
viruses

Article

Transient CRISPR-Cas Treatment Can Prevent Reactivation of
HIV-1 Replication in a Latently Infected T-Cell Line

Ye Liu, Rienk E. Jeeninga, Bep Klaver, Ben Berkhout and Atze T. Das *

����������
�������

Citation: Liu, Y.; Jeeninga, R.E.;

Klaver, B.; Berkhout, B.; Das, A.T.

Transient CRISPR-Cas Treatment Can

Prevent Reactivation of HIV-1

Replication in a Latently Infected

T-Cell Line. Viruses 2021, 13, 2461.

https://doi.org/10.3390/v13122461

Academic Editor: Ester Ballana Guix

Received: 2 November 2021

Accepted: 6 December 2021

Published: 8 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Amsterdam UMC, Laboratory of Experimental Virology, Department of Medical Microbiology and Infection
Prevention, University of Amsterdam, 1105AZ Amsterdam, The Netherlands; y.liu2@amsterdamumc.nl (Y.L.);
jeeninga@viroclinics.com (R.E.J.); g.p.klaver@amsterdamumc.nl (B.K.); b.berkhout@amsterdamumc.nl (B.B.)
* Correspondence: a.t.das@amsterdamumc.nl

Abstract: Novel therapeutic strategies aiming at the permanent inactivation of the HIV-1 reservoir
in infected individuals are currently being explored, including approaches based on CRISPR-Cas
gene editing. Extinction of all infectious HIV provirus in infected T-cell cultures was previously
achieved when cells were transduced with lentiviral vectors for the stable expression of CRISPR-Cas9
or Cas12a systems targeting HIV DNA. Because lentiviral transduction and long-term CRISPR-Cas
activity are less suitable for in vivo application of this antiviral strategy, we investigated whether HIV
can also be completely inactivated by transient CRISPR-Cas activity. Latently infected SupT1 T-cells
were repeatedly transfected with different Cas9 and Cas12a mRNA/protein sources in combination
with dual gRNAs/crRNAs targeting highly conserved viral sequences. Upon repeated Cas9 protein
treatment, viral replication could no longer be reactivated. We demonstrate that this was due to
complete mutational inactivation of the proviral DNA, mostly through mutations at the target sites,
but also through excision or inversion of the viral DNA fragment between the two target sites. These
results demonstrate that repeated transient CRISPR-Cas treatment of a latently infected T-cell culture
can lead to the permanent inactivation of HIV replication, indicating that transient CRISPR-Cas
delivery methods can be considered for in vivo application.

Keywords: HIV; CRISPR-Cas; Cas9; Cas12a; transient; RNP

1. Introduction

Since the discovery of HIV as the causative agent for AIDS almost 40 years ago,
extensive research has resulted in antiretroviral therapy (ART) with a combination of
drugs that can reduce the viral load in HIV-infected patients to undetectable levels, but
unfortunately, does not permanently cure the patient. These drugs target essential processes
in the viral replication cycle, such as reverse transcription of the viral RNA genome into
a DNA copy and integration of this DNA in the cellular genome, but do not inactivate
the proviral DNA in infected reservoir cells [1–3]. As the viral load rebounds when
ART is halted, HIV-infected individuals need lifelong therapy with potential toxicity,
and there is the continuous risk of the development of drug resistance [4,5]. Therefore,
novel therapeutic strategies aiming at the permanent inactivation of the viral reservoir
are explored, including targeting the integrated provirus with CRISPR-Cas gene-editing
systems (reviewed in [6,7]).

The CRISPR-Cas9 system originating from Streptococcus pyogenes has been most fre-
quently applied in such anti-HIV studies. In this system, a CRISPR RNA (crRNA) with a
20-nt ‘spacer’ sequence combines with a trans-activating crRNA (tracrRNA) and guides the
Cas9 endonuclease to a complementary ‘protospacer’ target sequence in double-stranded
DNA [8]. A single guide RNA (gRNA) in which the crRNA and tracrRNA sequences are
fused is frequently used in gene-editing applications. Besides sequence complementarity
between the crRNA or gRNA and the target DNA, Cas9 binding requires the presence
of a short sequence motif (NGG for SpCas9) immediately adjacent to the protospacer
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sequence (‘protospacer adjacent motif’; PAM). Cas9 cleavage results in double-stranded,
blunt-ended DNA breaks that can be repaired by cellular DNA repair mechanisms, in
particular non-homologous end-joining (NHEJ) and microhomology-mediated end-joining
(MMEJ) [9,10]. These repair pathways will introduce mutations at the cleavage site, in
particular nucleotide deletions and insertions (indels) but also nucleotide substitutions,
which can inactivate the targeted gene function. We and others demonstrated that HIV
replication could be inhibited in vitro by harnessing the host cells with Cas9 and a single
gRNA targeting the proviral DNA [11–14]. However, the virus frequently escaped from this
inhibition, and sequence analysis revealed that the resistant HIV variants carried mutations
at the target site that prevent gRNA binding but that do not inactivate virus replication.
Thus, Cas9 cleavage and subsequent cellular DNA repair do not only cause inhibition of
virus replication but also facilitate the generation of virus escape variants [15]. When the
cells were harnessed with Cas9 and two gRNAs that target different highly conserved and
essential domains in the HIV genome, more durable virus inhibition was obtained [16,17].
Such dual-gRNA targeting of the proviral DNA resulted not only in mutations at the target
sites but also, albeit less frequently, in excision and rarely inversion of the fragment between
the target sites [18]. Some gRNA pairs completely prevented virus escape and resulted in
complete and permanent virus inactivation [16], which demonstrated that HIV-infected
T-cell cultures could be cured in vitro.

More recently, the CRISPR-Cas12a (Cpf1) system from the Lachnospiraceae bacterium
was used to target HIV because this system seems to have several advantages over the
SpCas9 system [19,20], such as increased target sequence specificity and reduced off-
targeting potential, a smaller gene size (3.7-kb for LbCas12a; 4.1-kb for SpCas9) and the
43-nt crRNA does not require a tracrRNA for its guiding function and is smaller than
the ∼100-nt Cas9 gRNA [21–23]. The size and crRNA characteristics may be particularly
beneficial when using viral vectors with a limited capacity to store genetic information
for gene transfer [24]. LbCas12a requires a different PAM sequence (TTTN), which allows
targeting of another set of HIV sequences. Furthermore, Cas12a cleaves the DNA strands
asymmetrically, which results in sticky ends with a 5′ overhang. When cells were harnessed
with Cas12a and a single antiviral crRNA, we observed potent inhibition of virus replication,
like we observed with Cas9 and a single guide RNA [19]. We also frequently observed viral
escape from this inhibition due to mutations at the target site. However, this was not seen
in all cultures. We observed permanent HIV inactivation with some single crRNAs, which
suggests that the LbCas12a system has superior antiviral activity compared to the Cas9
system that required two gRNAs for complete HIV inactivation. Possibly, the different
characteristics of the Cas12a target site, with an asymmetric cleavage site that is located
more distal from the PAM and does not overlap the ‘Seed’ sequence that is most important
for crRNA binding, result in more extensive target site mutations, which will reduce the
ability of HIV to escape [19].

Although these studies demonstrate that HIV-infected cells can be cured in vitro with
the CRISPR-Cas antivirals, several hurdles need to be overcome before this strategy can be
applied in humans. One of the main issues is the delivery of the CRISPR-Cas antivirals
to all HIV-infected cells in vivo. We previously used lentiviral vectors with Cas9 and
crRNA expression cassettes to transduce T cells in vitro, which resulted in the continuous
presence of the antivirals in the stably transduced cells. However, lentiviral transduction
and continuous CRISPR-Cas activity seem less suitable for in vivo application of this
antiviral strategy because of possible insertional mutagenesis of the vector and off-target
Cas cleavage effects. Several other studies used transient methods for the delivery of anti-
HIV CRISPR-Cas reagents, such as plasmid transfection or virus-like vesicles [6,25]. In most
of these studies, however, non-replicating HIV-derived constructs were targeted instead
of replication-competent HIV genomes, while other studies did not test for complete and
permanent inactivation of replication-competent virus. Therefore, we set out to test whether
cells can also be cured of replication-competent HIV by a transient CRISPR-Cas treatment.
T cells latently infected with a replication-competent HIV strain were repeatedly transfected
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with different CRISPR Cas reagents, i.e., Cas mRNA or protein in combination with dual
antiviral crRNAs, after which the viral capacity for gene expression and replication was
analyzed.

2. Materials and Methods

Virus and cell culture. The HIV-rtTA-GFP virus is a derivative of the HIV-1 LAI
isolate [26], in which (1) the Tat-TAR axis of transcription activation is inactivated through
mutations in the Tat gene and the TAR hairpin sequence [27,28], (2) the optimized rtTA and
tet operator components of the doxycycline-inducible Tet-On regulatory mechanism [29]
are inserted at the site of the Nef gene and in the U3 promoter region, respectively, and
(3) the internal ribosome entry site (IRES) of the encephalomyocarditis virus (EMCV) and
the enhanced GFP gene are inserted between the rtTA and 3’ LTR sequences. The SupT1
T-cell line [30] was obtained through the NIH HIV Reagent Program (Available online:
www.hivreagentprogram.org; ARP-100 accessed on 2 November 2021). SupT1 cells with
multiple copies of the HIV-rtTA-GFP proviral genome were generated by infection of SupT1
cells with HIV-rtTA-GFP virus (to be described elsewhere). A clonal cell line with high GFP
expression in the presence of dox and no expression without dox was selected. Cells were
grown in advanced RPMI1640 medium (GIBCO, Life Technologies, Bleiswijk, Netherlands)
with 1% fetal bovine serum (FBS), 15 U/mL of penicillin, 15 U/mL of streptomycin mix
and 1% L-glutamine in a humidified incubator at 37 ◦C and 5% CO2. When indicated,
1 µg/mL dox (Sigma D-9891; Sigma-Aldrich, Saint Louis, MO, USA) was added.

Nucleofection of CRISPR-Cas reagents. Chemically synthesized Cas9 tracrRNA (IDT
1072534), Cas9 crRNAs (Alt-R CRISPR-Cas9 crRNA XT) targeting gag (5′-GTTAAAAGAGAC
CATCAATG-3′ for gGag1) and tat/rev (5′-TCTCCGCTTCTTCCTGCCAT-3′ for gTatRev),
and Cas12a crRNAs (Alt-R CRISPR-Cpf1 crRNA) targeting gag (5′-TTCCTGAAGGGTACTA
GTAGTTC-3′; crGag1) and tat/rev (5′-ATAGAGAAACTTGATGAGTCTGA-3′; crTatRev)
were obtained from IDT (Leuven, Belgium) and reconstituted in Nuclease-Free Duplex
Buffer (IDT). Cas9 crRNA:tracrRNA duplexes (gRNAs) were generated by mixing the
200 µM crRNA with 200 µM tracrRNA (1:1), heating at 95 ◦C for 5 min, and slow cooling
down to room temperature. The duplex was stored at −20 ◦C. For nucleofection, 1 µL
SpCas9 mRNA (1 µg/ul; GeneArt™ CRISPR Nuclease mRNA; Invitrogen A29378, Life
Technologies, Bleiswijk, Netherlands) or 2 µL SpCas9 protein (5 µg/µL; TrueCut Cas9
Protein v2 NLS; Invitrogen A36499 Waltham, MA, USA) was mixed with 1 µL 100 µM
gRNA duplex, and 1 µL Acidaminococcus sp. BV3L6 Cas12a protein (10 µg/µL; Alt-R A.s.
Cas12a (Cpf1) Ultra nuclease; IDT, Leuven, Belgium; 10001273) was mixed with 1 µL
100 µM crRNA. The volume was completed with RNase-free water until 5 µL. SupT1-
HIV-rtTA-GFP cells were centrifuged for 5 min at 300× g and washed with PBS. For each
nucleofection, 3.5 × 105 cells were resuspended in 20 µL SF Cell Line Nucleofector solution
(4D-Nucleofector X Kit S; Lonza, Verviers, Belgium; V4XC-2032) and mixed with 5 µL
CRISPR-Cas reagents or water (no-Cas control). Nucleofection was performed with the
4D-NucleofectorTM X Unit (Lonza, Verviers, Belgium), using the CA-137 program. Cells
were incubated for 10 min at room temperature, mixed with 80 µL pre-warmed medium
and transferred to a 1 cm2 well (48 well plate) filled with 200 µL pre-warmed medium.
Cells were cultured at 37 ◦C and 5% CO2 and split 1 to 10 twice a week.

Gene expression and proviral DNA analysis. The CA-p24 level in the culture super-
natant was monitored by ELISA as described previously [31]. Bright field and fluorescence
microscopy were performed with a fluorescence microscope (EVOS FL, AMG, Thermo
Fisher Scientific, Landsmeer, The Netherlands), using the GFP filter setting. In order
to analyze the proviral DNA in CRISPR-Cas treated cells, cells were harvested by cen-
trifugation, and intracellular DNA, including the integrated proviral DNA, was isolated
with the DNeasy Blood and Tissue Kit (QIAGEN, Venlo, The Netherlands) and quanti-
tated by a Spectrophotometer (NanoDrop 1000, Thermo Fisher Scientific, Landsmeer, The
Netherlands). For qPCR analysis, 40 ng DNA was mixed with 1× LC480 MasterMix (Roche
Mannheim, Germany), 900 nM forward primer a (gGag1-forward ACCTAGAACTTTAAAT-
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GCATGG), 900 nM reverse primer b (gGag3-reverse CGGTCTACATAGTCTCTAAAGG), c
(gTatRev-forward AGCCAGTAGATCCTAGAC) or d (gTatRev-reverse CTACTACTAAT-
GCTGCTATTGC) and 200 nM 6-carboxyfluorescein (6-FAM)-labelled gGag1 probe (CC-
CATGTTTTCAGCATTATCAGAAGGAGCC) in a total volume of 20 µL and analyzed
by the LightCycler 480 (Roche, Mannheim, Germany) [18]. As a template for the qPCR
standard curves, wild-type and modified (excision and inversion) proviral DNA fragments
were used that had been generated by PCR using the same primer pairs as in the qPCR
and subsequent TA-cloning in pCRII-TOPO. The full-length qPCR product (obtained with
primer pair a + b) was TA cloned into pCRII-TOPO, followed by BDT sequencing of the
gGag1 and crGag1 target regions.

3. Results

We previously demonstrated efficient inhibition of HIV in infected T-cell cultures
upon transduction with lentiviral vectors expressing CRISPR Cas9 or Cas12a systems
targeting the viral genome [16,18,19,32]. Selection of the transduced cells yielded a popu-
lation of cells that stably expressed the CRISPR antivirals, which resulted in permanent
inactivation of the virus when cells were harnessed with gRNAs or crRNAs targeting
highly conserved viral sequences. In order to investigate whether HIV can also be ef-
ficiently inhibited and inactivated by transient CRISPR Cas activity, we treated latently
infected cells with different commercially available Cas sources, Cas9 mRNA, Cas9 pro-
tein or Cas12a protein. Cas9 mRNA and protein were combined with crRNA-tracrRNA
complexes, further referred to as gRNAs, targeting highly conserved sequences in the
Gag (gGag1) and the overlapping Tat and Rev ORFs (gTatRev; Figure 1a). Cas12a protein
was combined with crRNAs targeting the same regions (crGag1 and crTatRev), albeit at
a slightly different position because of a different PAM requirement. Targeting of these
positions with gRNAs/crRNAs was previously shown to be highly effective in our ‘sta-
ble’ CRISPR Cas anti-HIV experiments [11,16,19]. We used SupT1 T cells infected with a
doxycycline(dox)-inducible and GFP-expressing HIV-1 variant (HIV-rtTA-GFP, Figure 1b)
as a latency model. Gene expression of this virus is off in the absence of dox and can
be switched on by dox-administration [33,34]. As a consequence, the production of the
viral proteins and GFP, and virus replication are strictly dox-dependent. The experimental
setup is shown in Figure 1c. Cells were cultured in the absence of dox and repeatedly
transfected (at day 1, 5 and 28) with (I) Cas9 mRNA combined with gGag1 and gTatRev
RNAs, (II) Cas9 protein combined with gGag1 and gTatRev RNAs, or (III) Cas12a protein
combined with crGag1 and crTatRev RNAs. Control cells (IV) were mock-transfected.
After each transfection, inactivation of the proviral gene expression was monitored by
culturing a sample of the treated cells with dox, with subsequent analysis of CA-p24 and
GFP production (phenotype analysis). In addition, to determine whether the CRISPR-Cas
treated cells were still able to produce infectious virus, the culture supernatant of these
dox-induced cells was added to regular SupT1 cells, after which these cells were cultured
with dox and monitored for a spreading infection of HIV-rtTA-GFP. Finally, the integrated
viral DNA was analyzed by qPCR and sequencing to determine the frequency and pattern
(mutation, excision, inversion) of provirus inactivation (genotype analysis).

Upon the administration of dox to the control (untreated) cells, the CA-p24 level in
the culture medium rapidly increased, which reflects dox-induced viral gene expression
and replication (Figure 2a). When cells were treated with Cas9 protein, the CA-p24 level
after the first treatment was reduced compared to the control cells, whereas no CA-p24 was
detectable after the second and third treatment. In contrast, the CA-p24 level in the Cas9
mRNA treated cell cultures remained high after the 1st, 2nd and 3rd treatment, indicating
that repeated Cas9 mRNA treatment did not reduce viral gene expression. Cell cultures
treated once or twice with Cas12a protein also did not demonstrate a reduced CA-p24 level,
whereas a slightly reduced CA-p24 production compared to the control cells was observed
after the 3rd treatment. Analysis of GFP expression by fluorescence microscopy revealed a
similar pattern (Figure 2b and Supplementary Materials Figure S1). High GFP production
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was observed in the control cells and the cells that were treated up to three times with Cas9
mRNA. GFP production of the Cas9 protein-treated cells was slightly reduced after the first
treatment and greatly reduced after the second and third treatment. GFP production of the
Cas12a-treated cells was similar to that of the control cells after the 1st and 2nd treatment
and slightly reduced after the 3rd treatment. These CA-p24 and GFP expression analyses
indicate that Cas9 protein treatment inactivated viral gene expression and replication more
effectively than Cas12a protein treatment, whereas Cas9 mRNA treatment had no effect. In
fact, triple Cas9 protein treatment reduced CA-p24 production below the detection level,
and only a very low level of GFP fluorescence was detectable.
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Figure 1. HIV proviral DNA structure and experimental setup. (a) The HIV-1 proviral DNA with the position of the gRNA
and crRNA target sites indicated (red and orange arrows, respectively). (b) The HIV-rtTA-GFP proviral DNA. In this virus,
the Tat-TAR axis of transcription activation is inactivated through mutations in both the TAR and Tat sequences (indicated in
blue). The reverse tetracycline-controlled transcriptional activator (rtTA) gene is inserted at the site of the Nef gene, and tet
operator (tetO) sequences are inserted in the U3 domains (indicated in yellow). Furthermore, an internal ribosome entry site
(IRES) and enhanced GFP gene are inserted between the rtTA and 3’LTR sequences (indicated in green). These mutations do
not affect the gRNA and crRNA target sites. Upon administration of the tetracycline-derivative doxycycline (dox), rtTA
binds to the tetO elements in the U3 promoter region and activates viral transcription. (c) Experimental setup. SupT1 cells
with integrated HIV-rtTA-GFP proviruses cultured in the absence of dox were repeatedly treated with different CRISPR-Cas
reagents. Cas9 mRNA (I) and Cas9 protein (II) were combined with gGag1 plus gTatRev. Cas12a protein (III) was combined
with crGag1 plus crTatRev. Control cells (IV) were mock-treated. The treated cells were tested for their capacity to produce
virus-encoded proteins (CA-p24 and GFP) and infectious replication-competent viruses upon the administration of dox
(+dox). The proviral DNA in the treated cells was analyzed by qPCR and sequencing to characterize the Cas-induced
mutations in the proviral DNA (genotype analysis).
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Figure 2. Phenotype analysis of CRISPR-Cas treated HIV-rtTA-GFP infected cells. (a) After the 1st, 2nd and 3rd Cas
treatment, SupT1-HIV-rtTA-GFP cells were cultured with dox, and HIV capsid protein (CA-p24) was measured in the
culture supernatant. (b) Control (no Cas) and CRISPR-Cas treated cells (after the 3rd Cas treatment) were cultured with
dox for 3 days, and virus-induced syncytia formation and GFP production was analyzed by bright field and fluorescence
microscopy. Arrows indicate virus-induced syncytia. (c) To analyze the capacity of the control (no Cas) and CRISPR-Cas
treated SupT1-HIV-rtTA-GFP cells to produce infectious virus, regular SupT1 cells were infected with 200 µL cell-free
culture supernatant from the dox-activated cells shown in panel b. Infected cells were cultured with dox, and virus-induced
syncytia formation and GFP production were analyzed by bright field and fluorescence microscopy after 6 days.

After the 3rd CRISPR-Cas treatment, we also tested the capacity of the cells to produce
infectious, replication-competent viruses. Cells were cultured with dox to activate virus
production, and after 3 days, a relatively large volume of the culture medium (200 µL) was
used to infect regular SupT1 T cells. The infected cells were cultured with dox and virus
replication was monitored by fluorescence microscopy. When the culture medium of Cas9
mRNA-treated cells or mock-treated control cells was tested, we observed the formation
of multiple virus-induced syncytia and high GFP expression at 6 days after infection
(Figure 2c), which indicates that Cas9 mRNA treatment did not affect the production of
infectious virus. In contrast, when testing the culture medium of the Cas9 protein-treated
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cells, GFP expression and syncytia formation were not detectable at day 6 (Figure 2c) and
also not upon prolonged culturing for up to 30 days (data not shown), which indicates that
triple Cas9 protein treatment completely abolished production of infectious virus. When
the culture medium of the Cas12a protein-treated cells was tested, few GFP-expressing
syncytia were detectable, indicating that triple Cas12a protein treatment reduced, but not
completely abolished, the production of infectious virus.

We previously demonstrated that CRISPR-Cas9 attack of proviral DNA with dual
gRNAs could result in mutation of the gRNA target sites, excision of the fragment between
the target sites, or inversion of this DNA fragment [16,18]. To analyze the proviral DNA
modifications resulting from the different transient CRISPR-Cas treatments, intracellular
DNA was isolated after the 3rd Cas treatment, and the proviral DNA was analyzed by
qPCR using different primer combinations around the gGag1 and crGag1 target sites to
quantify the full-length, excision and inversion products (Figure 3a). As the full-length
PCR fragments can have either a wild-type or mutated target site, we sequenced these
DNA products to determine the type of lesion and the mutational frequency.
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Figure 3. Genotype analysis of CRISPR-Cas treated HIV-rtTA-GFP infected cells. (a) Quantitative PCR analysis of proviral
DNA products resulting from CRISPR-Cas induced cleavage. A schematic of the proviral DNA is shown, with the position
of the gRNA/crRNA target sites indicated by red arrows, the position of qPCR primers a-d indicated by black arrows, and
the target site of the FAM-labelled qPCR probe indicated by *. Primer combination a + b detects full-length fragments with
either a wild-type or mutated sequence; a + d detects excision products and a + c detects inversion products. (b) Intracellular
(provirus-containing) DNA isolated from the CRISPR-Cas treated SupT1-HIV-rtTA-GFP cells (after the 3rd treatment) was
analyzed by qPCR to quantitate full-length, excision and inversion proviral DNA products. (c) The qPCR data from panel
b were combined with the wild-type to mutant ratio determined in Figure 4 to calculate the frequency of the wild-type,
mutation, excision and inversion products.
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Figure 4. Mutations at the gGag1 and crGag1 target sites after the 3rd CRISPR-Cas treatment. The full-length PCR products
obtained with primer combination a + b (as described in Figure 3a–b) were TA cloned, and the gGag1/crGag1 region
in 8-10 cloned fragments was sequenced. Sequences were aligned to the wild-type HIV sequence, with the gGag1 and
crGag1 target sites underlined, the PAM sequence in bold, and the Cas9 and Cas12a cleavage sites indicated by arrows.
Nucleotide insertions and substitutions are shown in red; nucleotide deletions are indicated with—(WT, wild-type; −n, n
nucleotides deleted; +n, n nucleotides inserted; NS, nucleotide substitution). The amino acid sequence of the translated
Gag/capsid proteins is shown at the right with amino acid substitutions in red. The frameshift mutations result in several
amino acid substitutions at the C-terminal end of the translated protein and a premature translation stop (indicated with *;
Xn, n non-Gag amino acids before translation stops). The 64-nt deletion observed in the Cas12a treated cells (TA clone 8)
results in a truncated Gag protein with 86 capsid amino acids and 18 non-Gag amino acids at the C-terminal end.

When cells were treated with Cas9 mRNA, most of the proviral DNA was full length
(96%), and only a small fraction was excised (3%) or inverted (1%) (Figure 3b). Sequencing
of the full-length product revealed that nearly all fragments were wild-type, and only
1 out of 10 sequenced fragments carried a deletion at the gGag1 target site (Figure 4). The
qPCR data (Figure 3b) were combined with the ratio between wild-type and mutated
full-length fragments (Figure 4) to calculate the frequency of the different CRISPR-Cas
induced products (Figure 3c). The observed high abundance of wild-type sequences agrees
with the high level of proviral gene expression (Figure 2a–b), and the high production of
infectious virus particles (Figure 2c) observed upon dox induction.

When cells were treated with Cas9 protein, excision and inversion products were
observed at much higher frequencies (32% and 18%, respectively), while the fraction of full-
length products was reduced (50%). Sequencing of the latter products demonstrated that
the gGag1 target site was mutated in all sequenced fragments (Figure 4). We observed both
nucleotide insertions and deletions, sometimes combined with nucleotide substitutions,
around the Cas9 cleavage site. This mutational pattern very much resembles the indel
pattern that we previously observed at gRNA target sites upon CRISPR-Cas9 attack of HIV
in cells stably expressing Cas9 [11,16]. Most deletions and insertions at the gGag1 target
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site represent frameshift mutations that will interfere with translation of the downstream
Gag/Pol sequences and abolish Gag/Pol protein production (Figure 4). The other muta-
tions are triplet insertions that insert an additional amino acid in the protein, which will
likely also inactivate or attenuate the virus as a highly conserved and essential CA domain
in Gag is targeted. We only analyzed the gGag1 target site, but similar mutations are
likely to occur at the simultaneously targeted gTatRev site, which also impairs Tat and Rev
function and further blocks virus replication [11,16]. The combined qPCR and sequencing
data indicate that all HIV proviral DNA is mutated after the 3rd Cas9 protein treatment
(Figure 3c). The finding that target-site mutations occur more frequently than excision and
especially inversion mimics what we observed upon stable CRISPR-Cas attack [18]. As not
only excision and inversion of the sequences between the gGag1 and gTatRev1 target sites
but likely also the indels at the gRNA target sites affect virus replication, these data suggest
complete Cas9-induced HIV inactivation, resulting in the apparent cure of the infected
cell culture. This is consistent with the fact that we could not detect any viral replication
(Figure 2a), nor the production of infectious virus (Figure 2c), upon dox administration.

When cells were treated with Cas12a protein, most of the proviral DNA (94%) was
found to be full length, and excisions (5%) and inversions (1%) were detected at much
lower frequencies (Figure 3b). Sequencing of the crGag1 site in the full-length product
demonstrated that 3 out of 10 sequenced fragments were wild type (Figure 4). Most of the
fragments (7 out of 10) had nucleotide deletions around the Cas12a cleavage site, sometimes
combined with nucleotide substitutions, but nucleotide insertions—as frequently observed
upon Cas9 treatment—were not detected. This mutational pattern is consistent with the
pattern previously described when targeting HIV with the CRISPR-Cas12a system in cells
stably expressing Cas12a [19]. Most mutations at the crGag1 site are frameshift mutations
in the Gag gene that will abolish the production of Gag/Pol proteins. The other mutations
are 3 and 6 nt deletions that remove one or two amino acids in the important CA domain of
Gag, which likely also inactivate or attenuate the virus. We did not sequence the crTatRev1
target site, and some of the proviruses with a wild-type crGag1 site may be mutated at the
crTarRev1 site. However, it seems plausible that a fraction of the proviruses is not affected
and has a wild-type sequence at both positions. Incomplete inactivation of the proviral
DNA can explain the reduced level of viral gene expression and replication (Figure 3a–b),
and the production of infectious virus (Figure 3c) observed upon dox administration.

4. Discussion

We tested whether HIV-infected cells can be cured by different transient CRISPR-Cas
treatments in vitro. When cells that were latently infected with a replication-competent
HIV strain were transfected three times with Cas9 protein and dual gRNAs targeting
highly conserved Gag and Tat/Rev domains, we observed that all proviral genomes were
mutated, viral gene expression was strongly reduced, and virus replication could no
longer be reactivated. Similar treatment with Cas12a proteins and crRNAs resulted in
the substantial but incomplete mutation of the proviral DNA, and viral gene expression
and replication were found to be reduced but not prevented. Repeated transfection with
Cas9 mRNA resulted in the mutation of only a small fraction of the provirus, which did
not detectably reduce viral gene expression and replication. The observed differences
in mutation efficiency are in agreement with previous observations. For example, when
mammalian cells were transfected with different CRISPR-Cas9 formats for genome editing,
Cas9 protein was found to be more efficient than Cas9 mRNA [35,36]. Possibly, the higher
efficiency of the Cas9 protein is largely due to the fact that the protein was transfected into
the nucleus (by nucleofection) as a pre-assembled Cas9 protein-gRNA ribonucleoprotein
(RNP) complex that can immediately cleave the target DNA, whereas upon transfection
of the mRNA, the mRNA first needs to be translated in the cytoplasm and the protein
product has to complex with the gRNA and enter the nucleus before the DNA can be
cleaved. Furthermore, upon microinjection of Cas9 or Cas12a protein combined with
different gRNAs/crRNAs into zebrafish embryos, both Cas proteins resulted in high
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overall gene editing, but the editing efficiency measured with the Cas12a protein varied
substantially for different crRNAs and was relatively low for several crRNAs [37]. We
did not further investigate why the Cas9 mRNA and Cas12a protein treatments were less
efficient than the Cas9 protein treatment in our experiments. Importantly, we demonstrated
that repeated transient treatment with the Cas9 protein and dual gRNAs could completely
prevent HIV replication. We previously reached permanent HIV inactivation in cells
by stable transduction with lentiviral vectors that continuously produced the CRISPR-
Cas antivirals, but lentiviral transduction and continuous CRISPR-Cas activity seem less
suitable for in vivo application of this antiviral strategy. The observation that complete
virus inactivation can also be reached by transient CRISPR-Cas treatment in vitro indicates
that transient CRISPR-Cas delivery methods, such as ribonucleoprotein particles or virus-
like particles [25,38,39], can be considered for in vivo application.

Several hurdles need to be overcome before this strategy can be successfully and
safely applied in humans. Although a functional cure can perhaps be reached when the
viral load is reduced below a certain level, complete virus inactivation may require that
the CRISPR-Cas components are delivered to all HIV-infected cells. Currently available
delivery methods may not reach a sufficient number of infected cells in vivo. Novel
techniques may be needed that specifically target the HIV-infected reservoir cells, for
example, facilitated by specific reservoir markers such as CD32a [40,41]. Immune responses
against the non-human Cas protein may complicate such therapy, in particular when
repeated treatments will be required [42,43]. Although the risk of Cas9 cleavage at non-
target sites in the cellular DNA will likely be reduced by transient and titratable instead of
continuous Cas activity, such off-target effects may still be an issue that requires further
safety tests [44]. Another complicating factor for in vivo application is the high genetic
diversity of HIV, as even a single nucleotide mismatch between the gRNA and the viral
target can prevent Cas9 cleavage [32]. For most virus isolates, combining multiple gRNAs
that target conserved and essential sequences will avoid this problem, while for some
exotic HIV strains with divergent sequences, it may be necessary to design isolate-specific
gRNAs/crRNAs [32,45–47].

Proviral DNA analysis upon repeated dual gRNA-Cas9 protein treatment revealed
mutations at the gGag1 target site in 50% of the proviral DNA, whereas the fragment
between the target sites had been excised or inverted in 32% and 18% of cases, respectively
(Figure 3c). Similar frequencies for the different products were observed previously upon
CRISPR-Cas9 attack of HIV in cells stably expressing Cas9 [18]. Upon repeated attack with
dual crRNA-Cas12a protein, 66% of the proviral DNA was mutated at the crGag1 site, and
the frequencies for excision and inversion were much lower (5% and 1%, respectively).
Target site mutations are also the dominant product of dual crRNA/Cas12a activity in
genome-editing applications [48–50]. These results indicate that Cas9 cleavage results
more frequently in excision or inversion than Cas12a cleavage. This difference may be
due to the different sequences targeted by Cas9 and Cas12a (because of different PAM
requirements), as we previously observed different excision and inversion frequencies
when using different gRNA pairs for Cas9 cleavage [18]. However, other Cas9 and Cas12
differences, such as the cleavage pattern (resulting in blunt-ended and sticky-ended DNA
fragments, respectively), may have contributed to the observed frequency differences.

This study and our previous studies demonstrate that not only proviral DNA excision
and inversion but also the more prevalent mutation of the target site can reduce viral protein
production to very low or undetectable levels and permanently inactivate HIV replication.
Nevertheless, excision and, to a lesser extent, inversion of large proviral DNA fragments
seem a more favorite and definitive outcome of a CRISPR-Cas treatment. First, mutation
may lead to escape variants. Although we and others [16,17] previously demonstrated
that the odds for such escape could be significantly reduced by simultaneous targeting
two or more carefully selected viral sequences, it is obvious that excision or inversion will
completely abolish virus escape. Second, excision and inversion will completely block the
expression of encoded viral proteins, while mutations may not prevent low-level protein



Viruses 2021, 13, 2461 11 of 13

production or could result in the production of aberrant proteins. Cells expressing such
viral proteins can be eliminated by cytotoxic T cells [51–53] but may increase the level of
immune activation and inflammation [54,55]. Several studies aimed at the excision of large
proviral DNA fragments [56–64], but from our quantitative analyses, it is clear that excision
is far from complete, and further research will be needed to increase the excision frequency.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/v13122461/s1, Figure S1: Phenotype analysis of HIV-rtTA-GFP infected cells after the 1st and
2nd Cas treatment.
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