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DNA-modifying technologies, such as the CRISPR-Cas9 sys-
tem, are promising tools in the field of gene and cell therapies.
However, high and prolonged expression of DNA-modifying
enzymes may cause cytotoxic and genotoxic side effects and is
therefore unwanted in therapeutic approaches. Consequently,
development of new and potent short-term delivery methods
is of utmost importance. Recently, we developed non-inte-
grating gammaretrovirus- and MS2 bacteriophage-based
Gag.MS2 (g.Gag.MS2) particles for transient transfer of non-
retroviral CRISPR-Cas9 RNA into target cells. In the present
study, we further improved the technique by transferring the
system to the alpharetroviral vector platform (a.Gag.MS2),
which significantly increased CRISPR-Cas9 delivery into target
cells and allowed efficient targeted knockout of endogenous
TP53/Trp53 genes in primary murine fibroblasts as well as pri-
mary human fibroblasts, hepatocytes, and cord-blood-derived
CD34+ stem and progenitor cells. Strikingly, co-packaging of
Cas9 mRNA and multiple single guide RNAs (sgRNAs) into
a.Gag.MS2 chimera displayed efficient targeted knockout of
up to three genes. Co-transfection of single-stranded DNA
donor oligonucleotides during CRISPR-Cas9 particle produc-
tion generated all-in-one particles, which mediated up to
12.5% of homology-directed repair in primary cell cultures.
In summary, optimized a.Gag.MS2 particles represent a versa-
tile tool for short-term delivery of DNA-modifying enzymes
into a variety of target cells, including primary murine and hu-
man cells.

INTRODUCTION
Gene and cell therapies are promising for the treatment of inherited
or acquired diseases and are already successfully used clinically to
combat hematological cancers and to treat monogenic diseases.1–3

Here, the therapeutic gene is provided in an additive fashion that is
stably integrated into the genome, e.g., by retrovirus-derived vectors
or transposons.4,5 However, despite the clear clinical benefit, some
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retrovirus-based trials were overshadowed by adverse events in the
form of leukemia caused by unexpected proto-oncogene activation
by insertional mutagenesis.6–9 Also, retroviral gene delivery with arti-
ficial expression cassettes often does not mediate physiologic gene
expression. Precise gene-editing technologies can be applied to cor-
rect disease-causing mutations and/or removal of deleterious genome
sequences and thus circumvent both insertional mutagenesis and dys-
regulated gene expression.10

Currently, the most frequently used gene-editing platforms are tran-
scription activator-like effector (TALEN), zinc finger (ZFN), and
RNA-guided CRISPR-Cas nucleases, among which CRISPR-Cas9
has become the most popular and convenient gene-editing technol-
ogy.11,12 Here, CRISPR stands for clustered regularly interspaced
short palindromic repeats, which are DNA sequences that, together
with CRISPR-associated (Cas) nuclease genes, originate from the
adaptive immune system of bacteria and archaea.13,14 Further work
has fine-tuned the technology for application to gene-editing ap-
proaches in eukaryotic cells, including human, with the result that
CRISPR-Cas9 has become an indispensable tool in biological research
and clinical trials, for example, for hemoglobinopathies.15

However, like other DNA-modifying enzymes, CRISPR-Cas9 also has
limitations and should be expressed in a dose-controlled manner, as
constitutive expression of CRISPR-Cas9 components was shown to
result in off-target events and to inhibit cell proliferation, even in
the absence of a co-expressed single guide RNA (sgRNA).16Moreover,
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even temporary expression of CRISPR-Cas9 components or ZFN
from plasmid DNA or integrase-deficient lentiviral vectors showed
off-target activity and resulted in integrated DNA fragments at on-
target and off-target sites in the genome.17–21 Therefore, DNA-modi-
fying enzymes should preferably be delivered as a “hit-and-run”
strategy, for example, as RNAs and/or proteins to increase the safety
of the gene-editing procedure. Indeed, electroporated Cas9 protein
and/or in vitro transcribed Cas9 mRNA together with the sgRNA of
interest minimized these unwanted side effects.17,22 However, such
conventional delivery methods require delivery of RNA or protein
in enormous excess and are still associated with voltage-induced cyto-
toxicity.23,24 Furthermore, other innovative gene-delivery strategies,
such as lipid- or polymer-based non-viral vectors, may also be associ-
ated with a substantial degree of cytotoxicity and/or suffer from inef-
ficient endosomal escape of the delivered nucleic acid cargo.25–28

Therefore, the development of novel and improved RNA and/or pro-
tein delivery methodologies is of great interest. One possibility is the
use of non-integrating reverse transcription disabled retroviral vec-
tors,29–34 as they—like their integrating wild-type (wt) counter-
parts—not only possess all retroviral properties for efficient and
non-toxic cell entry but can also be specifically retargeted to any
desired cell type by innovative pseudotyping strategies.35–38

Recently, we and others developed retrovirus-based MS2 bacterio-
phage (MS2) chimera for reversible delivery of the multi-component
CRISPR-Cas9 technology into target cells.16,39–41 Redirecting the
retroviral packaging machinery to respective components of MS2 al-
lowed us to specifically deliver RNA species other than mRNA,
including RNA polymerase III (RNA Pol III)-driven transcripts.16

Similar to retroviruses, MS2 is a plus- and single-stranded RNA virus,
whose genome is embedded within a capsid formed by the viral MS2
coat protein (MS2CP). During particle formation, MS2CP acts as a
dimer and binds the MS2 RNA genome via a small target site (TS),
which is a 23-nt-long hairpin structure, thereby ensuring its encapsi-
dation.42 We explored the MS2 packaging mechanism in the context
of a gammaretroviral vector system and generated murine leukemia
virus (MLV)-based/MS2 virus-like particles, in which the nucleo-
capsid (NC) domain of the gammaretroviral structural group-specific
antigen (Gag) polyprotein was substituted with a genetically fused
MS2CP dimer43 (g.Gag.MS2) to deliver non-retroviral SpCas9
mRNA and sgRNA transcripts.44,45 Co-packaging of SpCas9 mRNA
and sgRNA resulted in the generation of potent and significantly
less cytotoxic g.Gag.MS2.CRISPR-Cas9 all-in-one (g.Gag.M-
S2.CRISPR) particles, which induced efficient knockout of several
genes in various cell types.16 Moreover, the spatiotemporal co-deliv-
ery of CRISPR-Cas9 components by g.Gag.MS2.CRISPR particles
strongly reduced the amount of RNA necessary to achieve high
knockout rates as compared with other RNA transfer methods.

In the present study, we aimed to further improve the potency of this
approach and transferred the gammaretroviral MLV-based technol-
ogy to the recently described alpharetroviral Rous sarcoma virus
(RSV)-based vector platform.46 Side-by-side comparison of newly
generated alpharetroviral Gag.MS2 (a.Gag.MS2) particles with
g.Gag.MS2 particles revealed enhanced CRISPR-Cas9 delivery into
target cells. These particles allowed efficient targeted knockout of
endogenous TP53/Trp53 genes in several primary cell sources. Note-
worthy, co-packaging of SpCas9 mRNA and multiple sgRNA tran-
scripts into a.Gag.MS2 chimera showed efficient, simultaneous, and
targeted knockout of up to three genes. Co-transfection of a single-
stranded DNA oligonucleotide (ssODN) during CRISPR-Cas9
particle production led to all-in-one particles, capable of homology-
directed repair (HDR) in HT1080 and primary cell cultures. In
summary, we report optimized a.Gag.MS2 particles as a versatile
tool for short-term and dose-controlled delivery of CRISPR-Cas9
into target cells.

RESULTS
The concept of g.Gag.MS2.CRISPR particles

The recently described g.Gag.MS2.CRISPR particles were designed
for spatiotemporal co-delivery of Cas9 and sgRNA transcripts into
target cells. The preservation of most Gag subdomains should allow
the generation of retrovirus-like particles, which protect the non-
retroviral RNA cargo from extracellular nucleases and facilitate,
together with the envelope glycoprotein, introduction of the RNA
cargo into cells in a non-toxic manner.

To realize this concept, we designed a g.Gag.MS2 precursor protein
variant, in which the NC was substituted by a genetically fused
MS2CP dimer that was separated from the Gag capsid (CA) subdo-
main by the natural retroviral protease site (Figure 1A). In addition,
we generated non-retroviral expression plasmids encoding TS-con-
taining Streptococcus pyogenes Cas9 (SpCas9.TS) mRNA and RNA-
Pol-III-driven sgRNA.TS transcripts, which contain the TS hairpins
incorporated either within (TS.inc sgRNA) or adjacent (TS.adj
sgRNA) to the sgRNA scaffold.47,48 For g.Gag.MS2.CRISPR particle
production, producer cells were co-transfected with g.Gag.MS2,
SpCas9.TS, and TS.adj or TS.inc sgRNA encoding plasmids and an
expression plasmid for the envelope glycoprotein from vesicular sto-
matitis virus G protein (VSV-G). Direct comparison of TS.inc or
TS.adj sgRNA-containing g.Gag.MS2.CRISPR particles targeting the
mouse Tet methylcytosine dioxygenase 2 (Tet2) gene resulted in effi-
cient knockout rates of a far-red fluorescent RFP657 reporter gene
that contained the Tet2 recognition site downstream of its start codon
(RFP657.Tet2; Figures 1B and S1A). Strikingly, knockout rates by both
g.Gag.MS2.CRISPR.Tet2 particle variants were comparable to those
mediated by a stable integrating retroviral transfer vector (g.RIT.
CRISPR.Tet2; Figure S1B) constitutively expressing (no TS-carrying)
SpCas9 and Tet2 sgRNA transcripts. Interestingly, g.Gag.M-
S2.CRISPR.Tet2 particles containing the Tet2.TS.adj sgRNA variant
were slightly more (�1.5-fold) efficient than respective Tet2.TS.inc
sgRNA particles when equal supernatant volumes were compared.

Generation and validation of a.Gag.MS2.CRISPR particles

The recently designed g.Gag.MS2.CRISPR particles showed efficient
and reversible delivery of CRISPR-Cas9 components into various
target cells.16 However, relatively high volumes of 100-fold
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A B Figure 1. Gammaretrovirus-based Gag.MS2

chimera for CRISPR-Cas9 delivery

(A) Design of the gammaretroviral Gag.MS2 (g.Gag.MS2)

variant and non-retroviral SpCas9.TS and sgRNA.TS

expression plasmids. The configuration of structural Gag

and enzymatic Pol proteins within gammaretroviral wt

Gag-Pol (wt g.Gag-Pol) is depicted at the top. It consists

of matrix (MA), p12, capsid (CA), nucleocapsid (NC),

protease (PR), reverse transcriptase (RT), and integrase

(IN) subdomains, which are separated from each other by

individual protease sites. In g.Gag.MS2, the MS2CP

dimer (2�MS2CP) protein replaces NC while maintaining

the natural retroviral protease site (black bold bar). To

ensure specific packaging of CRISPR-Cas9 RNA into

assembling g.Gag.MS2 particles, two copies of MS2 target site (TS) are incorporated downstream of EGFP within the SpCas9.TS expression plasmid or were placed in

(TS.inc) or adjacent (TS.adj) to the sgRNA scaffold in respective sgRNA expression plasmids. Co-expression of EGFP and DsRedexp helped to monitor transfection during

particle production. (B) Direct comparison of integrating (g.RIT) and non-integrating g.Gag.MS2 CRISPR.Tet2 particles. Indicated supernatant volumes were used to

transduce human HT1080-based RFP657.Tet2 reporter cells. Each data point represents one individually generated supernatant (n = 3). CMV, promoter from cytomeg-

alovirus; hU6, human RNA Pol III U6 promoter; pA, poly(A) signal; PRE, post-transcriptional regulatory element from woodchuck hepatitis virus; SFFV, promoter from spleen

focus forming virus.
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concentrated supernatant (50 mL) were needed to achieve robust
knockout rates R60% with particles containing the slightly better
performing Tet2.TS.adj sgRNA variant (Figure 1B). Therefore, we
aimed to further improve the technique, as an enhanced potency
would save resources and enable a broader range of applications,
especially with respect to the manipulation of primary cells.

As several retroviruses have co-evolved in different vertebrate hosts
over millions of years,49–51 they have acquired species-specific muta-
tions and susceptibilities to cellular antiviral restriction factors and
adapted to use different cellular co-factors.52–54 Thus, we hypothe-
sized that switching the gammaretrovirus-based vector platform to
the phylogenetically remote alpharetroviral genus might be beneficial
for Gag.MS2 particle generation and could overcome potential target-
cell-related restrictions.

We generated an avian RSV-based a.Gag.MS2 variant, in which the
MS2CP dimer replaces the protease, reverse transcriptase, and inte-
grase subdomains of wt a.Gag-Pol and was separated from NC with
sequences of the natural retroviral protease site (Figure 2A). Since
the co-packaging of TS.adj sgRNA (compared with TS.inc) was found
to increase the activity of g.Gag.MS2.CRISPR particles (Figure 1B),16

we initially elucidated which sgRNA.TS variant is best suited for
a.Gag.MS2.CRISPR particle production (Figure 2B). We generated
Tet2-targeting a.Gag.MS2.CRISPR (a.Gag.MS2.CRISPR.Tet2) parti-
cles carrying either Tet2.TS.inc orTet2.TS.adj sgRNAs and transduced
human HT1080-based RFP657.Tet2 reporter cells.16,55 Surprisingly,
and in contrast to g.Gag.MS2.CRISPR particles, a.Gag.MS2.CRISPR
particles that were generated in the presence of the Tet2.TS.inc sgRNA
showed up to 5.4-fold enhanced RFP657.Tet2 knockout rates
compared with Tet2.TS.adj sgRNA-containing particles. Remarkably,
the application of only 0.5 mL of a.Gag.MS2.CRISPR.Tet2.TS.inc su-
pernatant yielded mean RFP657.Tet2 knockout rates of 46%. As this
was 20-fold less supernatant volume than what was needed for com-
parable knockout rates mediated by Tet2.TS.adj-containing g.Gag.M-
812 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
S2.CRISPR particles (compare Figures 2B and 1B), we also directly
compared the best-working Gag.MS2.CRISPR.Tet2 particle configu-
ration of both retroviral genera. To simplify the nomenclature of
a.Gag.MS2.CRISPR.Tet2.TS.inc and g.Gag.MS2.CRISPR.Tet2.TS.adj
and all other CRISPR-Cas9 particles, the position of TS within the
sgRNA backbone will not be specifically displayed in the following
sections.

Application of identical volumes of a.Gag.MS2.CRISPR.Tet2 or
g.Gag.MS2.CRISPR.Tet2 supernatants to HT1080 RFP657.Tet2 re-
porter cells showed that a.Gag.MS2-based particles significantly out-
performed their g.Gag.MS2-based correlate with �4- to 26-fold
higher RFP657.Tet2 knockout rates (Figure 2C). In these experiments,
5 mL of a.Gag.MS2.CRISPR.Tet2 supernatant was sufficient to achieve
robust average knockout rates >70%.

The applicability of both particle types was next tested in human
induced pluripotent stem cells (hiPSCs), which represent a promising
cell source for basic and clinical research.56 Therefore, we engineered
an hiPSC line to express the RFP657.Tet2 reporter gene from a
silencing-resistant promoter consisting of the minimal ubiquitous
chromatin opening element CBX3 fused with the elongation factor 1
alpha short (EFS) enhancer/promoter sequences (Figure S1A).57,58

In accordancewith the results inHT1080-based RFP657.Tet2 reporter
cells, a.Gag.MS2.CRISPR.Tet2 supernatants were more effective than
g.Gag.MS2.CRISPR.Tet2 supernatants and yielded RFP657.Tet2
knockout rates in hiPSC of >50% with 5 mL applied supernatant (Fig-
ure 2D). Interestingly, lentiviral integrating transfer (LIT) CRISP-
R.Tet2 (Figure S1B) control particles that usually perform well in
hiPSC57 showed only moderate knockout rates of 26% (2.9 mL =
MOI 2) or 35% (7.4 mL = MOI 5). Since CRISPR-Cas9 treatment
was shown to be highly cytotoxic in hiPSCs,59 we additionally deter-
mined the total number of cells 5 days post-transduction (Figure S2A).
In comparison to untreated mock cultures, we found reduced cell
numbers in all treated cultures independent of the CRISPR-Cas9



A

C D

B Figure 2. Alpharetrovirus-based Gag.MS2 particles

showed improved delivery of CRISPR-Cas9

components into target cells

(A) Design of alpharetroviral Gag.MS2 (a.Gag.MS2) vari-

ants. The wt alpharetroviral Gag-Pol polyprotein (wt

a.Gag-Pol) is shown at the top of the figure panel. In

contrast to g.Gag-Pol, alpharetroviral PR is part of the

Gag open reading frame (ORF) (and not Pol ORF). In the

depicted a.Gag.MS2 variant, the MS2CP dimer was

separated from NC by the naturally occuring viral prote-

ase site (black bold bar). (B) a.Gag.MS2.CRISPR.Tet2

particles containing the Tet2.TS.inc sgRNA variant depict

higher knockout rates compared with their Tet2.TS.adj

counterparts. Indicated volumes of supernatants were

used to transduce HT1080-based RFP657.Tet2 reporter

cells. The graph depicts RFP657.Tet2 knockout rates

mediated by three independent supernatants (n = 3). (C)

a.Gag.MS2.CRISPR.Tet2 particles are superior to their

gammaretroviral counterparts. Direct comparison of three

individually produced a.Gag.MS2- and g.Gag.MS2-

based CRISPR.Tet2 supernatants in HT1080-based

RFP657.Tet2 reporter cells is shown (n = 3). (D)

a.Gag.MS2.CRISPR.Tet2 particles mediate efficient tar-

geted gene knockout in hiPSCs. hiPSC-based

RFP657.Tet2 reporter cells were transduced with

indicated volumes of three different batches of

g.Gag.MS2.CRISPR.Tet2 or a.Gag.MS2.CRISPR.Tet2

supernatants (n = 3). A LIT.CRISPR.Tet2 supernatant

applied at MOI 2 (2.9 mL) or MOI 5 (7.4 mL) served as a

positive control (n = 1).
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delivery method. However, the loss of viable cells was less pronounced
in Gag.MS2-treated cultures and increased with the amount of the
applied volume, suggesting reduced cytotoxicity by low and time-
limited expression of CRISPR-Cas9 components in hiPSC. Note-
worthy, the expression of the pluripotency marker TRA-1-60 was
not altered in any of the tested conditions (Figure S2B).

In summary, the transfer of the Gag.MS2-based technology from the
gamma- to the alpharetroviral background significantly improved its
efficiency and resulted in enhanced CRISPR-Cas9-mediated
knockout rates in human fibroblasts as well as hiPSC. Furthermore,
the non-integrating nature of Gag.MS2 particles seemed to be bene-
ficial in hiPSC, as they outperformed their integrating LIT correlates
in terms of (knockout) efficiency and cytotoxicity ratios.

Characterization of g.Gag.MS2 and a.Gag.MS2 CRISPR.Tet2

supernatants

The comparative functional analyses of alpha- and gammaretroviral
Gag.MS2.CRISPR.Tet2 supernatants revealed a superior perfor-
mance for a.Gag.MS2-based preparations (Figures 2C and 2D). To
better understand the underlying mechanisms, we produced in total
six supernatants (two different time points, three supernatants each)
for both a.Gag.MS2 and g.Gag.MS2 CRISPR.Tet2 particles and char-
acterized them in more detail with regard to the content of CRISPR-
Cas9 components and Gag.MS2 precursor proteins (Figure 3). Over-
all, we determined more Tet2.TS sgRNA than SpCas9.TS mRNA
transcripts in respective supernatants (Figure 3A). However,
a.Gag.MS2.CRISPR.Tet2 supernatants had 1.7 � 107 copies/mL su-
pernatant, which corresponds to 8-fold-higher SpCas9.TS mRNA
levels than their gammaretroviral correlate (2 � 106 copies/mL).
Conversely, g.Gag.MS2-based supernatants had 2.3-fold-more
Tet2.TS sgRNA than a.Gag.MS2.CRISPR.Tet2 supernatants. Inter-
estingly, in both types of supernatants, we detected SpCas9 protein,
whose levels varied between supernatant batches (Figure 3B). Next,
we performed immunoblot analysis of all three CRISPR.Tet2 super-
natants from the same batch (batch 2; see black filled circles in Fig-
ures 3A and 3B) and semi-quantitatively determined the Gag.MS2
precursor protein levels in these supernatants (Figure 3C). In line
with higher SpCas9.TS mRNA concentrations, we also found more
Gag.MS2 protein in a.Gag.MS2 supernatants compared with their
gammaretroviral counterparts. However, compared with the 8-fold
difference in SpCas9.TS mRNA content, the difference in Gag.MS2
protein precursor levels was only 4-fold.

Having determined the content of CRISPR components and Gag.MS2
precursor proteins within a.Gag.MS2 and g.Gag.MS2 CRISPR.Tet2
supernatants, we wanted to more thoroughly assess their potency to
knockout RFP657.Tet2 in HT1080-based reporter cells. We used
Molecular Therapy: Nucleic Acids Vol. 27 March 2022 813

http://www.moleculartherapy.org


A

D E

B C

Figure 3. Characterization of alpha- and

gammaretroviral Gag.MS2.CRISPR.Tet2

supernatants

In total, two different batches (white and black filled cir-

cles), each with three individually packaged supernatants

for a.Gag.MS2 and g.Gag.MS2 CRISPR.Tet2 particles,

were generated and characterized for their content of

CRISPR-Cas9 components (n = 6). (A) SpCas9.TSmRNA

and sgRNA.TS content in a.Gag.MS2- and g.Gag.MS2-

based CRISPR.Tet2 supernatants. Total RNA copies per

microliter supernatant were calculated using individual

plasmid standards. (B) Gag.MS2.CRISPR.Tet2 super-

natants contain SpCas9 protein. SpCas9 protein

concentrations were assessed by an SpCas9 ELISA.

(C) a.Gag.MS2.CRISPR.Tet2 supernatants had a higher

Gag.MS2 precursor protein content. Immunoblot

analysis of three individually packaged a.Gag.MS2.

CRISPR.Tet2 and g.Gag.MS2.CRISPR.Tet2 superna-

tants is shown (batch 2; black filled circles) (n = 3).

g.Gag.MS2 (82 kDa) and a.Gag.MS2 (89 kDa) precursor

proteins were detected with an anti-MS2 antibody.

Ponceau S staining of the membrane is shown below.

(D) g.Gag.MS2.CRISPR.Tet2-mediated RFP657.Tet2

knockout rates can be adjusted by �10-fold higher su-

pernatant volumes. Characterized supernatants from

batch 2 were used to transduce HT1080 RFP657.Tet2

reporter cells at the depicted volumes (n = 3). (E) Normalization of supernatant volumes showed an�2-fold-higher potency for a.Gag.MS2-based CRISPR.Tet2 particles. The

in (D) acquired datasets were replotted as % RFP657.Tet2 knockout against applied SpCas9.TS mRNA copies/cell (n = 3; mean values are depicted).
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the same supernatant batches that were also subjected to immunoblot
analysis and determined the RFP657.Tet2 knockout rates for the indi-
cated increasing amounts of supernatant volumes (Figure 3D). In line
with the 8-fold-higher SpCas9.TS mRNA content in a.Gag.MS2.
CRISPR.Tet2 supernatants, �10-fold-more g.Gag.MS2 supernatant
volume was needed to achieve similar RFP657.Tet2 knockout rates.
Graphical analysis of RFP657.Tet2 knockout rates against applied
SpCas9.TS mRNA copies per cell (Figure 3E) showed similar
genome-editing potency per delivered SpCas9.TS mRNA. However,
we still observed a maximally�2.3-fold difference between both par-
ticle types, with a.Gag.MS2 being more potent than g.Gag.MS2 parti-
cles when the same amount of SpCas9.TS mRNA was applied. For
example, transduction of HT1080 RFP657.Tet2 reporter cells with
a.Gag.MS2 supernatant volumes corresponding to �57 SpCas9.TS
mRNA copies per cell resulted in RFP657.Tet2 knockout rates of
�10%. In comparison, �130 copies/cell of SpCas9.TS mRNA had
to be transferred by g.Gag.MS2 particles to give the same RFP657.Tet2
knockout levels.

Taken together, a.Gag.MS2.CRISPR.Tet2 supernatants contain more
SpCas9.TS vector mRNA and Gag.MS2 precursor proteins, which
indicate higher functional titers and explain their better perfor-
mance. Therefore, the upcoming experiments were exclusively per-
formed with a.Gag.MS2-based CRISPR-Cas9 particles. As the con-
tent of SpCas9.TS mRNA is the best parameter that reflects the
potency of respective Gag.MS2 supernatants, a.Gag.MS2 superna-
tants were titrated based on this CRISPR-Cas9 component prior to
usage.
814 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
Simultaneous knockout of multiple genes by

a.Gag.MS2.CRISPR particles

Simultaneous knockout of more than one gene is desired for some ap-
plications. Since supernatants with a.Gag.MS2.CRISPR.Tet2 particles
contain high amounts of Tet2.TS sgRNA transcripts (�6 � 107

copies/mL; Figure 3A), we next asked whether it is possible to co-pack-
age multiple gene-targeting sgRNA.TS variants into the same particle.
To test this hypothesis, we initially generated five individual a.Gag.
MS2.CRISPR all-in-one supernatants in the presence of two different
sgRNA.TS expression plasmids, encoding protospacer sequences tar-
geting either CXCR4 or Tet2 genes. To more closely evaluate the dis-
tribution of CRISPR RNA within these particles, in addition to the
abundance of SpCas9.TS mRNA, we also determined the content of
CXCR4.TS and Tet2.TS sgRNA transcripts in these supernatants
(Figure 4A). As seen for a.Gag.MS2.CRISPR.Tet2 particle superna-
tants with just one sgRNA (Figure 3A), dual gene-targeting superna-
tants also revealed more sgRNA.TS than SpCas9.TS transcripts.
Interestingly, co-expression of an additional sgRNA.TS variant dur-
ing packaging reduced SpCas9.TS mRNA levels in supernatants
�7-fold (compare Figures 4A and 3A). To test the efficacy of these
supernatants, we used a human Jurkat T cell clone that was sorted
for high endogenous CXCR4 expression16 and additionally modified
to co-express the RFP657.Tet2 reporter gene (Jurkat CXCR4/
RFP657.Tet2 reporter cells; Figure 4B). We applied 250, 500, or
1,250 SpCas9.TS mRNA copies/cell and achieved efficient simulta-
neous Tet2 and CXCR4 knockout of �37%–53%. Next, we produced
multiplexing a.Gag.MS2.CRISPR particles containing CXCR4.TS,
Tet2.TS, and EGFP.TS sgRNA transcripts and transduced Jurkat cells
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Figure 4. Multiplexing with a.Gag.MS2.CRISPR

particles

(A–D) Efficient simultaneous knockout of two (B) or three

(D) target genes by a.Gag.MS2.CRISPR particles. Prior to

transduction of CXCR4+ Jurkat cells co-expressing

RFP657.Tet2 and/or EGFP, the CRISPR RNA content of

supernatants containing a.Gag.MS2 particles with two (A)

or three (C) sgRNA.TS variants was determined. In total,

knockout data of 4 to 5 individually packaged superna-

tants are depicted (n = 4–5). Representative flow cy-

tometry plots of untransduced cells (mock) and of cells

that were treated with the highest applied particle dose of

the respective a.Gag.MS2.CRISPR supernatants are also

shown. Errors bars in (B) indicate standard deviations.
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that were triple positive for these target genes. Prior to particle appli-
cation, we also determined SpCas9.TS mRNA and sgRNA.TS tran-
script concentrations in these supernatants and found similar
sgRNA.TS, but again �7- to 50-fold-lower SpCas9.TS mRNA tran-
script levels compared with dual or mono-targeting supernatants,
respectively (compare Figures 3A, 4A, and 4C). Remarkably, the
treatment of cells with the indicated particle doses resulted in average
triple knockout efficiencies of �14% (34 copies/cell), �24% (68
copies/cell), and �31% (136 copies/cell; Figure 4D).

Knockout of endogenous TP53/Trp53 genes in primary cells by

a.Gag.MS2.CRISPR particles

We next tested the applicability of our a.Gag.MS2.CRISPR particles in
human and murine primary cells. We chose to knockout human or
mouse endogenous tumor suppressor genes TP53 (human) or Trp53
(murine), respectively, as altered expression of the p53master regulator
protein may promote cell survival and division, which would facilitate
our experimental readout.60,61 Therefore, we generated several batches
of a.Gag.MS2.CRISPR supernatants comprising particles carrying
either TP53.TS or Trp53.TS sgRNA variants and quantified their
CRISPRRNAcontent (Figure S3).As for all analyzedGag.MS2.CRISPR
supernatants (Figures 3 and 4) so far, a.Gag.MS2-based CRISPR.TP53
and CRISPR.Trp53 preparations revealed more sgRNA.TS than
SpCas9.TS transcripts. Regarding absolute SpCas9.TSmRNAnumbers,
both supernatant types showedonaverage 8.3� 106 (TP53)or 1.2� 107

(Trp53) SpCas9.TS mRNA copies/mL.
Molecular Th
First, we transduced humannewborn foreskin fi-
broblasts (NuFFs) with indicated increasing
doses of a.Gag.MS2.CRISPR.TP53 supernatants
and assessed theTP53 insertion and deletion (in-
del) frequencies within these cultures via
tracking of indels by decomposition (TIDE)
analysis.62 Strikingly, the lowest applied particle
dose with �83 SpCas9.TS mRNA copies/cell
already yielded in TP53 knockout rates of
�13%, which could be further increased to
�93% knockout with the highest particle dose
used (Figure 5A). To test whether the measured
TP53 knockout had a biological effect, we moni-
tored cell proliferation of treated cultures over
time (Figure 5B). Compared with non-treated mock cultures, we
observed an increase in cell numbers in cultures treated with
a.Gag.MS2.CRISPR.TP53 supernatants, which strongly correlated
with determined TP53 indel rates. Next, we tested a.Gag.MS2.
CRISPR.TP53 supernatants on primary human hepatocytes (PHHs)
and primary human umbilical-cord-blood-derived CD34+ hematopoi-
etic stem and progenitor cells (hCD34+HSPCs). Based on the results in
NuFF cells, we applied particle doses up to 4,150 SpCas9.TS mRNA
copies/cell. Remarkably, determined TP53 knockout rates in treated
PHH cultureswere as efficient as those that wemeasured in transduced
NuFF cultures (Figure 5C). In contrast, TP53 knockout rates in
hCD34+ HSPCs were moderate as we achieved indel rates ranging
from 6% to 36% (Figure 5D). Finally, we investigated the efficacy of
the technique in CF1 and C3H murine embryonic fibroblasts (MEFs)
(Figure 5E). As preliminary experiments showed that alpharetroviral
wt RIT vector particles are slightly more restricted in murine iPSCs
than their gammaretroviral counterparts, we applied 4,800 SpCas9.TS
mRNA copies/cell on 2 consecutive days and obtainedmean Trp53 in-
del rates of 31% (CF1) and 25% (C3H).

a.Gag.MS2.CRISPR particles mediate HDR in human HT1080

and NuFF fibroblasts

Finally, we investigated whether the significantly improved a.Gag.
MS2.CRISPR particles are also suitable for CRISPR-Cas9-mediated
HDR. To test this, we used a previously described fluorescence transi-
tion model, in which EGFP is converted to enhanced blue fluorescent
erapy: Nucleic Acids Vol. 27 March 2022 815
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B Figure 5. Efficient gene editing of primary cells by

a.Gag.MS2.CRISPR particles

(A) Highly efficient knockout of endogenous TP53 in pri-

mary human NuFF cells. NuFF cells were transduced with

serial dilutions of a.Gag.MS2.CRISPR.TP53 particles re-

flecting the indicated particle doses expressed as

SpCas9.TS mRNA copies per cell. The knockout effi-

ciencies were determined by TIDE analysis. (B) TP53

knockout cells showed enhanced proliferation compared

with non-treated mock cells. Cells from (A) were counted

and seeded at a density of 1� 104 per well. Seven to eight

days later, the respective total number of cells was

determined. (C and D) TP53 knockout rates in primary

human hepatocytes (PHHs) and human umbilical cord

blood-derived CD34+ hematopoietic stem and progenitor

cells (hCD34+ HSPCs). (E) Efficient knockout of endoge-

nous Trp53 in murine embryonic fibroblasts (MEFs). CF1

or C3H MEFs were transduced with 4,800 SpCas9.TS

mRNA copies/cell on 2 consecutive days. The data points

in respective graphs reflect biological replicates with

independently prepared supernatants (n = 2–4).
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protein (EBFP) by the substitution of two amino acids (T66S and
Y67H).63 Respective a.Gag.MS2.CRISPR.HDR particles were produced
in the presence of sgRNA.TS transcripts, designed to target the relevant
site in EGFP, and noTS-carrying ssODNdonor templates encoding the
T66S and Y67H mutations, including flanking homology arms and
with or without a stabilizing phosphorothioate (�PT or +PT) bond
modification (Figure S4A).64,65 To avoid cutting by the SpCas9 enzyme,
the protospacer adjacent motif (PAM) within ssODNs was destroyed
by the introduction of a silent point mutation. In addition, we engi-
neered human HT1080 cells to express EGFP via lentiviral transduc-
tion. Quantitative real-time PCR analysis of genomic DNA from this
bulk culture revealed a mean vector copy number (mVCN) of �1. In-
dependent of the co-packaged �PT or +PT ssODN, transduction of
EGFP-expressing HT1080 cells with a.Gag.MS2.CRISPR.HDR parti-
cles resulted in comparable and efficient EGFP knockout rates of up
to �56% (Figure S4B). Determination of the percentage of EBFP+

cells within the EGFP� population revealed successful HDR for �PT
and +PT ssODN a.Gag.MS2.CRISPR.HDR particles, especially with
high supernatant volumes (50–100 mL). However, the use of PT-stabi-
lized ssODNs significantly increased HDR events and resulted in HDR
rates of up to 5% already with 30 mL applied supernatant. To further
confirm these results, we analyzed the performance of a.Gag.M-
S2.CRISPR.HDR supernatants in the presence of non-homologous
816 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
end joining (inh.NHEJ; M3814)66 or HDR
(inh.HDR; YU238259)67 DNA repair inhibitors
(Figure 6). For this purpose, we prepared four
new a.Gag.MS2.CRISPR.HDR supernatants and
determined their SpCas9.TS mRNA, EGFP.TS
sgRNA, and ssODN content (Figure 6A). Inter-
estingly, supernatants contained similar levels
of SpCas9.TS mRNA (6.6 � 106 copies/mL) and
ssODN template (3.6 � 106 copies/mL), while
the EGFP.TS sgRNA transcript levels were on average 6.1-fold higher
(3.1� 107 copies/mL). Subsequently, we transduced HT1080 EGFP re-
porter cells with 30 mL (�1,980 SpCas9.TS mRNA copies/cell)
a.Gag.MS2.CRISPR.HDR supernatant in the absence (w/o) or presence
of DMSO, inh.NHEJ, or inh.HDR (Figure 6B). In line with the previous
experiments (Figure S4A), freshly produced a.Gag.MS2.CRISPR.HDR
supernatants showed similar percentages of EBFP+ cells in treated cul-
tures, which could be further increased or suppressed by the application
of the NHEJ or HDR inhibitors, respectively. To show successful HDR
on the genetic level, EBFP+ / EGFP� cells were sorted from three cul-
tures that were treated with a.Gag.MS2.CRISPR.HDR particles (Fig-
ure S5A). Analyses of the sequencing results covering the relevant
transgene region with the help of the ICE v.2 CRISPR analysis tool
from Synthego68 revealed EBFP sequences and ssODN knockin rates
of 54%–61% (Figure S5B). Surprisingly, sequencing results showing
clear conversion of EGFP to EBFP revealed ambiguous sequencing re-
sults comprising the alteration of PAM. Finally, we tested the same dose
of a.Gag.MS2.CRISPR.HDR particles on EGFP-expressing primary hu-
man NuFF cells (Figure 6C). In these cells, which possess a mVCN of
�5, we achieved up to 12.5% (mean �11%) EBFP+ cells. Blocking
NHEJ did not further increase HDR, but inhibition of HDR reduced
the occurrence of EBFP+ cells to almost background levels. Subsequent
molecular analyses of selected samples confirmed the transformation of
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Figure 6. Efficient CRISPR-mediated transition of EGFP to EBFP by a.Gag.MS2.CRISPR.HDR particles

(A) Determined copies of CRISPR RNA and PT-modified ssODN molecules within a.Gag.MS2.CRISPR.HDR supernatants. (B and C) HT1080-based (B) or NuFF-based (C)

EGFP reporter cells were transduced with 30 mL (1,980 copies SpCas9.TSmRNA/cell) of a.Gag.MS2.CRISPR.HDR supernatants in the absence (w/o) or presence of NHEJ

or HDR inhibitors (inh) M3814 or YU238259, respectively. DMSO-treated cells served as solvent controls. The graphs display % EBFP+ cells within treated cultures.

Non-treated or DMSO-treated mock cultures indicate the degree of autofluorescence in the EBFP channel. Each data point reflects one independently prepared supernatant

(n = 3–4).
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EGFP to EBFP in a.Gag.MS2.CRISPR.HDR-treated NuFF cells
(Figure S5C).

DISCUSSION
Efficient, reversible, and safe delivery of DNA-modifying enzymes,
such as TALEN, ZFN, or the CRISPR-Cas9 system, is a prerequisite
for gene-editing cell therapies, as stable and high expression levels
of these enzymes were shown to be associated with unwanted off-
target and/or cytotoxic side effects.16,59,69 Recently, we developed
MLV-based g.Gag.MS2 particles for the transient delivery of
CRISPR-Cas9 components into target cells. Redirection of the retro-
virus toward the MS2 bacteriophage packaging machinery allowed
specific co-packaging of non-retroviral SpCas9.TS mRNA and
sgRNA.TS transcripts and resulted in an efficient targeted knockout
of several genes in various cell types.16 Although the formerly
described technology yielded knockout rates of up to �80% (Fig-
ure 1B), relatively high supernatant volumes were needed (e.g.,
50 mL of a 100-fold concentrated supernatant) to obtain robust
knockout rates of R60%. Therefore, the present study aimed to
further improve this technique, as this would save resources and facil-
itate the transduction of primary cells. We hypothesized that the
switch of the MLV-based approach to the phylogenetically more
distant alpharetroviral RSV-based vector system might have benefi-
cial effects on the technology, as MLV and RSV evolved in different
hosts and therefore interact with different cellular co-factors and/or
antiviral restriction factors.49–54 Strikingly, RSV-based a.Gag.MS2
vector particles revealed significantly higher RFP657.Tet2 knockout
rates in HT1080-based reporter cells (Figure 2C) and allowed efficient
transfer of CRISPR-Cas9 components into murine and human pri-
mary cells (Figure 5). Furthermore, a.Gag.MS2.CRISPR particles al-
lowed multiplexing (Figure 4), and co-transfection of PT-modified
ssODN templates during particle production generated a.Gag.M-
S2.CRISPR.HDR particles that induced up to 12.5% HDR events in
fibroblast-based EGFP/EBFP-switch reporter models (Figure 6).63

Overall, the superior performance of a.Gag.MS2 compared with
g.Gag.MS2 supernatants may be explained by higher titers. In addi-
tion to�8-fold-higher SpCas9.TSmRNA concentrations (Figure 3A),
we found �4-fold elevated levels of structural a.Gag.MS2 precursor
proteins (Figure 3C) in a.Gag.MS2-based CRISPR.Tet2 preparations,
strongly suggesting higher particle quantities per supernatant volume.
Interestingly, and as also shown for g.Gag.MS2.CRISPR particles
before16 as well as here, we detected SpCas9 protein in a.Gag.MS2-
based supernatants (Figure 3B). Although SpCas9 protein levels in
a.Gag.MS2 preparations clearly fluctuate between supernatant
batches, we cannot rule out that transferred SpCas9 protein (either
alone or already complexed with a sgRNA) contributed to the
measured knockout rates.

During the course of our experiments, we found that the best way to
adjust a.Gag.MS2 and g.Gag.MS2 CRISPR.Tet2 particle doses was by
normalization based on transferred SpCas9.TS mRNA copies per cell
(Figure 3). Transduction of HT1080 RFP657.Tet2 reporter cells with
serial dilutions of a.Gag.MS2 or g.Gag.MS2 CRISPR.Tet2 superna-
tants revealed the necessity of applying �10-fold-more g.Gag.MS2
than a.Gag.MS2 particles to achieve similar RFP657.Tet2 knockout
rates (Figure 3D), a difference that was reflected by the amounts of
SpCas9.TS mRNA in the respective supernatants (Figure 3A). Inter-
estingly, when retrospectively plotting RFP657.Tet2 knockout rates
against the amount of SpCas9.TS mRNA copies that were applied
per cell, potency curves of both particle types were similar but did
not completely overlap, as a.Gag.MS2.CRISPR.Tet2 particles have
�2-fold-better efficacy (Figure 3E). A potential explanation for this
observation is virus- and/or cell-type-related factors (e.g., divergent
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expression of antiviral restriction factors and/or supporting co-fac-
tors), which either promote or repress the performance of a.Gag.MS2
or g.Gag.MS2 particles, respectively.

The characterization of Gag.MS2.CRISPR.Tet2 supernatants revealed
different SpCas9.TS mRNA and sgRNA.TS stoichiometries for
a.Gag.MS2 and g.Gag.MS2 particles. While a.Gag.MS2.CRISPR.Tet2
supernatants contained on average �3-fold-more Tet2.TS sgRNA
than SpCas9.TS mRNA transcripts, the ratio in g.Gag.MS2.CRISPR.
Tet2 supernatants was less balanced with an about 65-fold Tet2.TS
sgRNA excess over packaged SpCas9.TS mRNA (Figure 3A). Com-
parison of the CRISPR RNA proportions between particle types
showed a higher abundance of SpCas9.TS mRNA transcripts in
a.Gag.MS2- compared with g.Gag.MS2-based particles. In contrast,
Tet2.TS sgRNA levels were �2-fold higher in the less efficient
g.Gag.MS2.CRISPR.Tet2 supernatants compared with the more
potent a.Gag.MS2.CRISPR.Tet2 supernatants. In relation to �4-fold
reduced Gag.MS2 protein levels in g.Gag.MS2.CRISPR.Tet2 superna-
tants (Figure 3C), this argues for�8-fold-more sgRNA.TS copies per
particle in g.Gag.MS2 compared with a.Gag.MS2 supernatants.
Future studies should determine whether or to what extent the over-
represented sgRNA.TS transcripts in g.Gag.MS2.CRISPR particles in-
fluence the particle’s life cycle.

As efficient CRISPR-Cas9-mediated gene knockout in target cells
strongly depends on the delivery of optimal Cas9/gRNA molar ra-
tios,70–73 the observed differences in CRISPR RNA packaging might
have also influenced the performance of a.Gag.MS2 and g.Gag.MS2
CRISPR.Tet2 particles. Thus, one could envision that the 65-fold
excess of Tet2.TS sgRNA transcripts in g.Gag.MS2 particles might
be less favorable, which may explain the �2-fold-better performance
of a.Gag.MS2 particles despite the application of adjusted SpCas9.TS
mRNA quantities (Figure 3E). This non-optimal molar ratio might be
due to a higher affinity of g.Gag.MS2 proteins to Tet2.TS sgRNA tran-
scripts, thereby preventing or even inhibiting the incorporation of
sufficient SpCas9.TS mRNA molecules into assembling particles.

The higher affinity of Gag.MS2 precursor proteins to small sgRNA.TS
molecules can be also seen in a.Gag.MS2-based particles, as the addi-
tion of every new sgRNA.TS during particle production reduced the
incorporation of SpCas9.TSmRNA by�7-fold (compare Figures 3A,
4A, and 4C). This not only argues for an upper limit of incorporation
of total sgRNA.TS and SpCas9.TS mRNA molecules but also under-
lines the recruitment of both via the MS2 principle into nascent par-
ticles. In contrast, the provision of TS-lacking and DNA-based
ssODNs during a.Gag.MS2.CRISPR.HDR particle production did
not significantly alter sgRNA.TS/SpCas9.TS mRNA ratios (Fig-
ure 6A). Noteworthy, in addition to their two mRNA genome copies,
wt retroviruses encapsidate several types of host RNA, which are
packaged independently of J and which are suggested to contribute
to the assembly and structural integrity of retroviral particles.74 Inter-
estingly, most of these are small RNA-Pol-III-driven non-coding
RNA transcripts, which clearly outnumber viral mRNA genomes
and randomly packaged host mRNA.75
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Finally, we demonstrated efficient knockout of endogenous TP53 or
Trp53 genes in primary human and murine cells by a.Gag.MS2.
CRISPR particles (Figure 5). While indel efficiencies in human hepa-
tocytes and NuFFs were comparably high as those obtained in
HT1080-based reporter cell lines, gene editing was only low or mod-
erate in hCD34+ HSPCs (6%–36%) and MEFs (18%–31%). Here, it
would be interesting to further test other particle doses and/or explore
other transduction conditions in combination with small molecules
that reversibly interfere with intrinsic cellular immunity.76–79

Taken together, the superior performance of a.Gag.MS2.CRISPR su-
pernatants can most likely be explained by enhanced particle titers,
more favorable stoichiometries of SpCas9.TS mRNA and sgRNA.TS
transcripts within particles, and differences in retrovirus biology.

To achieve �50% knockout efficiency in HT1080-based RFP657.Tet2
reporter cells and highly permissive PHHs andNuFFs, we used�500–
1,000 SpCas9.TS mRNA and�1,000–2,000 sgRNA.TS copies per cell.
Comparing this to routinely used physicochemical CRISPR-RNA
transfer protocols, which used �4 � 105–8 � 106 SpCas9 mRNA
copies/cell and�1� 108–1� 109 gRNA copies/cell,22,72,80 a.Gag.MS2
particles transfer 400- to 16,000-fold-less SpCas9.TSmRNA or 50,000-
to 1,000,000-fold-less sgRNA.TS transcripts. These data illustrate that
spatiotemporal co-delivery of CRISPR-Cas9 components by a.Gag.M-
S2.CRISPR particles is a cost-effective resource for efficient genome ed-
iting of target cells.

As all features necessary for productive cellular entry are retained in
a.Gag.MS2 particles, it is very likely that they enter the cell in the same
manner as WT retroviruses. This evolved and sophisticated entry
strategy not only mediates efficient cellular uptake of a.Gag.MS2 par-
ticles but also promotes their efficient endosomal release (and the
incorporated RNA cargo) into the cytosol, which is currently the
bottleneck of non-viral, particle-based delivery strategies.25–28 A
more detailed comparison of Gag.MS2 particles and other RNA-
delivering methods is given in Table S1.

To further improve the a.Gag.MS2-based delivery method, particle-
destabilizing agents and/or capsid mutations should be experimen-
tally tested.81,82 We envision that optimization of mRNA.TS
packaging by the introduction ofR2MS2 TS hairpins, as for example
done in 12- or 24-mer array for mRNA imaging, and/or mRNA sta-
bilizing motifs83 could further enhance efficiency of this technology.42

In the case of a.Gag.MS2.CRISPR.HDR particles, higher HDR rates
may be achievable by directly tethering the DNA donor to arising par-
ticles or, as they randomly package a not inconsiderable amount of
SpCas9 protein (Figure 3B), directly to the SpCas9 enzyme.84 Alterna-
tively, the effectiveness of a.Gag.MS2.CRISPR.HDR particles could be
enhanced by combining them with small molecules that not only
inhibit the NHEJ DNA repair pathway but also reversibly interfere
with the cell cycle.85 Our virus-based particles, which were pseudo-
typed with the VSV-G envelope protein, could be combined with
novel envelope-based pseudotyping strategies, such as those from
measles or Nipah viruses, to allow cell-specific targeting of the
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particles to various cell types in vitro and in vivo.37,38 In this work, the
potency of a.Gag.MS2 particles was demonstrated by short-term de-
livery of CRISPR-Cas9 components into target cells. However, this
technology can be easily extended to applications beyond gene editing
and may be exploited in other settings where short-term transgene
expression is sufficient to mediate a biological effect. Potential appli-
cations are cell homing, cell expansion, or cell differentiation strate-
gies as well as prophylactic or therapeutic tools for vaccination against
infectious diseases or cancer. Regarding the multifaceted CRISPR-
Cas9 technology, we are confident that a.Gag.MS2-based particles
can also be utilized for other genome and chromatin manipulation
strategies, including gene regulation, epigenetic editing, and chro-
matin engineering,86 all of which contribute to its usefulness in mo-
lecular biology and medicine.

MATERIALS AND METHODS
Vector design

The construction of the vectors used in thiswork is explained in detail in
the “Materials and methods” section of the supplemental information.

Cell culture

Human embryonic kidney 293T (293T) cells and human fibroblast
HT1080-derived reporter cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM) with 10% heat-inactivated fetal bovine
serum (FBS), 100 U/mL penicillin, 100 mg/mL streptomycin, and
1 mM sodium pyruvate (all from PAN Biotech, Aidenbach, Ger-
many). HT1080 RFP657.Tet2 and HT1080 EGFP reporter cells
were additionally cultured in the presence of 1 mg/mL puromycin
(InvivoGen, Toulouse, France). Human CXCR4+ Jurkat cells16 stably
expressing only the RFP657.Tet2 reporter or the RFP657.Tet2 re-
porter together with EGFP were cultured in RPMI 1640 medium
(PAN Biotech) with the same supplements and concentrations as
described above for DMEM-based culture medium together with
0.5 mg/mL puromycin. Primary human NuFF cells (Amsbio, Abing-
don, UK) and primary murine C3H (kindly provided by T. Cantz,
Hannover Medical School, Germany) and CF1 (Amsbio) embryonic
fibroblasts were cultured in DMEM low glucose (PAN Biotech) sup-
plemented with 15% heat-inactivated FBS, 100 U/mL penicillin,
100 mg/mL streptomycin, 2 mM L-glutamine (Biochrom, Berlin, Ger-
many), 1% minimum essential medium (MEM) non-essential amino
acids solution (Gibco/Thermo Fisher Scientific, Schwerte, Germany),
and 100 mM b-mercaptoethanol. NuFF EGFP reporter cells were
cultured in the above-mentioned media supplemented with 1 mg/
mL puromycin. PHHs were isolated from liver tissue obtained from
patients undergoing partial hepatectomy and according to written
informed consent approved by the Ethics Committee of Hannover
Medical School (no. 252–2008). Cell isolation was performed using
a two-step collagenase perfusion technique as previously reported.87

PHHs were plated in 6-well culture dishes at 1.5 � 106 cells/well
and cultivated inWilliam’s medium E supplemented with 1 mM insu-
lin, 1 mM dexamethasone/fortecortin, 100 U/mL penicillin, 100 mg/
mL streptomycin, 1 mM sodium pyruvate, 15 mM 4-(2-hydrox-
yethyl)-1-piperazineethanesulfonic acid (HEPES) buffer, 4 mM
L-glutamine, and 5% FBS (all Biochrom). Umbilical-cord-blood-
derived hCD34+ HSPCs were obtained from the Department of
Gynecology and Obstetrics at Hannover Medical School after written
informed consent as approved by the Ethics Committtee of Hannover
Medical School. Mononuclear cells were separated from diluted cord
blood (1:2 with PBS) by means of density gradient centrifugation us-
ing Leucosep separation tubes (Greiner Bio-One, Frickenhausen,
Germany) and Biocoll (Biochrom) as a separationmedium. The isola-
tion of the mononuclear cells was performed according to the manu-
facturer’s instructions. Purification of CD34+ HSPC cells was done by
magnetic cell separation using the CD34 MicroBead Kit (Miltenyi
Biotec, Bergisch Gladbach, Germany) according to the manufac-
turer’s protocol. The CD34+ HSPCs were cultured and expanded in
serum-free StemSpan medium (STEMCELL Technologies, Cologne,
Germany) supplemented with 100 U/mL penicillin, 100 mg/mL strep-
tomycin, 100 ng/mL hSCF, 50 ng/mL hTPO, 100 ng/mL hFLT3
(all PeproTech, Hamburg, Germany), 500 nM StemRegenin1
(STEMCELL Technologies), and 35 nM UM171 (ApexBio, Houston,
USA). The hiPSC.RFP657.Tet2 reporter cells are derived from the
former described H2E6C hiPSC line57 and were cultivated feeder
free as a monolayer on Geltrex-coated (Gibco/Thermo Fisher Scien-
tific) cell culture dishes with conditioned hiPSCmedium (filtered me-
dium from g-irradiated C3H MEFs) consisting of DMEM/F12
GlutaMAX with 20% knockout serum replacement (both Gibco),
1% non-essential amino acids, 100 U/mL penicillin, 100 mg/mL strep-
tomycin, 2 mM L-glutamine, 100 mM b-mercaptoethanol (Sigma
Aldrich, Munich, Germany), 30 ng/mL bFGF (PeproTech), and
0.3 mg/mL puromycin.

Retroviral and Gag.MS2 particle production

Viral supernatants were produced after transient transfection of 293T
cells using standard calcium phosphate precipitation.88 Briefly, the
day before transfection 5 to 6� 106 cells were seeded per 10 cm culture
dish (Sarstedt, Nümbrecht, Germany). g.RIT.CRISPR.Tet2 vector par-
ticles were generated by co-transfection of 5 mg pSV40enh.RSF91.
hU6.sgRNA.Tet2.SpCas9.P2A.EGFP.gPRE16 gammaretroviral vector
expression plasmid with 7 mg pcDNA3.wtMLV.G/P89 and 2 mg of the
VSV-G envelope expression plasmids pMD2.G.90 For the packaging
of lentiviral LIT.SFFV.RFP657.Tet2, LIT.CBX.EFS.RFP657.Tet2, and
LIT.CRISPR.Tet2 vector particles, 10 mg lentiviral pLKO5.PPT.SF.RF
P657.Tet2.i2.Puro.PRE, pLKO5.PPT.CBX3.EFS.RFP657.Tet2.i2.Puro.
PRE, or pLKO5.hU6.sgRNA.Tet2.EFS.SpCas9.P2A.EGFP.PRE55 vec-
tor; 12 mg lentiviral wt Gag-Pol (pcDNA3.wtHIV-1.G/P.4xCTE);89

5 mg pRSV.Rev (kindly provided by T. Hope, Northwestern University,
Chicago, IL, USA); and 2mg pMD2.GVSV-G expression plasmidswere
transfected.

Alpha- or gammaretroviral Gag.MS2.CRISPR particles were gener-
ated by transfecting each 2.5 mg of non-retroviral pC1.SpCas9.-
P2A.EGFP.TS.gPRE and respective sgRNA.TS expression plasmids
together with 5 mg pcDNA3.MLV.CA.pr.MS2CP (g.Gag.MS2) or
3 mg pcDNA3.ASLVco.NC.pr.MS2CP (a.Gag.MS2) and 2 mg pMD2.
G VSV-G expression plasmids. For the generation of a.Gag.M-
S2.CRISPR.HDR particles 0.43 nmol +PT ssODN or �PT ssODN
templates were added to the transfection.
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In case of Gag.MS2 particle production, respective transfection effi-
ciencies were assessed by flow cytometric analysis of 293T producer
cells after the last supernatant harvest. All produced viral superna-
tants were concentrated 100-fold by ultracentrifugation at either
82,740 � g for 2 h or overnight at 13,238 � g at 4�C.

Transduction of target cells

The day before transduction, 5 � 104 HT1080 RFP657.Tet2 reporter
cells were seeded in a 12-well plate. For the transduction of Jurkat-
based reporter cells, 1 � 105 cells were plated per well of a 24-well
plate. Indicated amounts of viral supernatants were applied to the
cells, and the transduction was assisted by 4 mg/mL protamine sulfate
(Sigma Aldrich) and centrifugation at 400 � g and 37�C for 1 h. The
transduction efficiency was determined via flow cytometry 5 to 6 days
post-transduction. hiPSC-based RFP657.Tet2 reporter cells (5� 104)
were transduced with indicated amounts of the respective Gag.M-
S2.CRISPR.Tet2 supernatants or with LIT.CRISPR.Tet2 particles at
anMOI of 2 and 5. Transduction was performed in single-cell suspen-
sion in the presence of 4 mg/mL protamine sulfate and 10 mMROCK-
inhibitor Y-27632 (kindly provided by T. Scheper, Leibniz University
Hannover, Germany) for 1 h at 37�C and 5% CO2. Every 10 min, the
tubes were flicked to keep the cells in suspension. After the 1 h incu-
bation time, the cells were seeded on Geltrex in conditioned hiPSC
medium containing 10 mMROCK inhibitor for the first 24 h. Theme-
dium exchange was accomplished the following day and every other
day. Knockout rates were determined 5 days post-transduction via
flow cytometry. Primary wt NuFF cells were seeded in a density of
5 � 104 cells/well in a 12-well plate the day before transduction.
Transduction was performed with indicated SpCas9.TSmRNA vector
doses, 8 mg/mL hexadimethrine bromide (Polybrene; Sigma Aldrich),
and centrifugation at 400 � g and 37�C for 1 h. The PHHs were
directly transduced after seeding (1.5 � 106 cells/well) with indicated
SpCas9.TSmRNA vector doses in the presence of 8 mg/mL Polybrene.
For transduction of hCD34+ HSPCs, 1� 105 cells were plated per well
of a 48-well plate and transduction was assisted by addition of 8 mg/
mL Polybrene and 1 mg/mL Synperonic F 108 (Sigma-Aldrich). For
HDR experiments, 5 � 104 HT1080 EGFP or NuFF EGFP reporter
cells were seeded in a 12-well plate. One day later, the cells were trans-
duced in the presence of 4 mg/mL protamine sulfate (HT1080 EGFP)
or 8 mg/mL Polybrene (NuFF EGFP) with or without 1 mL/mL
DMSO, 5 mM YU238259 (Biomol, Hamburg, Germany), or 1 mM
M3814 (Merck, Darmstadt, Germany) followed by centrifugation at
400 � g and 37�C for 1 h. HDR efficiency was determined 8 days
post-transduction via flow cytometry.

Determination of CRISPR RNA and/or ssODN templates in

Gag.MS2 supernatants

To determine the content of SpCas9.TS mRNA, respective sgRNA.TS
transcripts and/or +PT ssODN templates in Gag.MS2 supernatants, a
quantitative real-time PCR was performed. In brief, g.Gag.MS2- and
a.Gag.MS2-based particles were produced and 100-fold concentrated,
and resulting pellets were resuspended in PBS with 20 mMHEPES. To
eliminate potential plasmid contamination, supernatants were treated
with 2 U TURBODNase (Ambion/Thermo Fisher Scientific) for 1 h at
820 Molecular Therapy: Nucleic Acids Vol. 27 March 2022
37�C. Subsequently, the RNA was extracted from particles using the
QIAGEN RNeasy Micro Kit (QIAGEN, Hilden, Germany) following
the manufacturer’s protocol with (SpCas9.TS mRNA and sgRNA.TS)
or without (+PT ssODN) an additional DNase digestion step on the
column. To adjust for the potential loss of RNA transcripts or +PT
ssODNs during the extraction procedure, DNase-treated supernatants
were mixed with a fixed volume of no PRE-encoding RIT.Cre superna-
tant before RNA extraction. While the amount of +PT ssODNs was
directly determined by quantitative real-time PCR after isolation
(primers 50-GGACTTGAAGAAGTCGTGCTG-30 and 50-ACCCTCG
TGACCACACTG-30), extracted RNA was reverse transcribed into
cDNA prior to quantitative real-time PCR using the Quanti-
Tect Reverse Transcription Kit (QIAGEN). Detection of SpCas9.TS
cDNA was performed using the PRE-recognizing primer pair 50-GAG
GAGTTGTGGCCCGTGT-30 and 50-TGACAGGTGGTGGCAATGC
C-30. The reverse-transcribed sgRNA.TS variants were detected with a
common reverse primer 50-CAAGTTGATAACGGACTAGCCTT-30

(binding to the sgRNA scaffold) together with a specific forward
primer for the different protospacer sequences (50-GAACAAGCTCT
ACATCCCGTGT-30 [Tet2], 50-GTTCCAGTTTCAGCACATCA-30

[CXCR4], 50-GCACTGCACGCCGTAGGTCA-30 [EGFP], 50-GACG
GAAACCGTAGCTGCCC-30 [TP53], or 50-GAGGAGCTCCTGACA
CTCGGA-30 [Trp53]). Cre cDNA was amplified with primers 50-AA
CCATTTGGGCCAGCTAAACA-30 and 50-AGAGCCTGTTTTGC
ACGTTCA-30. Total amounts of SpCas9.TS mRNA, sgRNA.TS, Cre
mRNA, and +PT ssODN copies were calculated with the help of serial
dilutions of individual plasmid or ssODN standards, respectively. The
signals for +PT ssODN, SpCas9.TS, or sgRNA.TS were corrected with
signals obtained for Cre.

Determination of SpCas9 protein in Gag.MS2.CRISPR.Tet2

supernatants

The amount of SpCas9 protein in 100-fold concentrated Gag.MS2.
CRISPR.Tet2 supernatants was determined via the EpiQuik
CRISPR-Cas9 Assay ELISA Kit (Epigentek Group, Farmingdale,
NY, USA) following the manufacturer’s instructions.

Immunoblot assay of Gag.MS2 supernatants

The content of Gag.MS2 precursor proteins in Gag.MS2 supernatants
was analyzed by an immunoblot assay. In brief, 15 mL of each super-
natant were mixed with 15 mL of Laemmli buffer and denatured for
5 min at 95�C. Next, 20 mL of each sample was separated by an
SDS-PAGE (12.5% separation gel) and transferred to a nitrocellulose
membrane (GE Healthcare Life Science, Solingen, Germany). Suc-
cessful blotting and equal sample loading were controlled by staining
the membranes with Ponceau S solution (40% methanol, 15% acidic
acid, and 2.5 g/L Ponceau S). Afterward, the membranes were probed
with a polyclonal rabbit-anti-enterobacteria phage MS2 coat protein
antibody (1:10,000; Merck) in Tris-buffered saline with 0.05% (v/v)
Tween and 3% milk powder (both Roth, Karlsruhe, Germany). As a
secondary antibody, a goat-anti-rabbit immunoglobulin G (IgG)
(1:2,000; Santa Cruz Biotechnology, Heidelberg, Germany) conju-
gated with horseradish peroxidase was used. Final visualization and
quantification were carried out by treating the membrane with
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SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher
Scientific) and the FUSION FX imaging system (Vilber Lourmat,
Eberhardzell, Germany), respectively.

Statistical analysis

In graph of Figure 4B data are expressed as mean or mean ± standard
deviation (SD). For statistical comparison of two groups, we per-
formed an unpaired two-tailed t test. p > 0.05 was considered not sig-
nificant (ns) and *p % 0.05 was considered significant, **p % 0.01
very significant, and ***p% 0.001 extremely significant. Significances
for Figure 1B were calculated with the one-way analysis of variance
(ANOVA) together with the Tukey’s post hoc test. For Figure 5A, a
two-way ANOVA together with a Bonferroni post-test were
performed.
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