LNPs injection in the MDM cultures. Alexa-Fluor 488 (green) secondary antibody detected Rab 5, Rab7, or Lamp1
subcellular compartments. Phalloidin-iFluor 647 marked cell boundaries. The MDM nucleus was stained with DAPI (blue). Rhodamine DHPE phospholipid containing CRISPR-LNPs
(red) colocalized with Rab5 (a) and Rab7 (green) (b). (c) No colocalization was found between Lamp1 (green) and the nanoparticles (red). (d) TM-Rhodamine labeled px333DE was
used for CRISPR LNPs to examine nuclear localization of the CRISPR payload present in the nucleus 12h after treatment. Z-stack affirmed that the CRISPR reached the nucleus.
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Figure 7. HIV-1 RNP Delivery for Virus Editing. (a) TatDE RNPs were assembled then co-transfected with two infectious HIV-1 molecular clones by TransIT-X2 transfection into HEK
293FT cells to determine Cas9 efficacy. (b) Measurements in supernatants from transfected cells show that the HIV-1 RNP treatment reduces virion production to or around control

levels. For NL4-3, P=0.02, for pCH040.c/2625 P=0.01 (Unpaired t-test compared to untreated

infected control) (c) DNA PCR tests from the HIV-1 proviral clones show that all HIV-1

DNA was cleaved. (d) Cell vitality 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay performed on the electroporated cells showed no significant change
in cell viability; P=0.54 and F=0.77, and partial n? of 0.22 (One-way ANOVA, n=3). After 72 hours following electroporation, ACH2 cells were stimulated with TNF-o (15 ng/mL). e)

The efficacy of TatDE RNPs were tested for viral excision in latent HIV-1 infected ACH2 cells

carrying a single copy of proviral DNA. RNPs were delivered to the ACH2 infected cells

by electroporation. (f) Tests for RT activity in culture fluids showed that the RNP treated ACH2s upon stimulation did not produce progeny virus. Untreated control cells showed sig-
nificantly higher fold stimulation; P=0.01 (Unpaired t-test). Then, viral excision was analysed by DNA PCR. (g) PCR tests showed intact viral genome (3025 bp) in untreated controls,

whereas full-length HIV-1 proviral DNA was not detected in the treated groups. An expecte

d 525 bp excised amplicon was readily seen in both stimulated and unstimulated RNP

treated cells. Data points in (b) (d) and (f) represent the means & SEM from experimental triplicate determinations.

(Figure 7d and S11). Next, we used electroporation to nucleofect the
TatD/E RNPs into ACH2 cells (Figure 7e). Treated cells were resistant
to viral outgrowth after stimulation with TNFa (Figure 7f). PCR
showed excision of integrated HIV-1 DNA present in the infected T
cell line (Figure 7g).

3.8. mRNA delivered by rLNPs are expressed in HIV infected cells

Lipid nanoparticles were optimized for mRNA delivery. Green
Fluorescent Protein (GFP) and firefly Luciferase (Fluc) mRNA LNP was
formulated using microfluidic mixing (Figure 8a). Subsequently, they
were purified and concentrated. The diameter of luciferase LNP was

73.08 nm and GFP LNP was 76.62nm measured by dynamic light scat-
tering with PDI values of 0.083 and 0.098 respectively (Figure 8b and
c). The nanoparticles were then lysed using Triton-X and RNA quan-
tity was measured in the solution using Quant-IT RiboGreen RNA
assay kit. Neat nanoparticles served for quantitation of encapsulation
efficiency. FLuc and GFP LNPs had an encapsulation efficiency of
94.4% and 83.8% respectively (Figure 8d). Then we treated U1 and
JLat cells with luciferase and GFP LNP at a dose of 2 ug per million
cells. These cell lines are latently infected cell models where each cell
has at least one copy of HIV genome. We saw robust expression of
luciferase in the cells (Figure 8e). In addition, more than 85% of the
gated singlet cells were found to be GFP-positive (Figure 8f-g).
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expression. All experiments (GFP or FLuc) were performed in biological triplicate.

3.9. TatDE rLNP Cas9 mRNA and TatDE sgRNA and elimination of HIV-1
infection

Finally, we sought to employ mRNA technology in future anti-
HIV delivery schemes by complexing cas9- encoding mRNA and
TatDE gRNAs in lipid nanoparticle form (TatDE rLNP). CleanCap
mRNA, containing 5-methoxy uridine instead of natural uridine,
provides for greater nucleic acid stability required during nano-
particle synthesis. Robust experimental plans and assays were set
up for avoiding any false positive data (Figure 9a). TatDE rLNP
had a very narrow size distribution with a PDI or 0.045 and size
of 76.11nm (figure 9b). 92.9% of the RNAs were encapsulated in
the LNPs (Figure 9d). Treatment with TatDE rLNP showed mini-
mal decrease in viability in both JLat and U1 cells after 72 hours
of incubation with the TatDE rLNP (Figure 9c). Nested PCR and
agarose gel electrophoresis showed that in both U1l (Figure 9e)
and ]JLat cells (Figure 9f) TatDE rLNP cleaved the 2.5kb section of
HIV genome, and the expected 525bp amplicon was seen. To fur-
ther validate these findings, both cell lines were stimulated with
either TNF or PMA. Treatment with TatDE-rLNP abrogated viral

outgrowth with stimulation, as measured by ddPCR of mRNA, in
both cell lines (Figure 9g-i).

4. Discussion

Over 79,000 unique human- or simian immunodeficiency virus
(HIV/SIV) sequences spanning eleven global subtypes have been
identified [14]. The documented 6% mutation rate even among elite
controllers highlights the presence of a multitude of intrapatient
HIV-1 quasispecies [34]. These considerations led us to design mosaic
CRISPR-Cas9 gRNAs against conserved and multi-exon regions of a
consensus HIV-1 sequence to facilitate viral elimination. Herein, we
introduce exonic disruption as a guiding principle for CRISPR thera-
peutics as a required link to control residual viral infection. Our data
establish an association between tat/rev target DNA conservation and
CRISPR-Cas9 efficacy across multiple HIV-1 transmitted founder
strains (Figure 2b). The impact of this finding is twofold. First, it vali-
dates our mosaic gRNA approach as a tenable means of using CRISPR
to inactivate genetically heterogeneous viral targets. Second, the cor-
relation reveals that conserved tat/rev-directed gRNAs outperform
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Figure 9. mRNA LNP carriage (rLNP) of HIV-1 TatDE and Cas9 Attenuate Viral Replication. CleanCap Cas9 mRNA, TatDE gRNA was combined and formulated using optimized lipid
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U1 and JLat cells contain one or more integrated copies of the viral genome in each cell. Cell genomic DNA was isolated, and nested PCR was performed with HIV specific primers.
Agarose gel electrophoresis of PCR product showed in both U1 cells (e) and JLat cells (f) full-length HIV was present in untreated cells but not treated cells. Treated cells rather had
an expected 525 bp excised fragment. PCR was completed from three independent samples. Subsequently, treated cells were stimulated with 20 ng/mL TNFo (JLat 8.4 cells) or
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showed induction of HIV-1 RNA production in untreated cells, whereas in the case of treated groups, even after stimulation, HIV-1 RNA production was near the baseline. (i) Further

analysis shows that stimulation led to up to 100 (JLat) to 300 (U1) fold increases in RNA production.

LTR-based reference controls. Given that these were selected for their
potential to recognize divergent HIV-1 quasispecies in patients [25]
and facilitate elimination from infected hosts [11], the comparative
superiority of TatDE represents an advance in CRISPR therapy as a
strategy for HIV-1 elimination.

A second advantage of the TatDE mosaic gRNA approach is that it
identifies exonic disruption as a potential mechanism for antiretrovi-
ral efficacy. Assessed variables include CRISPR on-target cleavage effi-
ciency, target DNA conservation, excision length, and numbers of
disrupted exons during CRISPR-Cas9 treatment. Non-frameshift site-
directed mutagenesis of 3 or more exons at the TatE locus, but not
the two exons at TatD, significantly suppressed viral replication. In
our gRNA co-transfection screen, the most broadly active CRISPR

treatments included tat/rev/gp41-directed TatE. One implication that
follows is that usage of TatE-directed CRISPR may help overcome low
potency [35] and viral escape [36,37] otherwise associated with sin-
gle gRNA treatment of HIV-1. These results also suggest that cleavage
at other multiexon locations along the HIV-1 genome, such as gag/pol
and nef/LTR, or tat/rev/gp41 by other Cas nucleases [20,38] may afford
broader antiviral coverage. Thus, exonic disruption paired with target
DNA conservation is integral in generating effective HIV-1 CRISPR
therapeutics.

Delivery of HIV-1 specific CRISPR payloads remains one final
parameter yet to be optimized prior to human administration. Cur-
rent ex vivo approaches ablate the HIV-1 co-receptor CCR5 with
CRISPR-transducing lentiviruses [39,40]. However, the 5% editing
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efficiency in transduced human hematopoietic stem cells failed to
render viral suppression upon antiretroviral drug withdrawal [39].
Our strategy is to deploy TatDE CRISPR using a highly efficient vector
to viral target cells. With lentiviral transduction at an MOI of 1, the
TatDE CRISPR transgene was detected at an average of 33.2 spCas9
RNA copies per ACH2 T cell, with a 94% reduction in RT activity and
clear viral excision. Using a single broad-spectrum gRNA targeting
LTR transduced at this same level but allowed viral rebound in ~20%
latently infected JLat cells [41]. Other studies had achieved >90%
reduction in HIV-1 reactivation and prevention of viral escape when
CRISPR-Cas9 was lentivirally transduced in T cells at MOIs of 10-15
[21,23,42]. These differences highlight the likelihood that TatDE
CRISPR-Cas9 maintains greater potency against HIV-1 compared to
other CRISPR-Cas9 therapies. A possible critique of our delivery
choice is that patients will likely already be receiving combination
antiretroviral drugs that inhibit lentivirus’ ability to transduce
CRISPR. We employed LNP delivery as a strategy to achieve viral exci-
sion even in the face of concurrent antiretroviral therapy. To optimize
the physicochemical characteristics and loading, specific molar lipid
ratios were selected for CRISPR TatDE plasmid encased LNPs that effi-
ciently enabled the cargo delivery to the nucleus. Lipids included
DOTAP as a cationic lipid which complexed with the negatively
charged DNA and easily incorporated with other lipids to form a sta-
ble colloidal suspension. Cholesterol provided stability to the LNPs.
Macrophages are ubiquitous as they are found in all lymphoid and
non-lymphoid tissues and contribute both to cell homeostasis while
serving as reservoirs for replication competent HIV-1 [43]. Addition-
ally, macrophages can readily spread HIV-1 to autologous CD4+ T
cells [44]. Therefore, human MDMs were next chosen to evaluate the
excision efficiency of TatDE LNPs to prevent viral infection. We
showed that the level of expression of CRISPR LNPs was high and
excision of integrated HIV-1 proviral DNA occurred in virus-chal-
lenged macrophages. Localization of CRISPR LNPs in the cell nucleus
was confirmed both by viral excision and confocal microscopy stud-
ies. We purport that the LNPs employed to represent an excellent
platform for both safety and efficacy. To affirm these results and to
bring this technology to the next level for translation from cells to
animals then to humans, we evaluated the abilities to reactive latent
HIV-1 infection in U1 and JLat 8.4 cell lines, used to model latent viral
infection after mRNA LNP treatment. The cells were PMA treated and
when used in coordination with TatDE rLNP, it prevented HIV-1 RNA
reactivation with up to complete viral elimination as tested by
ddPCR.

For delivery of CRISPR therapeutics to the target cells, the form of
payload and vector were both were tested. CRISPR payload can be
DNA (TatDE LNP and transfection), mRNA+sgRNA (TatDE) or CRISPR
RNP (electroporation). RNP and mRNA showed superior efficacy com-
pared to DNA. mRNA loaded TatDE LNPs are similar to other mRNA
loaded LNP therapeutics used in the industry including the Moderna
and Pfizer SARS-CoV-2 vaccine. Furthermore, early-stage success of
Intellia’s Clinical Trial (NCT04601051) for in vivo CRISPR Cas9 editing
for patients with hereditary transthyretin amyloidosis with poly-
neuropathy (ATTRv-PN) and shows the promise of using in vivo gene
therapy [45].

The selectivity of the CRISPR-Cas system for HIV-1 proviral DNA is
a key factor in assessing our treatment’s therapeutic window. No off-
target edits were observed with TatDE treatment in the ten loci sur-
veyed by a Sanger sequencing-based algorithm. By contrast, ICE data
demonstrate a mean 45% editing efficiency of proviral DNA template
with TatDE CRISPR. This led to detectable excision of ~2.5 kb of viral
DNA and to the nearly complete abolition of viral release. These find-
ings are aligned with reports that ~10% and 39-63% editing efficien-
cies from multiplex endonuclease treatments resulted in more than
90% knockdown in herpes simplex virus and HIV-1, respectively
[23,46]. Dysregulation of positive feedback loops, as in the case of tat/
rev-directed CRISPR-Cas9, and the formation of dominant-negative

proteins encoded after gene editing may explain the disproportion-
ately high efficacy in each of these cases. The HIV-1 proviral genomes
isolated from elite controllers display large deletions of env sequen-
ces flanked by tat/rev amongst other regulatory genes [47]. It is pos-
tulated that defective virus in elite controllers primes the host
immune system to clear cells bearing replication-competent HIV-1
proviral DNA [47]. Therefore, we posit that TatDE CRISPR therapy
may similarly compromise latent HIV-1 sequences, thereby inducing
immune-mediated clearance in vivo.

4.1. Limitations of the study

Future investigations will facilitate the translation of these strate-
gies for human use. TatDE’s multistrain potential needs to be further
validated against additional HIV-1 strains and clades for antiviral
activity. The interrogation of the preliminary lack of off-target editing
within the human genome is an inherent limitation. Future works
must employ CIRCLE-seq [48,49], Guide-seq [41,50] and whole-
genome sequencing [11] to each of the TatDE CRISPR-treated sam-
ples. Further characterization of the TatDE's mechanism of action
needs be determined in regard to its ability to downregulate full-
length viral transcripts due to tat, diminish rev-associated nuclear
export, and impede gp41l-mediated viral entry. These additional
studies will clarify the value in expanding our conserved, multi-exon
targeting CRISPR library to other Cas endonucleases. Finally, precision
decorated LNPs need to be developed in order to speed entry and
excision of all CD4+ T cells and macrophages cell reservoirs. Every
infected cell must be excised in order to cure HIV. We will explore
leukocyte targeted LNPs as well as modifying payload compositions
to the lipid nanoparticles to further optimized TatDE CRISPR therapy.

5. Conclusions

A major challenge to gene therapy-based treatment of HIV lies in
finding suitable therapeutic mode (DNA, mRNA, or RNP) and vehicle
(such as LNPs) capable of inactivating divergent HIV strains at ana-
tomic reservoir site. These studies provide proof-of-concept of our
formulations’ potential to fully excise the integrated HIV that might
thereby lead to HIV sterilization. To conclude, the combination of
“diverse” strain-inactivating TatD and “tri-exon”-directed TatE
gRNAs prompted maximal suppression of HIV-1 replication by
CRISPR-Cas9. Further refinement of these methodologies along with
advance antibody-based targeting techniques [51] will advance the
utility of gene therapy in eliminating latent viral infection from
infected hosts across the globe.
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