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Despite rapid development and deployment of vaccines against
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-
2), clinically relevant modalities to curb the pandemic by
directly attacking the virus on a genetic level remain highly
desirable and are urgently needed. Here we comprehensively
illustrate the capacity of adeno-associated virus (AAV) vectors
co-expressing a cocktail of three short hairpin RNAs (shRNAs;
RNAi triggers) directed against the SARS-CoV-2 RdRp and N
genes as versatile and effective antiviral agents. In cultured
monkey cells and human gut organoids, our most potent
vector, SAVIOR (SARS virus repressor), suppressed SARS-
CoV-2 infection to background levels. Strikingly, in control ex-
periments using single shRNAs, multiple SARS-CoV-2 escape
mutants quickly emerged from infected cells within 24–48 h.
Importantly, such adverse viral adaptation was fully prevented
with the triple-shRNA AAV vector even during long-term
cultivation. In addition, AAV-SAVIOR efficiently purged
SARS-CoV-2 in a new model of chronically infected human in-
testinal cells. Finally, intranasal AAV-SAVIOR delivery using
an AAV9 capsid moderately diminished viral loads and/or alle-
viated disease symptoms in hACE2-transgenic or wild-type
mice infected with human or mouse SARS-CoV-2 strains,
respectively. Our combinatorial and customizable AAV/RNAi
vector complements ongoing global efforts to control the coro-
navirus disease 2019 (COVID-19) pandemic and holds great
potential for clinical translation as an original and flexible pre-
ventive or therapeutic antiviral measure.

INTRODUCTION
With nearly 274 million infections worldwide of severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2) and over 5.35 million
deaths (as of December 21, 2021) related to the associated coronavirus
disease 2019 (COVID-19) (https://www.who.int/publications/m/
item/weekly-operational-update-on-covid-19—21-december-2021),
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the SARS-CoV-2 pandemic dramatically demonstrates the need for
quickly customizable strategies to counteract emerging pathogens.
So far, substantial hope and benefit is offered by an arsenal of vaccines
that have been developed, clinically evaluated, and deployed at
unprecedented speed.1–4 Concurrently, numerous academic and in-
dustrial entities are investigating further modalities, including small
molecules, repurposed drugs, oligonucleotide therapies, and mono-
clonal antibodies. Many compounds, such as hydroxychloroquine
and ritonavir, failed to demonstrate clinical efficacy.5 Remdesivir,
the only small-molecule antiviral agent against SARS-CoV-2
currently approved by the US Food and Drug Administration and Eu-
ropean Medicines Agency (EMA), moderately improves disease
severity6 and is currently not recommended by the World Health Or-
ganization (WHO) because of subpar efficacy in the SOLIDARITY
trial.7 Monoclonal antibodies seem to be more effective when given
early, with three products approved via emergency use authorization
by the FDA: monotherapy with bamlanivimab as well as combina-
tions of bamlanivimab with etesevimab or casirivimab with imdevi-
mab. All of these antibodies target the SARS-CoV-2 spike (S) glyco-
protein8,9 and were found to be capable of reducing viral loads.

The demand for additional antiviral strategies against SARS-CoV-
2 remains very high for several reasons. One is the focus of most of
the current vaccines and of all approved monoclonal antibodies on
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the S protein as an antigenic target. Hence, the dynamic occur-
rence of new variants of concern (VOCs) that are resistant and/
or more infectious jeopardizes long-term effectiveness, as exempli-
fied by the currently rapidly spreading omicron strain with 30 mu-
tations in S. Additional concerns are sparked by mutation of viral
strains that establish reservoirs in farmed animals.10–16 Second,
vaccine efficacy is dampened in immunocompromised or immu-
nosuppressed subjects, leaving them susceptible to infection and
vulnerable to the emergence of new variants of SARS-CoV-2.17

Third, successful global protection from severe COVID-19
through vaccination critically relies on vaccine designs and formu-
lations permitting storage, distribution and application at ambient
temperature without the need for special cooling devices or unin-
terrupted cold chains.

Hence, it is key to explore alternative, adjunctive, or orthogonal anti-
viral strategies that are versatile enough to enable quick adaptation to
emerging mutations, that do not rely on humoral or cellular immune
responses, and whose physical properties and requirements are suit-
able for worldwide dissemination. An auspicious option is RNA inter-
ference (RNAi) induced by small interfering RNA (siRNA) or short
hairpin RNA (shRNA), for which the RNA genomes and transcripts
of CoVs, including SARS-CoV-2, pose an optimal target.18 This has
been experimentally validated for SARS-CoV in vitro19 and in vivo20

and is highly promising for SARS-CoV-2 as well, as exemplified
recently. In one notable study, Idris et al.21 harnessed intravenous in-
jection of lipid nanoparticles to deliver chemically stabilized siRNAs
against SARS-CoV-2 helicase or RNA-dependent RNA polymerase
(RdRp) to murine lungs, resulting in mitigation of symptoms,
including less weight loss, lower clinical score, and reduced viral titers
in the lungs. However, the effect was transient and required multiple
doses of the siRNA formulation.21 Similarly, Gu et al.22 reported an
in vivo decrease in viral RNA copies in the lungs and tracheas of Syr-
ian hamsters and rhesus macaques following repeated intranasal or
intratracheal administration of anti-RdRp siRNA. Concurrently,
many groups have published databases of computationally predicted
RNAi targets in SARS-CoV-2 and matching siRNA sequences.23–26

These RNAi approaches are complemented by exciting studies
from multiple labs illustrating the power and potential of CRISPR-
Cas13 systems to inhibit SARS-CoV-2 expression and replication
on the RNA level in vitro and in vivo. These include Cas13a,27

Cas13b,28 and Cas13d29 and comprise use of nebulizers for delivery
of Cas13a mRNA and associated guides to lungs of mice and
hamsters.27

Notwithstanding the promise of these approaches, a main limiting
factor hampering their clinical translation is the need for tools for effi-
cient, targeted, and safe delivery of RNAi or CRISPR compounds to
the sites of infection. In this respect, the most promising options
are vectors based on non-pathogenic adeno-associated viruses
(AAVs), which have already been studied extensively as an antiviral
modality.30 In these, a single-stranded DNA of up to 5 kb is flanked
by inverted terminal repeats (ITRs; AAV packaging elements) and en-
capsidated in a naked protein shell. A major benefit of AAVs is the
2006 Molecular Therapy Vol. 30 No 5 May 2022
ability to harness capsids derived from countless natural or synthetic
viral variants in a process called pseudotyping,31 enabling specific tar-
geting of most tissue and cell types across species. Moreover, smaller
cargos below 2.4 kb can be encapsidated as so-called self-complemen-
tary DNA (scDNA) that is flanked by one wild-type and one mutated
ITR,32 which enables faster transgene expression because self-com-
plementary AAVs (scAAVs) immediately form transcriptionally
active double-stranded DNA in the transduced cell. Together with
the safe and persistent gene expression noted in over 200 clinical tri-
als,30 these features make AAV a superior vector for human gene
therapy applications and led to FDA approval of the AAV drugs Lux-
turna and Zolgensma.33

Here we demonstrate the capacity of pseudotyped scAAV vectors co-
expressing multiple shRNAs against conserved targets in SARS-
CoV-2 nucleocapsid (N) and RdRp to inhibit viral replication and
spread in a variety of ex vivo and in vivomodel systems. Importantly,
we provide experimental evidence for the high propensity of SARS-
CoV-2 to escape suppression by a single RNA inhibitor through rapid
mutation and document the ability to thwart this concern by multi-
plexing three independent shRNAs in a single AAV. Finally, we illus-
trate the potential of a selected vector, AAV-SARS virus repressor
(SAVIOR), to mitigate disease symptoms and/or lower viral loads
in two different mouse models of SARS-CoV-2 infection, highlighting
the great promise of this direct-acting antiviral vector and its future
permutations to complement current vaccine or therapy regimens
for COVID-19.

RESULTS
Selection and validation of anti-SARS-CoV-2 shRNAs in cultured

cells

Based on the genomic sequence of SARS-CoV-2 available in early
2020 (see Materials and methods for details), we initially selected
19 anti-SARS-CoV-2 shRNAs (Table S1) against the viral RdRp
and N genes (Figure 1A; shRNAs C1–C19). We focused on these
two targets because the polymerase governs viral genome replica-
tion, whereas the N protein is crucial for viral particle assembly
and RNA genome packaging. In addition, three shRNAs (C20–
C22) were directed against the human angiotensin-converting
enzyme 2 (hACE2), the entry receptor for SARS-CoV-2.34 We
then harnessed Vero E6 cells, which are highly susceptible to
SARS-CoV-2 infection and express hACE2,35 to assess the efficacy
of these 22 shRNAs. The shRNAs were expressed from a U6 RNA
polymerase III promoter, encoded in scAAV vectors (one shRNA
per vector) and packaged into the AAV-LK03 capsid,36 which we
had identified as a potent transducer in these cells (Figure S1). In
this primary screen (Figure 1B), Vero E6 cells were pretreated
with equal aliquots of cell lysates containing non-purified AAV-
shRNA vectors. After 3 days, cells were infected with SARS-
CoV-2, and infection was assayed 24 h later by immunostaining
infected cells using an antibody against double-stranded RNA
(dsRNA) (Figure 1C; infected cells containing dsRNA are shown
in green, whereas the red color originates from non-specific staining
of all cells per well with Draq5).
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Figure 1. Identification of potent shRNAs against

SARS-CoV-2 in Vero E6 cells

(A) Binding sites of shRNAs C1-C19 in the RdRp and N

genes of SARS-CoV-2. (B) Schematic of scAAV vectors

used for screening of potent shRNA candidates in Vero

E6 cells by transduction on day�3 (MOI of 105), followed

by infection with SARS-CoV-2 (MOI of 3) on day 0 and

quantification of SARS-CoV-2 infection by indirect IF

assay using an antibody against double-stranded RNA

(dsRNA) on day 1 (n = 3 wells per condition). (C) Fluo-

rescent antibody-mediated detection of dsRNA as a

surrogate for SARS-CoV-2 infection in Vero E6 cells,

following transduction with AAV vectors encoding

shRNAs C1–C22. Ctrls were non-transduced (�AAV) or

mock-infected cells or cells transduced with a GFP-en-

coding vector. Original images at the bottom show cell

nuclei in red (Draq5) and infected cells (anti-dsRNA

antibody) in green. Non-transduced cells were used for

normalization of SARS-CoV-2 infection in each sample.

(D–F) Validation of promising candidates via measure-

ment of (D) relative fluorescence after dsRNA antibody

staining normalized to non-transduced cells, (E) fold

change of SARS-CoV-2 genome copy numbers by

qPCR compared with input, and (F) titers of infectious

virus by TCID50 assay. Data are means ± SD. ns, non-

significant; *p % 0.05; **p % 0.01; ***p % 0.001;

****p % 0.0001.
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The capacity of each individual shRNA to interfere with SARS-CoV-2
infection was addressed by measuring the relative fluorescence inten-
sity of the infected samples and by normalizing it to mock-infected
cells (Figure 1C top). This identified several promising candidates, a
subset of which we subsequently validated in secondary screens using
purified and titrated AAV vectors. Therefore, Vero E6 cells were pre-
treated with equal amounts of selected AAV-shRNA vectors, and
3 days later, cells were infected with SARS-CoV-2. After another 24
h, SARS-CoV-2 infection, replication, and production of new infec-
tious virus particles were assessed by immunostaining against dsRNA
(Figure 1D), quantitative reverse transcriptase PCR (Figure 1E) and
TCID50 titration (Figure 1F), respectively. The shRNAs C3 (targeting
N) and C8 and C12 (both targeting RdRp) were most efficient in inter-
fering with SARS-CoV-2 infection, as determined by the reduction of
the number of infected cells (Figure 1D), of SARS-CoV-2 genome
replication (Figure 1E), and of the amount of infectious virus particles
released by infected cells (Figure 1F).

Two of the eight shRNAs in the secondary screen, C12 and C17,
behaved differently from the primary screen (Figures 1C and 1D).
This can be attributed to the use of non-purified and non-titrated
Mo
crude cell lysates in the first screen and the
ensuing inherent uncertainties regarding vec-
tor doses in such “quick and dirty” screens, as
we and others have observed before.37,38

Accordingly, the results of the secondary vali-
dation screen, which were consistent with the
primary screen for the other six shRNAs, are more reliable and
were used as the basis for all subsequent work.

These results illustrate the capacity of scAAV vectors encoding
shRNAs directed against SARS-CoV-2 (C1–C19) to significantly
interfere with viral infection in susceptible cells. The three vectors
C20–C22, expressing anti-hACE2 shRNAs, also suppressed SARS-
CoV-2 infection (Figures 1D and 1F), consistent with the role of
hACE2 as a SARS-CoV-2 entry receptor and concurrent with the abil-
ity of these shRNAs to inhibit ACE2 expression in Vero E6 cells
(Figure S2).

Multiplexing of the best shRNAs in the AAV-SAVIOR vector

Previously, we and others had proposed and validated the concept of
combinatorial RNAi; i.e., concurrent delivery of multiple siRNAs or
shRNAs to the same cell to boost knockdown efficiency or, in the
case of viral targets, to counteract escape by mutation.39–42 To study
whether this concept would also prove beneficial in the context of
SARS-CoV-2 infection, we multiplexed the three most potent
shRNAs in a single AAV genome using our TRISPR platform,43 a
scAAV backbone permitting co-expression of three different shRNAs
lecular Therapy Vol. 30 No 5 May 2022 2007
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Figure 2. Multiplexing of shRNA lead candidates in

the AAV-TRISPR format

(A) Configurations of AAV-TRISPR vectors containing three

expression cassettes in which the U6, H1, and 7SK pro-

moters drive expression of the anti-SARS-CoV-2 shRNAs

C3, C8, and C12 in various permutations, including a non-

targeting control (ctrl) shRNA. (B and C) Quantification of

SARS-CoV-2 infection of Vero E6 cells with the indirect IF

assay normalized to non-transduced cells (�AAV; set to

100%). Cells were pretreated with vector lineages derived

from (B) TRISPR-A (shRNA C8 in position 1 under the

U6 promoter) or (C) TRISPR-B (shRNA C3 in position 1

under the U6 promoter) (n = 3 wells per condition). Data

are means ± SD. ns, non-significant; ***p % 0.001;

****p % 0.0001.
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under the RNA polymerase III promoters U6, H1, or 7SK, respec-
tively (Figure 2A). For the two vectors TRISPR-A (U6-C8:H1-
C12:7SK-C3) and TRISPR-B (U6-C3:H1-C12:7SK-C8), we also
created permutations carrying a control (ctrl) shRNA at each position
(TRISPR-C to -N), including the triple-ctrl construct TRISPR-C.
Analysis in the Vero E6 infection assay showed that TRISPR-A (here-
after called SAVIOR) was able to interfere with SARS-CoV-2 infec-
tion in a manner comparable with the most robust single-shRNA
vector (TRISPR-E, only expressing C8) and outperformed TRISPR-
B as well as most other constructs and ctrls (Figures 2B and 2C).
This was confirmed in luciferase reporter assays (Figure S3), where
the two TRISPR variants encoding all three shRNAs (TRISPR-A
and -B) were superior to most other constructs containing only one
or two shRNAs. The fact that the relative knockdown efficiencies
differed slightly between the infection (Figure 2) and reporter (Fig-
ure S3) assays can likely be explained by the inherent differences in
the targets and readouts, including use of a replication-competent vi-
rus (Figure 2). Importantly, both assays consistently verify that each
of the three shRNAs is functional, as evidenced by the SARS-CoV-2
(Figure 2) and luciferase (Figure S3) knockdown obtained with
TRISPR-E (C8 shRNA only), TRISPR-F (C3 shRNA only), and
TRISPR-H (C12 shRNA only).

We also analyzed the integrity of the AAV vector constructs carrying
multiple shRNA expression cassettes, based on data showing that sec-
ondary shRNA structures can act as cryptic ITRs and trigger pack-
aging of truncated genomes.44 Although the latter was indeed
observed (Figure S4), we detected �65% full-length genomes in
TRISPR-A or -C vector stocks, which we consider reasonable. Still,
future optimization of downstream manufacturing should aim to
eliminate the �35% of byproducts.

As noted, our rationale for creating a triple-shRNA vector
included the concern that SARS-CoV-2 knockdown using single
2008 Molecular Therapy Vol. 30 No 5 May 2022
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shRNAs may create selection pressure, forcing
the evolution of escape mutants that acquired
resistance to the respective shRNA. This
concern has also been raised previously in
the context of siRNA- or CRISPR-Cas13-based anti-SARS-CoV-2
strategies,21,27,28 but, to the best of our knowledge, has never
been experimentally validated. Hence, we expected that simulta-
neous targeting of three independent sites in the SARS-CoV-2
genome should prevent viral escape. For experimental verification
we passaged SARS-CoV-2 in Vero E6 cells that were pre-trans-
duced with a single shRNA vector (encoding C3, C8, C12, or
ctrl shRNAs) or the multiplexed SAVIOR or TRISPR-C vectors
(Figure 3A). As predicted, daily virus passaging over a period o
eight passages in the presence of the single C3 and C12 vectors
consistently triggered rapid viral breakthrough already after one
to three passages (Figures 3B and 3C). Even with the most robus
single C8 vector, virus rebound was observed in one of the three
biological replicates. In striking contrast, the multiplexed SAVIOR
construct yielded efficient knockdown over all eight passages
without evidence of viral breakthrough, supporting the predicted
benefit of the triple-shRNA design.

Sanger sequencing of the single-shRNA samples confirmed the emer-
gence of point mutations in the respective shRNA binding sites (Table
S2; Figure 4A). To experimentally confirm that these mutations lower
the susceptibility to shRNA knockdown, we created luciferase re-
porters containing all permutations of the three wild-type or mutated
binding sites in their 30 UTRs (Figure S5A).When co-transfected with
the individual shRNA plasmids or TRISPR-A, we typically measured
a reduced knockdown efficiency of the mutated binding sites with the
cognate single shRNA compared with the genuine binding site (Fig-
ure S5B). In all cases, TRISPR-A very potently suppressed the lucif-
erase reporters tagged with any combination of one or two mutated
binding sites. A marginal reduction in TRISPR-A knockdown effi-
ciency was only observed for the reporter in which all three binding
sites were mutated concurrently, but even in this case, the triple-
shRNA construct clearly outperformed all individual shRNA plas-
mids (Figure S5B).
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Figure 3. Prevention of viral breakthroughwith AAV-

SAVIOR

(A) Schematic of all vectors used in this experiment. (B)

Results from passaging of SARS-CoV-2 every 24 h on

Vero E6 cells transduced with single shRNA vectors

(shRNA ctrl, C3, C8, or C12) or with AAV-SAVIOR or the

corresponding TRISPR-C ctrl vector. Percentages of in-

fected cells were measured for each passage and

normalized to infected but non-transduced (�AAV) cells.

(C) Representative original images of the indirect IF assay

used to calculate the data in (B).
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To investigate whether the nucleotide variations detected in the
escaped SARS-CoV-2 replicates were found in published SARS-
CoV-2 genome sequences as well, we aligned 365,255 full-length
SARS-CoV-2 genomes and performed single-nucleotide variant
(SNV) calling for the C3, C8, and C12 shRNA binding sites (Fig-
ure 4B, Table S3). Among the aligned sequences, the A > T muta-
tion we found after passaging with the C8 shRNA (position
15,312) was detected 8 times, the C > T mutation in C12 (pos.
15,848) 358 times, and the C > T in C3 (pos. 28,486) 103 times.
The T > C mutation in C3 (pos. 28,489) was not detected. This im-
plies that these escape variants had primarily evolved because of
the selective pressure of each individual shRNA. Although six
GenBank sequences were found to have variant nucleotides in
two of the three shRNA target sites (C8 and C12; reference
numbers OA997044.1, MZ159230.1, MW550403.1, MZ153737.1,
OD908225.1, and MZ398586.1), none had mutations in all three
sites targeted by the SAVIOR construct.

Therefore, our results confirm the aforementioned general concern
that RNAi-based antiviral strategies can lead to selection of escape
mutants that have developed resistance against a single RNAi
trigger. Most importantly, our data show that targeting multiple
sites in SARS-CoV-2 with different shRNAs from a combinatorial
Mo
AAV vector prevents the generation or
outgrowth of such viral escape mutants, high-
lighting the translational potential of AAV-
SAVIOR.

An alignment of 40,000 randomly selected,
full-length SARS-CoV-2 genomes illustrates
that the three shRNA target sites of SAVIOR
do not lie within regions of major variability
(Figure 4C). Here we performed this analysis
retrospectively, based on shRNAs that we had
already selected at the beginning of the
pandemic, when fewer SARS-CoV-2 strains
were known. In the future, as demonstrated
by others,23–26 such an analysis can ideally
be used to proactively identify optimal
shRNA target regions with maximum conser-
vation across SARS-CoV-2 variants, facili-
tating development of broadly active, next-generation AAV-
SAVIOR permutations.

Validation of AAV-SAVIOR in chronically infected cells and

human gut organoids

Next we wanted to determine whether AAV-shRNA-mediated
knockdown could also provide a curative benefit for cells that
are already infected with SARS-CoV-2. When infecting the human
colon carcinoma-derived cell line Caco-2 with SARS-CoV-2 at a
high multiplicity of infection, we noticed that most of the cells
died within the first 48 h of infection, whereas about 10% of
them continued growing and dividing. Interestingly, we found
that these cells were also infected by SARS-CoV-2 and could be
passaged as a chronically infected cell clone that supported
SARS-CoV-2 replication and secretion of de novo infectious virus
particles (data not shown). Transduction of these chronically in-
fected human intestinal Caco-2 cells with SAVIOR largely reduced
virus replication in cells, as monitored by quantitative reverse
transcriptase PCR against the SARS-CoV-2 genome (Figure 5A),
and the number of infectious particles released by the cells (Fig-
ure 5B). Five days after transduction with SAVIOR, SARS-
CoV-2 replication was reduced to undetectable levels (Figure 5A),
and only little amounts of de novo infectious virus particles were
lecular Therapy Vol. 30 No 5 May 2022 2009
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Figure 4. Bioinformatics analysis of shRNA target

site conservation in SARS-CoV-2 strains

(A) Mutations detected in SARS-CoV-2 shRNA binding

sites after passaging in AAV-pretreated Vero E6 cells and

numbers of respective occurrences within the triplicate

measurement (Figure 3 and Table S2). Mutant sequences

were determined by Sanger sequencing of PCR

amplicons within RdRp and N genes obtained by PCR

amplification of reverse-transcribed RNA from the cell

supernatants. (B) Natural logarithm of numbers of SNV

occurrences within C3, C8, and C12 shRNA binding sites

revealed from variant-calling analysis of 365,255 full-

length SARS-CoV-2 genomes. (C) Average identity

(percent) of 40,000 randomly selected, full-length SARS-

CoV-2 genomes with positions of C8, C12, and C3

binding sites in ORF1ab (C8 and C12) or N (C3),

respectively.
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released by the originally chronically infected cells (Figure 5B). In
the TCID50 assay measuring SARS-CoV-2 progeny, the triple-
shRNA vector outperformed the best single-shRNA vector encod-
ing the C8 shRNA at all time points (Figure 5B).

To determine whether SAVIOR can actively interfere with SARS-
CoV-2 infection in non-transformed human cells, we used primary
human ileum and colon epithelial cells, which are physiologically
relevant targets for SARS-CoV-2 infection.45,46 These cells were
grown as mini-gut organoids and fully supported SARS-CoV-2 infec-
tion, replication, and spread.47 Pre-treatment of these mini-gut orga-
noids with SAVIOR or the single-shRNAC8 vector resulted in almost
complete prevention of SARS-CoV-2 infection of primary human in-
testinal epithelial cells (Figure 6A and 6B).

Our data demonstrate that AAV-SAVIOR does not solely act in a
prophylactic manner but can also be used after cell infection and
actively cure infected cells.

In vivomodulation of SARS-CoV-2 replication and pathogenesis

in two different mouse models of infection

To evaluate our vectors’ ability to act as a prophylactic agent that mit-
igates wild-type SARS-CoV-2 infection and associated symptoms
in vivo, we harnessed an established mouse model, K18-hACE-2
transgenic mice (Figure 7A). These mice were inoculated intranasally
2010 Molecular Therapy Vol. 30 No 5 May 2022
with 2 � 1011 vector genomes (vg) of AAV-
SAVIOR or the TRISPR-C ctrl vector packaged
into the AAV9 capsid before infection with 5 �
104 plaque-forming units (PFUs) of wild-type
SARS-CoV-2 7 days later (n = 4 mice per
group). As additional ctrls, wild-type littermates
were treated identically. Body weight and dis-
ease score were monitored daily until the trans-
genic mice reached the maximum disease score
(Table S4) and qualified for euthanasia on day 5
or 6 after infection. Lung and brain tissues were
collected, and from these, viral genomes and infectious titer (PFUs) of
SARS-CoV-2 were determined.

As expected, wild-type mice did not show any symptoms upon infec-
tion with SARS-CoV-2, whereas hACE2-transgenic mice exhibited a
decrease in body weight (Figure 7B) and an increasing disease score
(Figure 7C and Table S4), with similar values for mice treated with
SAVIOR and the TRISPR-C ctrl vector. Importantly, at the time of
euthanasia, we measured a notable but not statistically significant
trend toward a reduction of SARS-CoV-2 genome copy numbers
(17.4-fold) and infectious units (2.9-fold) in the lungs of hACE2-
transgenic mice treated with AAV-SAVIOR compared with the
TRISPR-C ctrl (Figures 7D and 7F). Compared with the lungs,
SARS-CoV-2 copy numbers and infectious units were markedly
higher in the brains of all infected animals and unaffected by treat-
ment with AAV-SAVIOR, as expected from intranasal vector delivery
(Figures 7E and 7G). Massive infection of the brain is a well-known
characteristic feature of this particular animal model and a major
cause of morbidity upon SARS-CoV-2 infection.48 Infection rates in
the lungs and brains of wild-type ctrl mice lacking hACE2 were below
the detection limit of both assays, in line with the aforementioned lack
of symptoms in these animals.

We subsequently evaluated AAV-SAVIOR more extensively in a
second murine challenge model using wild-type BALB/c mice and



Figure 5. SARS-CoV-2 suppression with AAV-SAVIOR in chronically infected Caco-2 cells

(A and B) Transduction of Caco-2 cells chronically infected with SARS-CoV-2 with single shRNA vectors encoding C8 or ctrl shRNA or with AAV-SAVIOR or the corre-

sponding TRISPR-C ctrl. Additional ctrls were mock-infected or non-transduced (�AAV) Caco-2 cells. (A) Fold change of SARS-CoV-2 genome copy numbers relative to

virus input, as measured by qPCR 2, 3, or 5 dpi. (B) Quantification of infectious SARS-CoV-2 particles 2, 3, or 5 dpi by TCID50 assay (n = 3 wells per condition). Data are

means ± SD. **p % 0.01; ***p % 0.001; ****p % 0.0001.
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the mouse-adapted SARS-CoV-2-MA10 strain, which accurately re-
flects the lung disease phenotype seen in humans (Figure 8A).49

Focusing on this alternative model based on a wild-type, immuno-
competent strain provided several benefits, especially the fact that
we could more easily upscale animal numbers as well as study
and compare young and old mice, with the latter best reflecting hu-
man disease progression and sequelae. Moreover, we used a 5-fold
lower dose of SARS-CoV-2 in these experiments, which sufficed
to establish robust infection and may concurrently better approxi-
mate the conditions of natural transmission among humans. Finally,
unlike the K18-hACE2-transgenic model used above, the MA10
model is not restricted by excessive SARS-CoV-2 infection of the
brains of the animals and the morbidity and mortality associated
with this neuroinvasion.

Specifically, 10-week-old (“young”) or 1-year-old (“old”) BALB/c
mice were transduced intranasally with 2 � 1011 vg per mouse of
AAV-SAVIOR (the same dose as used before in the K18-hACE-2
model), TRISPR-C, or a second ctrl encoding enhanced GFP
(EGFP), all packaged in AAV9 (n = 5 mice per group). One or
two weeks later, the animals were challenged with 1 � 104 PFUs
of SARS-CoV-2-MA10. Body weight and airway resistance were
monitored daily, and lungs were harvested 2 or 4 days post infection
(dpi) for physiological, pathological, and viral load analyses
(Figure 8A).
First, similar to the K18model, we pre-treated youngmice with AAV-
SAVIOR, followed 1 week later by SARS-CoV-2-MA10 infection.
This yielded multiple lines of clear evidence of a protective effect of
our vectors, including the finding that treated mice were resistant
to body weight loss after challenge, a hallmark of protection in the
pathogenic SARS-CoV-2-MA10 model (Figure 8B). Furthermore,
physiological indicators in AAV-SAVIOR-treated mice, including
airway obstruction and lung hemorrhage, showed non-significant im-
provements compared with the ctrls. These trends include a reduction
of PenH and EF50 scores in SAVIOR-treated mice on days 2 and 3 as
well as a positive effect on hemorrhage scores (HSs). Although not
reaching statistical significance in the overall cohort, viral lung titers
of individual mice treated with AAV-SAVIOR were strongly reduced
by up to 100-fold at 2 dpi (the peak titer of the MA10 model) (Fig-
ure 8B). At 4 dpi, we still observed a minor but noticeable trend to-
ward a reduction in lung titer (Figure 8B).

To study the longevity of AAV-SAVIOR-mediated protection
against SARS-CoV-2 infection, we next treated the mice 2 weeks
before challenge, which is outside of the therapeutic windows of
the current biologic treatments, including neutralizing antibodies
(nAbs), antiviral peptides, and small-molecule drugs. Under these
conditions, we observed no protective effect of AAV-SAVIOR
compared with the two ctrls in terms of body weight loss or airway
congestion scores (Figure S6). HSs showed a significant reduction
Molecular Therapy Vol. 30 No 5 May 2022 2011
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Figure 6. SARS-CoV-2 suppression with AAV-SAVIOR in human gut

organoids

(A and B) Infection of primary human gut organoids with SARS-CoV-2 after trans-

duction with single shRNA vectors encoding C8 or ctrl shRNA or with AAV-SAVIOR

or the corresponding TRISPR-C ctrl. Additional ctrls were mock-infected or non-

transduced (�AAV) organoids. (A) Fold change of SARS-CoV-2 genome copy

numbers in human ileum organoids. (B) Fold change of SARS-CoV-2 genome copy

numbers in human colon organoids (n = 3 wells per condition). Data are means ±

SD. ns, non-significant; **p % 0.01.
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compared with the TRISPR-C but not the EGFP ctrl. Although there
was no difference in lung viral titers at 2 dpi, a non-statistically sig-
nificant reduction was observed at 4 dpi. Specifically, two of five
mice showed a 10- and 100-fold reduction in viral lung titer, respec-
tively, suggesting rapid viral clearance (Figure S6).

To also assess the potential of AAV-SAVIOR in human populations
that are less capable of mounting robust immune responses following
traditional vaccination, we used an aged mouse model (1 year old)
that better reflects the physiology and disease progression of severe
infection in humans. When administered 1 week before SARS-
CoV-2-MA10 challenge, AAV-SAVIOR treatment reduced body
weight loss compared with ctrl treatments (Figure 8C). AAV-
SAVIOR-treated mice also showed non-significant improvements
in physiological markers, including lung HSs and airway congestion
scores 2 dpi (HS and PenH) (Figure 8C). This therapeutically relevant
benefit was consistent with a significant reduction in lung viral titers
in AAV-SAVIOR-treated mice compared with both ctrls. The fact
2012 Molecular Therapy Vol. 30 No 5 May 2022
that this effect was noted at 4 but not at 2 dpi (Figure 8C), the opposite
of the results in youngmice (Figure 8B), suggests kinetic differences of
AAV-SAVIOR in young versus old animals that warrant further
investigation.

To study whether shRNA multiplexing in AAV-SAVIOR could also
prevent the rise of SARS-CoV-2 escape variants in vivo, we sequenced
the regions of the viral genome targeted by the three shRNAs (C3, C8,
and C12) in this vector. This revealed the absence of any mutations in
the treatment or ctrl groups (data not shown) and thus implies an
ability of AAV-SAVIOR to prevent spontaneous or shRNA-induced
viral escape in vivo, congruent with and extending our cell culture
data (Figure 4). Additional work including more ctrls is required to
also verify this conclusion at later time points, which will be relevant
for chronic SARS-CoV-2 infection in humans.
DISCUSSION
The outbreak of SARS-CoV-2 and its rapid escalation to a pandemic
with over 270 million global infections not only drastically illustrates
the threat posed to humans by members of the Coronaviridae family,
but it also highlights our deficits in understanding, preventing, and
counteracting viral zoonosis and spread. Fortunately, a powerful
arsenal of newly emerging technologies has been established over
the past decade in other contexts that can nowbe repurposed at unpar-
alleled speed. Particularly notable is vaccination technology based on
synthetic and formulated mRNA, which is already widely applied and
which promises to slowor even halt the pandemic in combinationwith
other measures. It is also becoming increasingly clear that the ultimate
goal of herd immunitymay be difficult to reach for numerous reasons,
including the inherent propensity of SARS-CoV-2 to swiftly gain
fitness and escape humoral immunity viamutation, as drastically illus-
trated by the currently circulating and rapidly disseminating omicon
strain. Other confounding factors are that a considerable percentage
of the human population opposes vaccination; that specific recipients,
such as lactating women or ailing individuals, may have to be excluded
from vaccination; and that the latter may fail because of a suppressed
or compromised immune system or for other unknown reasons. Last
but not least, currently accumulating evidence implies that vaccine im-
munity wanes at different rates in the nose and deep lungs; hence, even
multiply vaccinated individuals may again eventually become suscep-
tible to infection and virus transmission, further restricting chances of
achieving herd immunity.

These facts and concerns raise an urgent need to develop and preclini-
cally validate complementing, direct-acting antiviral strategies that
promise full and long-lasting protection and/or cure from SARS-
CoV-2 infection while overcoming the limitations of active vaccina-
tion approaches and their restriction to a subset of the human
population. As implied by the sum of ex vivo and in vivo data reported
here, the combinatorial AAV-SAVIOR vector may help to fill in this
gap and complement other ongoing global efforts to curb the
pandemic, based on a variety of clinically pertinent benefits, including
efficacy, versatility, and translatability.



Figure 7. Use of AAV-SAVIOR for wild-type SARS-

CoV-2 suppression in the lungs of hACE2-

transgenic mice in vivo

(A) Experimental setup. K18-hACE2 transgenic (Tg) or

wild-type (WT) mice were transduced intranasally with 2�
1011 vg of AAV9 vectors 7 days prior to intranasal infection

with 5 � 104 PFUs SARS-CoV-2 on day 0. Body weight

and symptoms were monitored daily according to the

score sheet in Table S4 until the maximum score was

reached and animals were euthanized (n = 4 animals per

group). (B) Body weight relative to day 0 after infection.

The dashed gray line indicates initial body weight (100%).

(C) Disease score according to the score sheet. The

dashed gray line indicates the score where animals

became eligible for euthanasia. Shown are mean

values ±SD from four (0–5 days post infection [dpi]; two

mice were harvested on day 5) or two (6 dpi) mice per time

point. (D and F) Lungs and (E and G) brains were har-

vested and analyzed for viral load by qPCR for the SARS-

CoV-2 N1 gene (D and E) and for infectious viral titer by

plaque assay on Vero E6 cells (F and G). The dashed red

line indicates the limit of detection (LoD) of the assays,

which is 1,810 genome copies per mL for the N1 gene

qPCR and 0 plaques/mL for the plaque assay. Each

symbol represents an individual animal.
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A first important finding in this work was that several of our initially
tested shRNAs mediated robust inhibition of SARS-CoV-2 in
cultured and infected cell lines or primary cells, akin to the results
of colleagues who have successfully screened panels of siRNAs or
CRISPR-Cas13a/b/d gRNAs before.21,27–29 Further in line with data
published in heterologous systems, we were not surprised to note
that our best vector, AAV-SAVIOR, yielded knockdown efficiencies
that were mostly similar to the single vector encoding our lead
shRNA, C8. Identical findings were reported, for instance, by Fareh
et al.,28 who found no differences between an N-targeted crRNA
pool versus their best individual crRNA, or by Idris et al.,21 who
observed that combining their three most potent siRNAs yielded
the same SARS-CoV-2 knockdown efficiency as single siRNAs.

In all of these cases, including our own data, it is essential to note that
multiplexing of RNAi or CRISPR triggers primarily aims to attack the
virus at multiple sites, hampering its ability to escape by mutation,
rather than to improve overall efficiency. The propensity of patho-
genic viruses to rapidly develop resistance to a single inhibitor is a
well-known and major concern regarding antiviral RNAi and
CRISPR strategies, especially for RNA viruses with error-prone repli-
cation, such as HIV, hepatitis C virus (HCV), or poliovirus.40,42,50–52

We considered it crucial to provide experimental evidence in this
work that SARS-CoV-2 can indeed rapidly mutate and escape from
a single shRNA because this concern has been raised multiple times
before but, to our best knowledge, has never been verified to date.
Strikingly, we found that the virus quickly escaped even from our
most potent shRNA when applied as a sole inhibitor, whereas it failed
to do so under concurrent pressure from all three shRNAs in vitro and
in vivo (Figures 3 and 4). These results are highly reminiscent of pre-
vious findings for HIV and poliovirus50–52 and thus add SARS-CoV-2
to the list of pathogenic RNA viruses for which combinatorial RNAi
strategies are strictly indicated.39 In this context, we note our finding
that, of the three shRNAs tested in the passaging experiment, C8 re-
sulted in escape in only one of three replicates, whereas mutational
escape was observed in all three replicates with C12 and C3. This cor-
relates well with the lower number of SNVs observed in the C8 target
region compared with the C12 and C3 targets among the 365,255
SARS-CoV-2 isolates we assessed here (as of September 2021),
including major VOCs (alpha [B.1.1.7], beta [B.1.351], gamma
[P.1], and delta [B.1.617.2]). This further highlights the necessity to
identify and target highly conserved sites in SARS-CoV-2 and illus-
trates the ensuing benefits for permanent in vivo ctrl. Most impor-
tantly, all three target sites for the C3, C8, and C12 shRNAs encoded
in AAV-SAVIOR are also 100% conserved in the highly infectious
omicron strain (B.1.1.529), which is currently rapidly replacing delta
in many parts of the world and seems to be largely resistant to the
anti-SARS-CoV-2 immunity triggered by current vaccines.

These notions are highly encouraging because they promise that
future improved (see below) iterations of AAV-SAVIOR may thwart
viral mutational escape in the human population and, thus, also
enhance the efficacy of available vaccination regimens. The same
concept is also pursued by monoclonal antibody cocktails that target
multiple epitopes to prevent escape mutants.53

Also beneficial in this respect is the high versatility of our underlying
AAV-TRISPR system, which permits simple and fast assembly of
Molecular Therapy Vol. 30 No 5 May 2022 2013
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Figure 8. In vivo efficacy of AAV-SAVIOR in amouse-

adapted pathogenetic SARS-CoV-2-MA10 model

(A) Schematic of the study design. (B and C) Ten-week-

old (B) or 1-year-old (C) mice were transduced intranasally

(IN) with 2 � 1011 vg of AAV9-SAVIOR or with the

TRISPR-C or EGFP ctrls 1 week prior to SARS-CoV-2-

MA10 challenge (n = 5 animals per group). Multiple pa-

rameters, including physiological (body weight loss and

airway obstruction scores [PenH, E50, and Repf];

means ± SD), pathological (lung hemorrhagic scores

[HSs]), and virological parameters (lung titers 2 and 4 dpi;

ns, non-significant; *p % 0.05) were monitored and

measured in the different experimental cohorts.
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concatemerized scAAV vectors encoding combinations of up to three
small RNAs via Golden Gate Assembly. Accordingly, unlike antibody
therapeutic agents or vaccines that require several months for devel-
opment, AAV-SAVIOR is a modular plug-and-play system with a
significantly shorter engineering time. These small RNAs can
comprise shRNAs as well as gRNAs, enabling combined expression
of RNAi and CRISPR triggers from a single AAV vector, offering
the future ability to target and inhibit SARS-CoV-2 and its host cell
factors on the RNA and DNA levels, respectively. As exemplified
here, this can include multiplexed targeting of three independent sites
in the viral genome or transcripts, but one can also envision concur-
rent inhibition of virus and host genes. The latter should further in-
crease the pressure on the virus and lower its chances to escape by
2014 Molecular Therapy Vol. 30 No 5 May 2022
mutation. Alternatively, it may also be
rewarding to co-express three shRNAs against
the identical target site but covering distinct
point mutations to prevent viral breakthrough
at this site. These looming efforts will greatly
benefit from the multitude of algorithms and
databases that are dedicated to identification of
optimal RNAi and CRISPR targets in SARS-
CoV-2 genomes and that take numerous design
parameters into consideration, including con-
servation, accessibility, off-target potential in
the host genome, and others.23–26,28

Clinical translation of the vector reported here
should further benefit from, and be accelerated
by, the long-standing experience in the field
with its core components; namely, AAV capsids
and RNAi cargos. This includes one of the
strengths of the AAV vector system that we har-
nessed here: the ability to pseudotype cargos
with a capsid mediating high and ideally specific
transduction of a target cell or organ. In this
work, we used the LK03 capsid to transduce
cultured Vero E6 cells but then switched to
AAV9 for transduction of mouse lungs in vivo.
Although this selection was suggested by prior
data showing the efficacy of this AAV isolate
in the mouse lung,54 it is clear that another
capsid, likely a genetically engineered version,55 may be required to
improve the AAV-SAVIOR system and to enable its translation
into higher species, including humans. In this respect, we note
exciting recent work by Sims et al.,56 who identified two AAV variants
(hu68 and rh91) that potently transduce proximal airways in non-hu-
man primates when delivered by a mucosal atomization device. For
use of AAV-SAVIOR as a first line of defense, it may be beneficial
to pseudotype the vector with these capsids and to then apply it as
a spray to the nose and upper airways to block entry of SARS-CoV-
2 into the body at an early step. Moreover, using AAV barcoding
and high-throughput in vivo screening technology,57 we have recently
confirmed the ability of other AAV capsids, such as AAV4 or a pep-
tide display variant of AAV2,58 to transduce mouse lungs from
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intravenous delivery. If translatable to humans, this administration
route could alleviate concerns in a therapeutic setting about physical
barriers imposed by the thick mucosa in the lungs of individuals with
COVID-19 or about SARS-CoV-2-containing aerosols that may be
caused by use of nebulizers. However, intravenous AAV-SAVIOR de-
livery would also increase its exposure to the host immune system and
may limit its efficacy. Although these different possibilities require
experimental validation, we are not concerned that delivery of the
vector reported here or of its descendants will become a bottleneck
in the future, considering the manifold solutions offered by the
AAV engineering field.55

Concurrent with optimization of capsid and delivery route, it is pru-
dent to also learn and profit from the preclinical and clinical experi-
ence gathered with RNAi, including in an AAV context. In the past,
AAV/RNAi vectors have been studied extensively as therapeutic
agents for chronic liver infection with hepatotropic viruses, including
treatment of HCV infection with a triple-shRNA construct (TT-033)
in non-human primates.40 In line with data in mice,59 the same study
reported dose-dependent toxicity in transduced hepatocytes because
of high shRNA expression levels from RNA polymerase III pro-
moters. Notably, subsequent promoter engineering to reduce shRNA
levels lowered toxicity and enabled a phase I clinical trial with the
optimized vector TT-034 as a first-in-human application of vector-
delivered RNAi.60 Therefore, future iterations of AAV-SAVIOR in-
tended for use in humans should likewise benefit from engineering
and optimization of the therapeutic cargo, including identification
of promoters for the safest triple-shRNA expression. In the context
of persistent viral infection, we also note reports of chronic or recur-
rent infection with SARS-CoV-2 in immunocompromised or immu-
nodeficient individuals.61–63 Although these may be amenable to
treatment with convalescent plasma63 or antiviral agents such as re-
mdesivir,64 they should also benefit from therapeutic application of
AAV-SAVIOR, as supported by the robust viral clearance we
observed here in chronically infected Caco-2 cells. It may be beneficial
to include a genetic circuit in future vector generations that senses the
presence of active or chronic viral replication or expression and
temporally restricts vector activity. Finally, because the viral stage is
transient and followed by an immune reaction that can cause severe
pathology, it could be beneficial to armAAV-SAVIORwith an immu-
nomodulatory cargo or to supply this from a second vector to extend
the initially short window for direct anti-viral targeting and to also
control the detrimental host immune response at later stages.

In addition to outlining a path for technical improvements, our re-
sults also raise a series of related questions regarding the best param-
eters for clinical application, including kinetics and doses, that we
could not address in this proof-of-concept study because of the scar-
city and inherent limitations of in vivo SARS-CoV-2 models but that
should be tackled by follow-up work. In particular, it will be seminal
to more comprehensively characterize the in vivo persistence of tri-
ple-shRNA expression at multiple time points and the shRNA activity
following a single vector administration to reveal the true potential of
AAV-SAVIOR as a first-line-of-defense prophylactic agent. Along
these lines, it will also be interesting to measure virus titers at earlier
time points to identify beneficial effects that may be overwritten at
later endpoints because of the high SARS-CoV-2 replication
dynamics.

Within the aforementioned limits of in vivo studies on SARS-CoV-2,
we acknowledge that the prophylactic effects observed in K18-hACE2
transgenic mice were moderate, probably for several reasons. One is
that this mouse model requires a high virus input of 5 � 104 PFUs
to induce pathogenesis in 100% of the animals, which is likely to over-
whelm the antiviral capacity of our vector. Second, this mouse model
is characterized by robust SARS-CoV-2 replication in the brain and
ensuing morbidity and mortality. Although the AAV9 serotype is
capable of crossing the blood-brain barrier from intravenous delivery
in mice,65 this was not expected in our study, where we used intra-
nasal delivery. Accordingly, we observed no reduction in brain viral
titers in treated K18-hACE2 mice. In contrast, the MA10 system pro-
vided more options for experimentation and analysis and also
enabled use of 5-fold lower SARS-CoV-2 input doses. Consequently,
we could better investigate the prophylactic effect of AAV-SAVIOR
by measuring viral loads at two earlier timepoints (2 and 4 dpi),
and we could also study two different age cohorts. AAV-SAVIOR
pre-treatment yielded a trend toward reduced SARS-CoV-2 infection
and related symptoms in young and old mice. The best results
comprised protection from weight loss in young mice and a signifi-
cant reduction in lung viral titers in older animals. A likely explana-
tion for the stronger reduction of lung viral titers in older mice is the
faster turnover rate of airway epithelial cells in young versus old
mice.66 Typically, the turnaround rate of airway epithelial cells is
around 6 months in the trachea and 17 months in the lungs,67 but
these periods can be shorter in the case of injury. Importantly, in hu-
mans, this turnover rate is about 100 days to 1 year and can be even
longer without injury, possibly providing a much wider prophylactic
window.67,68 We also clearly recognize a clinical benefit from
alternative strategies, such as fast and transient siRNA delivery via
nanoparticles,21 especially in a therapeutic setting where long-term
persistence of the RNAi cargo may not be needed. Vice versa,
AAV-shRNA vectors offer a number of unique advantages, including
the fact that they may require only a single dose versus multiple doses
for siRNA or mRNA regimens. Moreover, as suggested by preclinical
animal data, AAV capsid pseudotyping permits retargeting to other
infected sites in the human body, such as the brain69 or the intestine,70

which may be far more difficult to reach with peripherally delivered
nanoparticles, naked siRNAs, or mRNA complexes. As indicated
above, this should ultimately allow us to target the AAV-SAVIOR sys-
tem specifically and efficiently to the main lung cells types that are in-
fected by SARS-CoV-2 in humans, alveolar type 2 (AT2) cells,71,72

and boost the vector’s antiviral efficacy.

Although the answers to these and other questions await further exper-
imentation, this work already illustrates the benefits of multiplexed
shRNA expression from pseudotyped AAV vectors as a prophylactic
or therapeutic measure against SARS-CoV-2 infection and its
clinical sequelae. Although multiple aspects of our first-generation
Molecular Therapy Vol. 30 No 5 May 2022 2015
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AAV-SAVIORvector can andwill be improved, the current iteration is
sufficiently potent to inhibit viral replication and spread in cultured
cells and in murine lungs with a single administration. Furthermore,
it thwarted viral escape in vitro and in vivo, which we observed with
traditional AAV vectors encoding a single shRNA andwhich is amajor
concern for any type of monotherapy. Combined with the general as-
sets of AAVs, including apathogenicity, stability at ambient tempera-
ture, clinical safety, advanced manufacturing technology, and ease of
engineering, this implies thatAAV-SAVIORholds significant potential
as a new entry in our arsenal of measures to manage SARS-CoV-2 and
other expected pandemics.

MATERIALS AND METHODS
Design, cloning, and multiplexing of anti-SARS-CoV-2 shRNAs

For the initial screening, shRNAs were directed against the RdRp andN
genes of SARS-CoV-2 (NC_045512.2; shRNAs C1–19) or against the
human ACE2 gene (NM_021804.3; shRNAs C20–22) and designed us-
ing the siRNAWizard (https://www.invivogen.com/sirnawizard/index.
php). All shRNAs were first cloned into single-shRNA vectors via
Golden Gate Assembly (New England Biolabs, Ipswich, MA, USA).
The recipient scAAV vector genome contained two inverted BsmBI
sites under a U6 promoter as well as a GFP reporter controlled by a
Rous sarcoma virus (RSV) promoter and a minimal polyadenylation
site.59 Forward and reverse shRNA oligos (Table S1) were ordered
from IntegratedDNATechnologies (Coralville, IA, USA) and annealed
bymixing 2.5 mL of each oligo (100mM)with 5 mL ofNEBuffer 2 (NEB)
and 40mL of ddH2O (double-distilledwater), heating to 95�C for 5min,
and gradual cooling to 25�C over 15min. For the assembly reaction, 15
fmol of recipient plasmid was mixed with 50 fmol of annealed oligos,
1 mL T4 DNA ligase buffer (NEB), 0.5 mL T4 DNA ligase (400 U/mL,
NEB), and 0.5 mL of Esp3I (Thermo Scientific, Waltham, MA, USA)
and filled to 10 mL with H2O. Golden Gate Assembly was performed
by cycling 25 times between 37�C for 2 min and 16�C for 3 min and
finally inactivating the enzymes at 80�C for 10min.Next, 5mLof assem-
bly mix was used for heat shock transformation of chemically compe-
tent DH5a cells, which were spread onto LB-agar plates containing
75 mg/L ampicillin. For selected clones, ITR integrity was assessed via
BsaI/XmaI ctrl digestion, and correct insertion of shRNA oligos was
validated via Sanger sequencing (Eurofins Genomics, Ebersberg, Ger-
many) using the primer U6-forward 50-ACCGCTCGAGCGAGTC
CAACACCCGTGG-30.

To multiplex three shRNAs in a single scAAV-TRISPR vector, a two-
step Golden Gate Assembly protocol was applied as reported before.43

In the first step, the selected oligos were cloned into three different
donor vectors containing a U6, H1, or 7SK promoter via BsmBI-based
Golden Gate Assembly as described above. After transformation of
chemically competent bacteria, the cells were recovered for 1 h in
1 mL LB medium (37�C, 800 rpm) and plated onto LB-agar plates
containing 25 mg/mL chloramphenicol. Correct insertions were vali-
dated by Sanger sequencing of selected clones using the M13Rev
primer 50-GGAAACAGCTATGACCATG-30. The TRISPR donor
plasmids contain inverted BbsI sites flanking each promoter-shRNA
cassette. In a second Golden Gate Assembly step, these promoter-
2016 Molecular Therapy Vol. 30 No 5 May 2022
shRNA inserts were transferred to a recipient scAAV construct con-
taining an acceptor site for the shRNA cassettes and a truncated gfp as
stuffer. This yielded a final construct carrying the inserts U6-
shRNA1/H1-shRNA2/7SK-shRNA3 in a defined order. For this reac-
tion, 20 fmol of recipient plasmid was mixed with 20 fmol of each
donor plasmid (U6/H1/7SK), 1 mL T4 DNA ligase buffer (NEB),
0.5 mL T4 DNA ligase (400 U/mL, NEB), and 0.5 mL of BbsI (Thermo
Scientific) and filled to 10 mL with H2O. Golden Gate Assembly
cycling was performed as described above, and transformed chemi-
cally competent bacteria were plated on LB-agar plates with ampi-
cillin. Sanger sequencing of selected clones was performed using the
U6-forward primer or the GFP-reverse primer 50-TCCTCCTTGA
AGTCGATGC-30.
Cell culture

HEK293T, Caco-2 (ATCC, HTB-37), and Vero E6 (ATCC, CRL
1586) cells were grown in Dulbecco’s modified Eagle’s medium
(DMEM) with GlutaMAX (Life Technologies, Carlsbad, CA, USA)
that was supplemented with 10% fetal bovine serum (fetal bovine
serum [FBS]; Sigma-Aldrich, St. Louis, MO, USA) and 100 U/mL
penicillin-streptomycin (Life Technologies). Cells were split every
2–4 days.
SARS-CoV-2 cultivation

The SARS-CoV-2 isolate Bavpat1/2020 was kindly provided by Prof.
Christian Drosten and Dr. Mirko Cortese through the European
Virology Archive (Ref-SKU 026V-03883) at passage 2.73 Working
stocks were generated by passaging the virus twice in Vero E6 cells.
Infectious titer was determined by plaque assay on Vero E6 cells.
SARS-CoV-2 MA10 stocks were also grown in Vero E6 cells and
quantified via plaque assay.49
Human intestinal organoids

Human tissue was received from colon resections from the University
Hospital Heidelberg. This study was carried out in accordance with
the recommendations of the University Hospital Heidelberg with
informed written consent from all subjects in accordance with the
Declaration of Helsinki. All samples were received and maintained
in an anonymous manner. The protocol was approved by the Ethics
Commission of the University Hospital Heidelberg under protocol
S-443/2017. Stem cells containing crypts were isolated and main-
tained as described previously.47,74
AAV production and purification

scAAV vectors were produced by polyethylenimine (PEI, linear, mo-
lecular weight [MW] 25,000; Polysciences, Hirschberg an der Berg-
strasse, Germany) triple-transfection of HEK293T cells with (1) an
scAAV vector plasmid containing one shRNA expression cassette
for single-shRNA vectors, three shRNAs for TRISPR constructs
(including SAVIOR), or a GFP expression cassette for ctrl vectors,
all flanked by one AAV2 and one truncated AAV4 ITR (together
yielding the scAAV genotype)’59 (2) an AAV helper plasmid contain-
ing AAV rep and cap genes; and (3) an adenoviral helper plasmid.75
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AAV helper plasmids and the encoded cap gene were adapted based
on the targeted cell type.

For the initial screens of the full shRNA panel in Vero E6 cells, vectors
were produced at small scale as “crude cell lysates” in a 6-well format
as reported before,76 using the LK03 capsid.36 Briefly, 3 � 106

HEK293T cells were seeded in 6-well plates in 2 mL full medium.
One day after seeding, cells were transfected with 870 ng of each
plasmid using a PEI mix containing 22 mL of PEI, 27 mL H2O, and
49 mL 300 mMNaCl (total volume, 98 mL), which was then combined
with the DNAmix at a total of 98 mL (DNA diluted in 49 mL H2O and
49 mL 300 mM NaCl). After vortexing and incubation for 10 min at
room temperature (RT), the combined mix was added dropwise to
each well. Forty-eight hours after transfection, the medium was
exchanged with 1 mL PBS (Life Technologies), and cells were har-
vested by pipetting. After centrifugation at 1,500 � g for 10 min,
the cell pellet was resuspended in 400 mL PBS and lysed by five
freeze-thaw cycles (liquid nitrogen/37�C) and 1 min of sonication.
Cell debris was removed by centrifuging the lysate for 10 min at
16,000 � g and discarding the pellet.

For subsequent experiments in cell culture, AAV production was
scaled up to five 15-cm dishes per construct using the LK03 capsid
for transduction of Vero E6 cells and gut organoids and AAV6 for
transduction of Caco-2 cells. 4 � 106 HEK293T cells were seeded
per 15-cm plate 2 days prior to triple transfection. A DNA mix was
prepared, containing 74 mg of each plasmid (shRNA vector, AAV
helper, and adenoviral helper) in 4 mL H2O and 4 mL 300 mM
NaCl. Next, a PEI mix was prepared, containing 2 mL PEI, 2.2 mL
H2O, and 4 mL 300 mM NaCl. Both mixes were combined, vortexed,
and incubated at RT for 10 min before being added dropwise to the
cells. Transfected cells were harvested 72 h later, pelleted by 15-min
centrifugation at 800� g, and resuspended in 5 mL Benzonase buffer
(150 mM NaCl, 50 mM Tris-HCl, 2 mM MgCl2 [pH 8.5]) before be-
ing lysed with five consecutive freeze-thaw cycles (liquid nitrogen and
water bath at 37�C). Lysates were incubated with 75 U/mL Benzonase
(Merck, Darmstadt, Germany) for 1 h at 37�C while inverting the
tubes every 10 min. Cell debris was cleared by two rounds of centri-
fugation at 4,000� g for 15 min and discarding the pellet. All vectors
were purified via iodixanol gradient density centrifugation. Each
lysate was filled to 7 mL and loaded into ultracentrifugation tubes (Se-
ton Scientific, Petulama, CA, USA) through a Pasteur pipette. This
was underlaid with 1.5 mL each of 15%, 25%, 40%, and, finally,
60% iodixanol solution. The sealed tubes were centrifuged at
50,000 rpm (4�C) for 2 h in an Optima L-90K ultracentrifuge using
a 70.1 Ti rotor (Beckman Coulter, Brea, CA, USA). Finally, the 40%
iodixanol phase containing full capsids was extracted through a nee-
dle, aliquoted, and stored at �80�C.

For mouse experiments, the AAV9 capsid was used, and vectors were
produced in 40 15-cm dishes per construct. They were purified via io-
dixanol gradients as described above but using lysate from 20 plates
per gradient tube; i.e., two gradients per sample. Each purified vector
sample (in 40% iodixanol) was then filled to 15 mL with PBS and
concentrated to approximately 500 mL using Amicon Ultra-15 centri-
fugation columns (Merck) by centrifugation at 1,000 � g. The col-
umns were briefly inverted every 5 min to prevent clogging of the
filter membrane.

AAV titration by quantitative real-time PCR

Concentrations of viral genomes in purified AAV stocks were deter-
mined by quantitative real-time PCR as reported previously,77 using
the GFP-forward 50-ATCTTCTTCAAGGACGACG-30 and GFP-
reverse 50-TCCTCCTTGAAGTCGATGC-30 primers with the GFP
probe 50-FAM-ACGACGGCAACTACA-BHQ1-30. Viral capsids
were lysed by incubating 10 mL of 1:10 diluted purified vector in
10 mL TE buffer with 20 mL 1 M NaOH at 56�C for 30 min. The alka-
line lysis reaction was stopped with 38 mL 2 M HCl and filled to 1 mL
with H2O. Per sample, three 10-mL qPCR reactions were prepared as a
3.5-foldmaster mix containing 17.5 mL Sensimix II (Sensimix II probe
kit; Meridian Bioscience, Cincinnati, OH, USA), 0.4 mM of each for-
ward and reverse primer, 0.3 mMprobe, and 5 mL of lysed vector sam-
ple or diluted reference GFP plasmid (1:10 dilutions from 5 � 108 to
5 � 103 copies per reaction for the standard curve). The qPCR was
run in a Rotor Gene 6000 (QIAGEN, Hilden, Germany) by first heat-
ing to 95�C for 10 min and then cycling 40 times between 95�C for
10 s and 60�C for 20 s. Afterward, a linear regression was performed
for the standard curve in the RotorGene 6000 Series 1.7 software. The
resulting copy number per reaction was corrected by multiplication
with 7 (dilution within the qPCR reaction) � 10 (pre-dilution of vec-
tor) � 100 (dilution during alkaline lysis) � 100 (result per mL).

AAV transduction and SARS-CoV-2 infection of cultured cells

Prior to transduction, Vero E6 cells were seeded in 96- or 48-well
plates with approximately 6,400 cells (in 100 mL medium) or 5 �
105 cells per well (in 500 mL medium), respectively. AAV vectors
were immediately added to each well at a multiplicity of infection
(MOI) of 105 vectors per cell, diluted in full medium to 10 mL (for
96-well plates) or 50 mL (for 48-well plates). Three days after transduc-
tion, cells were infected with SARS-CoV-2 at an MOI of 3 (BavPat1
strain, passage 3). For the viral escape experiment, 50 mL supernatant
from cells infected 1 day earlier was added to freshly AAV-transduced
cells. This was continued for a total of eight passages.

Evaluation of ACE2 knockdown with shRNA C20, C21, or C22

vectors

Single-shRNA AAV-LK03 vectors encoding shRNA ctrl, C20, C21, or
C22 were produced, purified, and titrated as described before. Vero
E6 cells were seeded in a 24-well format at a density of 1 � 105 cells
per well and immediately transduced at an MOI of 1� 105 (one vector
per well, n = 3 wells per vector). Three days later, cellular RNA was ex-
tracted using the RNeasy Mini Kit (QIAGEN) and converted into
cDNA using the High Capacity cDNA Synthesis Kit (Applied Bio-
systems, Waltham, MA, USA). Quantitative reverse transcriptase
PCR of cDNAwas performed for ACE2 as well as the housekeeper glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) with the StepOne-
Plus Real-Time PCR System (Thermo Fisher) using iTaq Universal
SYBR Green Supermix (Bio-Rad, Hercules, CA, USA). The primer
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sets used for quantitative reverse transcriptase PCR were GAPDH_fw
(50-ACCCACTCCTCCACCTTTGAC-30) andGAPDH_rev (50-TGTT
GCTGTAGCCAAATTCGTT-30) for GAPDH and hACE2_fw (50-TC
CATTGGTCTTCTGTCACCCG-30) and hACE2_rev (50-AGACCAT
CCACCTCCACTTCTC-30) for ACE2. Each reaction was performed
in duplicates, of which the mean Ct value was used for further analysis.
The difference in ACE2 expression was quantified by first normalizing
ACE2 Ct values to GAPDH for each replicate (i.e., DCt) and then
normalizing the active shRNA (C20–C22) conditions to shRNA ctrl
(i.e., DDCt). The fold change in expression was finally calculated using
the 2DDCtmethod. Statistical significancewas evaluated using a one-way
ANOVA.

Luciferase knockdown assays with psiCheck-2 reporters

To analyze shRNA knockdown efficiency in a luciferase reporter
context, a triple binding site for the C8, C12, and C3 shRNAs was de-
signed as forward (50-tcgagGTGATAGAGCCATGCCTAACActcacG
ACTGAGACTGACCTTACTAActagaGACAAGGCGTTCCAATTA
ACAgc-30) and reverse oligonucleotides (50-ggccgcTGTTAATTGGAA
CGCCTTGTCtctagTTAGTAAGGTCAGTCTCAGTCgtgagTGTTAG
GCATGGCTCTATCACc-30;Merck; lowercase letters are overhangs or
spacers). These were annealed and cloned into the 30 UTR of Renilla
luciferase in psiCheck-2 (Promega, Madison, WI, USA) using XhoI
and NotI restriction sites. To study knockdown of mutated shRNA
binding sites, point mutations from escape mutants (Figure 4A) were
selected for C8 (mutated binding site 8*: 50-GTGATAGGGCCATGCC
TAACA-30), C12 (mutated binding site 12*: 50-GACTGAGATTGAC
CTTACTAA-30), and C3 (mutated binding site 3*: 50-GACAAGGC
GTCCCAATTAACA-30), and permutations with one, two, or three
mutated binding sites were cloned by using oligonucleotides according
to the design above.

Dual luciferase assays were conducted by first seeding 12,500
HEK293T cells per well in a 96-well format. After 24 h, cells in
each well were co-transfected (n = 3 biological replicates) with
10 ng of reporter plasmid and 100 ng of effector plasmid using Lip-
ofectamine 2000 (Thermo Fisher, 0.4 mL per well). The effectors
used were single-shRNA constructs for shRNA ctrl (non-targeting
control), C8, C12, or C3; or TRISPR constructs expressing three
shRNAs each. Cells were lysed 4 days after transfection using passive
lysis buffer, and luminescence was measured in a GloMax Navigator
microplate luminometer using the Dual-Luciferase Reporter Assay
System (all from Promega). Relative luminescence units (RLUs)
were calculated by dividing Renilla by firefly luminescence values,
and they were subsequently normalized to the appropriate ctrl condi-
tion (TRISPR-C for the TRISPR panel and shRNA ctrl knockdown of
mutated binding sites).

Analysis of vector genome integrity

To analyze the genome integrity of scAAV vectors, 5 � 1011 AAV
particles (vector genomes as quantified by qPCR) were treated with
Proteinase K (QIAGEN) for 30 min at 56�C. Next, vector DNA was
extracted using the DNeasy Blood & Tissue Kit (QIAGEN), mixed
with 6� purple gel loading dye (NEB), and loaded next to the 1 Kb
2018 Molecular Therapy Vol. 30 No 5 May 2022
Plus DNA Ladder (Thermo Fisher) onto a native 1% agarose gel
stained with ethidium bromide (Roth, Karlsruhe, Germany). Electro-
phoresis was performed in 1� TAE (tris-acetate-EDTA) buffer at
120 V for 30 min.
Infection of colon organoids in 2D

8-well glass-bottom chambers (ibidi, Graefling,Germany)were coated
with 2.5% human collagen in water for 1 h prior to organoid seeding.
Organoids were collected at a ratio of 100 organoids per well of a 48-
well plate. Collected organoids were spun at 450� g for 5min, and the
supernatant was removed. Organoids were washed with cold 1� PBS
and spun at 450� g for 5 min. PBS was removed, and organoids were
digested with 0.05% Trypsin-EDTA (Life Technologies) for 5 min at
37�C. Digestion was stopped by addition of serum-containing me-
dium. Organoids were spun at 450� g for 5 min, and the supernatant
was removed before organoids were resuspended in normal growth
medium at a ratio of 250 mL medium per well. The collagen mixture
was removed from the ibidi chambers, and 250 mL of organoids
were added to each well. Forty-eight hours after seeding, the medium
was removed and replaced with differentiation medium for 4 days.
Following organoid differentiation, organoids were transduced with
AAV vectors at anMOI of 105. Three days after transduction, the me-
dium was removed, and transduced organoids were infected with
SARS-CoV-2 (BavPat1, passage 3) at an MOI of 1 for 1 h. Following
infection, virus was removed, cells were washed with 1� PBS, and dif-
ferentiation medium was replaced. Twenty-four hours after infection,
supernatants and RNA were harvested.
Infection of chronically infected Caco-2 cells

500,000 Caco-2 cells were seeded into a 6-well plate and infected with
SARS-CoV-2 at an MOI of 1. Forty-eight hours after infection, the
medium was replaced with fresh medium. Caco-2 cells were main-
tained in culture for 8 weeks with regular observation by qPCR and
immunofluorescence (IF) for SARS-CoV-2 replication. Caco-2 cells
continued to grow and secrete SARS-CoV-2 over the time course.
Eight weeks after infection, 100,000 chronically infected cells were
seeded into 24-well plates. Cells were transduced with AAV vectors
at anMOI of 105. 2, 3, and 5 days after transduction, mediumwas har-
vested for virus titration, and RNA was collected and processed as
described below.
RNA isolation, cDNA preparation, and quantitative reverse

transcriptase PCR of SARS-CoV-2-infected cells

RNA was harvested from cells using the RNeasy RNA extraction kit
(QIAGEN) following the manufacturer’s instructions. cDNA was
made using iSCRIPT reverse transcriptase (Bio-Rad) from 250 ng
of total RNA according to the manufacturer’s instructions. Quantita-
tive reverse transcriptase PCR was performed using iTaq SYBR
Green (Bio-Rad) following the manufacturer’s instructions. HPRT1
(primers for 50-CCTGGCGTCGTGATTAGTGAT-30 and 50-AGA
CGTTCAGTCCTGTCCATAA-30) was used as a housekeeper.
SARS-CoV-2 was detected with primers for 50-GCCTCTTCTGTTCC
TCATCAC-30 and rev 50-AGACAGCATCACCGCCATTG-30.
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Indirect IF assay of SARS-CoV-2-infected cells

Twenty-four hours after infection, cells were fixed in 4% paraformal-
dehyde (PFA) for 20 min at RT. Cells were washed and permeabilized
in 0.5% Triton X-100 for 15 min at RT. The primary antibody against
dsRNA (clone J2, catalog number 10010200; SCICONS, Szirák,
Hungary) was diluted 1:1,000 in PBS and incubated for 1 h at RT. Cells
were washed in 1� PBS three times and incubated with 1:10,000 dilu-
tions of secondary antibodies (IRDye 800CW anti-mouse immuno-
globulin G [IgG], catalog number 926-32212; LI-COR Biosciences,
Lincoln, NE, USA) and Draq5 (a DNA dye, catalog number
4ab108410, Abcam, Cambridge, UK) for 45 min at RT. Then cells
werewashed again in 1�PBS three times andmaintained in PBS. Cells
were imaged using an Odyssey (LI-COR Biosciences) reader.

TCID50 assay of de-novo-produced SARS-CoV-2

20,000 Vero E6 cells were seeded per well into a 96-well dish. Twenty-
four hour later, 100 mL of harvested supernatant was added to the first
well. Seven 1:10 dilutions were made (all samples were in triplicate).
Infection was allowed to proceed for 24 h before cells were fixed in 4%
PFA for 20 min at RT. PFA was removed, and cells were washed twice
in 1� PBS and then permeabilized for 10 min at RT in 0.5% Triton X-
100. Cells were blocked in a 1:2 dilution of blocking buffer (LI-COR
Biosciences) for 30 min at RT and then stained with 1:1,000 diluted
anti-dsRNA antibody (clone J2, catalog number 10010200, SCI-
CONS) for 1 h at RT. Cells were washed three times with 0.1% Tween
in PBS. Secondary antibody (IRDye 800CW anti-mouse IgG, catalog
number 926-32212, LI-COR Biosciences) and the DNA dye Draq5
(Abcam) were diluted 1:10,000 in blocking buffer and incubated for
1 h at RT. Cells were washed three times with 0.1% Tween/PBS and
finally imaged in 1� PBS on an Odyssey (LI-COR Biosciences)
imager.

Sanger sequencing analysis of mutated shRNA binding sites

RNA was extracted from cell supernatants of passages 1, 3, 5, and 7
from the viral escape experiment using the RNeasy Mini Kit (-
QIAGEN) by following the manufacturer’s instructions and eluting
with 30 mL nuclease-free H2O. The entire eluate was subjected to
reverse transcription using the High Capacity cDNA Synthesis Kit
(Applied Biosystems). Per cDNA sample, two fragments were PCR
amplified separately from (1) the SARS-CoV-2 RdRp gene in ORF1ab
containing the C8 and C12 shRNA binding sites and (2) from the N
gene containing the C3 shRNA binding site. For the RdRp gene,
amplification was achieved with the primer set C8C12_Rseq_fw 50-G
CAAATTCTATGGTGGTTGGCA-30 and C8C12_Rseq_rev 50-CCG
GCCCCTAGGATTCTTGA-30, whereas the N gene fragment was
amplified with primers C3_Nseq_fw 50-AGAATGGAGAACGC
AGTGGG-30 and C3_Nseq_rev 50-GCTTCTGGCCCAGTTCCT
AG-30. Each PCR reaction contained 0.5 mL of Phusion Hot Start II
High Fidelity DNA polymerase (Thermo Scientific) as well as 10 mL
Phusion HS II buffer, 1 mL deoxynucleotide (dNTP) solution mix
(NEB), 0.25 mL of each of the respective forward and reverse primers
(100 mM stock; final concentration, 0.5 mM), 5 mL cDNA template,
and 35 mL nuclease-free H2O (QIAGEN). Amplification was per-
formed with an initial denaturation at 98�C for 30 s, followed by 40
cycles of denaturation (98�C, 15 s), annealing (60�C, 30 s) and elon-
gation (72�C, 30 s), and a final 5-min elongation at 72�C. PCR prod-
ucts were prepared for Sanger sequencing by mixing 1 mL amplicon
with 8.75 mL H2O and 0.25 mL of the respective forward or reverse
amplification primer (100 mM stock; final concentration, 2.5 mM),
and then sequenced with the Eurofins Genomics Sanger sequencing
service.

Experiments in hACE-2-transgenic and wild-type ctrl mice

Animal experiments at the University of Heidelberg were carried out
in accordance with the standards approved by the central animal fa-
cility of the University of Heidelberg (G-96/20). Male heterozygous
K18-hACE2 (B6.Cg-Tg(K18-ACE2)2Prlmn/J) mice in the C57BL/6
background were obtained from The Jackson Laboratory (stock num-
ber 034860), imported via embryo transfer into the general animal fa-
cility at the University of Heidelberg, and bred heterozygously with
wild-type C57BL/6 females. The genotype of the mice was assessed
by PCR on total genomic DNA from ear punches using primers
that distinguish between homozygous and heterozygous K18-
hACE2 transgenic and wild-type mice: primer 53437, 50-GACCCCT-
GAGGGTTTCATATAG-30; primer 53438, 50-CACCAACACAGTT
TCCCAAC-30; and primer 53439, 50-AAGTTGGAGAAGATGCT
GAAAGA-30. Mice were kept at 22�C ± 2�C at 45%–65% relative hu-
midity with a 12-h light/dark cycle and fed ad libitum with Altromin
Rod 16 or Rod 18. Cages were supplemented with ABBEDD LT-
E�001 bedding and Crincklets nest pads. At the general animal facil-
ity, mice were kept in conventional type II cages with filter tops. At the
age of 14 weeks, 2 days before initiation of the experiment, mice were
transferred into the biosafety level 3 (BSL3) area, kept in individually
ventilated cages (Green Line; Tecniplast, Buguggiate, Italy) under
negative pressure, and provided with DietGel Boost (ClearH2O,
Westbrook, ME, USA) to reduce the severity of weight loss upon
infection.

Male K18-hACE2 transgenic mice and wild-type littermates were
transduced with AAV9 vectors intranasally under short-term anes-
thesia with 5% isoflurane, by applying 2 � 1011 vg in a total volume
of 50 mL PBS to both nostrils. Seven days later, mice were infected via
both nostrils with 5 � 104 PFUs of SARS-CoV-2 BavPat1 in a total
volume of 50 mL DMEM without supplements. The SARS-CoV-2
isolate Bavpat1/2020 was kindly provided by Prof. Christian Drosten
andMirko Cortese through the European Virology Archive (Ref-SKU
026V-03883) at passage 2.73 Working stocks were generated by
passaging the virus twice in Vero E6 cells. Mice were visually in-
spected every day to assess disease score and body weight. Transgenic
mice were harvested when they qualified for euthanasia by reaching
the maximum disease score of 20 (Table S4). The respective wild-
type animals were always harvested in parallel. For organ harvest,
mice were deeply anesthetized with 5% isoflurane and killed by
cervical dislocation. Lungs and brains were collected and directly
transferred into pre-cooled 2-mL homogenization tubes filled with
1.4-mm ceramic beads (Omnilab, Bremen, Germany) and 500 mL
DMEM without supplements. Tissue was homogenized for 1 min at
4 m/s using a Bead Ruptor 12A (Omnilab) and centrifuged at 4�C
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for 1 min at maximum speed, and then the supernatant was trans-
ferred into a fresh tube.

Samples for qPCR and the plaque assay were generated from
cleared organ homogenates. For qPCR, 50 mL of cleared organ
homogenate was mixed with 350 mL lysis buffer LBP (Macherey-
Nagel, Düren, Germany) and stored at �80�C until RNA extrac-
tion. RNA isolation (NucleoSpin RNA Plus Mini Kit, Macherey-
Nagel), cDNA synthesis (high-capacity cDNA reverse transcription
kit, Thermo Scientific), and quantitative reverse transcriptase PCR
were performed as described previously.73 Briefly, cDNA samples
were diluted 1:15 and used for qPCR with iTaq Universal SYBR
Green Master Mix (Bio-Rad) using the primers SARS-CoV-2-N
Fwd 50-GCCTCTTCTCGTTCCTCATCAC-30 and SARS-CoV-2-
N Rev 50-AGCAGCATCACCGCCATTG-30. Relative abundance
of viral RNA was determined by correcting cycle threshold values
for PCR efficiency. A standard of known concentration was
included on each plate to calculate absolute viral RNA copy
numbers from a standard curve.

Plaque assays were performed as described previously.78 Here, Vero
E6 cells were infected with serial dilutions of infectious supernatants
or cleared organ homogenates. After infection for 1–3 h, the superna-
tant was removed, and cells were incubated with minimum essential
medium (MEM) containing 0.8% carboxymethylcellulose (Sigma-Al-
drich). 72 h after infection, cells were fixed with 10% PBS-buffered
formaldehyde (37�C for 30 min), followed by immersion of the whole
plates in 6% H2O-diluted formaldehyde (37�C for 30 min) and stain-
ing for 15–30 min with 2.3% crystal violet solution (Sigma-Aldrich).
After washing and drying the stained plates, plaques were counted
manually, and virus titers were calculated.

Transduction of BALB/c mice with AAV9 vectors for infection

with SARS-CoV-2-MA10 or wild-type SARS-CoV-2

Female BALB/c mice used in SARS-CoV-2-MA10 infection experi-
ments were obtained from Envigo (Indianapolis, IN, USA; BALB/
cAnNHsd, strain 047) and housed at the University of North Carolina
at Chapel Hill until AAV transduction. The generation of recombi-
nant SARS-CoV-2 MA and in vivo passaging was approved for use
under BSL3 conditions by the University of North Carolina at Chapel
Hill Institutional Review Board (UNC-CH IBC) and by a Potential
Pandemic Pathogen Care and Oversight committee at the National
Institute of Allergy and Infectious Diseases (NIAID). All animal
work was approved by Institutional Animal Care and Use Committee
at University of North Carolina at Chapel Hill according to guidelines
outlined by the Association for the Assessment and Accreditation of
Laboratory Animal Care and the U.S. Department of Agriculture. All
work was performed with approved standard operating procedures
and safety conditions for SARS-CoV-2. AAV9-SAVIOR, scrambled
gRNA ctrl, or EGFP vectors were administered at 2 � 1011 vg via
the intranasal route 1 or 2 weeks prior to SARS-CoV-2-MA10 chal-
lenge. Then the animals were moved into the BSL3 laboratory, where
they were acclimated until the start of the challenge experiment. Mice
were anesthetized with ketamine/xylazine prior to intranasal infec-
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tion with 1 � 104 PFUs of SARS-CoV-2 MA10 diluted in PBS. Infec-
tion-related parameters, such as weight loss and morbidity, were
monitored daily. Lung function was recorded via whole-body pleth-
ysmography (WBP; DSI Buxco respiratory solutions, St. Paul, MN,
USA) for the indicated cohorts and time points as described
previously79 and analyzed using FinePointe (DSI, New Brighton,
MN, USA), to determine PenH and Repf (airway resistance of the
mouse lung) as well as EF50 (exhalation flow rate).

Ctrl as well as SARS-CoV-2-MA10-infected mice were euthanized via
isoflurane overdose and harvested at the indicated time points.
Caudal right lung lobes were collected for measurement of HSs
(ranging from 0–5 with 0.5 increments, as determined by the overall
edema of the mouse lungs) and viral load analysis via plaque assay, for
which tissue was homogenized in 1 mL of PBS and glass beads. Dilu-
tion series of supernatants were used to infect monolayers of Vero E6
cells, which were stained with Neutral Red dye 72 h after infection to
visualize plaques.

Bioinformatics analysis of mutations in known SARS-CoV-2

genomes

As of September 2021, a total of 365,255 full-length SARS-CoV-2 ge-
nomes were acquired from GenBank (http://www.ncbi.nlm.nih.gov).
These genome sequences were mapped against the SARS-CoV-2
reference genome (GeneBank: NC_045512.2) by utilizing BWA
(v.0.7.17).80 Variant calling was performed by using SAMtools
(v.1.11) and BCFtools (v.1.11).81 Detected genomic variants were an-
notated by SnpEff (v.4.5.1)82 using a locally built annotation database
corresponding to the NC_045512.2 reference acquired from the
NCBI database as a GFF (general feature format) file. Computations
were performed on a high-performance cluster running the Slurm
Workload Manager using 16 CPUs and 8 GB memory. Visualization
of the genome-wide mutation landscape was performed in R
(v.3.6.3).83 The dataset was split into 20 subsets and processed in par-
allel because of the computational limitations of R for character
strings. Average identity (percent) of 40,000 randomly picked,
aligned, full-length SARS-CoV-2 genomes per genomic site was
calculated as the ratio of the number of genomes with mutation to
the total number of genomes in the dataset (40,000). Scripts used
for variant calling, annotation, and visualization are available from
the corresponding author upon request.

Statistical analysis

For quantification of p values, the GraphPad Prism software package
was used to conduct a two-tailed unpaired t test or Kruskal-Wallis test
with Dunn’s multiple comparisons test. p values are indicated as fol-
lows: ns, non-significant; *p% 0.05; **p% 0.01; ***p% 0.001; ****p
% 0.0001. In Figure 7, transgenic animals were compared among
each other, as were wild-type animals and animals that received the
same treatment.
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