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Abstract

Recombinant Adenovirus vectors enable highly efficient gene delivery in vitro and in vivo. As a result,
they are widely used in gene therapy, vaccination, and anti-cancer applications. We have previously
developed the AdZ vector system, which uses recombineering to permit high throughput cloning of
transgenes into Adenovirus vectors, simplifies alteration of the vector backbone, and enables rapid
recovery of infectious virus, even if a transgene is incompatible with vector replication. Here we adapt
this vector system to enable high throughput cloning of sequences for CRISPR/Cas9 editing. Vectors
were optimised to ensure efficient cloning, and high editing efficiency using spCas9 and sgRNA
sequences in a single vector. Using a multiplicity of infection of 50, knockout efficiencies of up to 80%
could be achieved with a single sgRNA. Vectors were further enhanced by altering the spCas9
sequence to match that of SniperCas9, which has reduced off-target activity but maintains on-target
efficiency, and by applying modifications to the sgRNA sequence that significantly enhance editing
efficiency. Thus, the AdZ-CRISPR vectors offer highly efficient knockout, even in hard to transfect cells,
and enables large scale CRISPR/Cas9 projects to be undertaken easily and quickly.



Introduction

CRISPR/Cas9 enables rapid, simple, genome editing to achieve knockout or replacement of sequences
both in vivo and in vitro, in a wide variety of species’®. It is most widely used for knockout, which
requires simply the Cas9 protein, and a single guide RNA (sgRNA) containing a targeting sequence for
the gene of interest. Delivery of these in vitro can be done by plasmid transfection, protein
transfection, mRNA, or Lentiviral delivery. However, plasmid and lentiviral use frequently relies on
antibiotic resistance markers to enrich transduced/transfected cells — which is problematic if cells are
already resistant due to prior transduction with other lentiviral constructs. Furthermore, plasmids,
mRNA, and protein transfection require cells that transfect efficiently, while lentiviruses result in
permanent expression of Cas9 which may lead to increased off-target effects over time. These issues
also limit use of plasmids, proteins, and lentiviruses, for in vivo CRISPR/Cas9 delivery. As a result,
Adeno-associated viruses (AAV) are often used for in vivo purposes, where their low immunogenicity
is extremely advantageous in permitting long term expression of transgenes for gene therapy
applications®. However long-term expression is unnecessary, and may be undesirable, in the case of
CRISPR/Cas9, and the relatively small packaging limits of AAV can necessitate the use of novel Cas9
variants’?.

Adenovirus (Ad) vectors circumvent many of these issues®; they transduce a wide variety of cells in
vitro and in vivo with extremely high efficiency; they do not integrate; they have higher packaging
limits; they have an excellent in vivo safety profile; and they give transient expression. As a result, they
are widely used for gene delivery, vaccination, and in oncolytic applications in vivo, and as highly
efficient gene delivery agents in basic research. They also grow rapidly, to high titres, are extremely
stable, readily manipulated, and comparatively cheap to grow at scale. Together these properties
make them extremely useful for CRISPR/Cas9 delivery in vitro and in vivo. The inherent
immunogenicity of Ad vectors does have the potential to reduce the efficacy of in vivo delivered
CRISPR/Cas9 in comparison to AAV® °, Nevertheless, a number of studies have demonstrated that
CRISPR/Cas9 expressing Ad vectors can successfully treat inherited disorders in animal models®, and
genetic or chemical manipulation of the vector can be used to reduce immunogenicity further'?,

The Adenovirus type 5 (Ad5) genome is the most widely used in vector applications. It comprises 36Kb
linear dsDNA, bracketed by inverted repeats. Genes are grouped into four early transcription units
(E1, E2, E3, E4), delayed early, as well as a multiple spliced major late transcript!2. Most recombinant
adenovirus (RAd) vectors are rendered replication deficient by deleting the essential E1 region, and
must therefore be propagated on helper cells expressing E1 in trans'* 4. The E3 region is non-essential
for replication in vitro, and removing E3 in addition to E1 permits insertion of coding sequences up to
~8Kb. Additional regions of the Ad genome can be removed to provide for larger inserts, however
these vectors become more difficult to produce for routine applications.

Early RAd vector systems involved insertion of a transgene into a transfer plasmid using traditional
cloning techniques, then recombination of that transfer plasmid with the Ad genome either in E.coli,
yeast, or in mammalian cells’>!%, These systems were widely used, however they were relatively
labour-intensive and poorly suited to cloning multiple genes simultaneously due to the requirement
for sequential sub-cloning steps to generate the transfer vector, followed by additional steps needed
to recombine the vector with the backbone. Recombination could be problematic, and could suffer
from low efficiency. Finally, if expression of the transgene was toxic, or incompatible with vector
replication, the final vector could not be propagated.

To address these problems, we developed a novel RAd vector (‘AdZ’; http://AdZ.cf.ac.uk) in which
inserts could be inserted directly into the intact Ad genome through recombination mediated genetic



engineering (recombineering) in E.coli**?!. The vector is then recovered without needing linearisation
of the genome, in a cell line that silences the transgene during growth (Figure 1). In this way,
construction of the vector occurs in a single step, with no additional manipulation of DNA, and even
toxic inserts can be cloned. As a result of these modifications, cloning of multiple genes into RAd
vectors became much simpler and rapid. Indeed, we used the AdZ system to generate a bank of 170
RAd vectors expressing all canonical ORFs from human cytomegalovirus (HCMV), in order to enable
systematic screening for gene function?*?, An additional advantage of generating a RAd vector
compatible with recombineering is that this technique is not restricted to insertion of transgenes. It
can also be used to modify any region of the Ad genome, in a completely scar-less manner. As a result,
this vector system has been used by our lab and others, to generate oncolytic viruses?” 2, to enhance
their infection efficiency?® *°, to expand the tropism of Adenovirus vectors3!, to alter tropism
specificity of the virus to become tumour-selective®?3¢, to shield virus from neutralising antibodies®’,
to enhance immunogenicity®, and to dissect adenovirus gene function®.

In the current work we expand the use of the AdZ system to generate a CRISPR/Cas9 vector that is
capable of performing CRISPR-Cas9 gene editing with high efficiency and accuracy, for use in vivo, or
with hard to transfect cells in vitro.



Results

Generation of a AdZ vector encoding CRISPR/Cas9 sequences

To determine whether the AdZ vector system could be converted into a vector capable of mediating
gene editing with CRISPR-Cas9, we inserted the complete coding sequence for a human optimised
spCas9, along with two nuclear localisation signals, and a FLAG tag, downstream of the tetR-regulated
HCMV major immediate early promoter (MIEP) in the AdZ vector. We then inserted an expression
cassette encoding the U6 promoter, along with a sgRNA capable of targeting Cas9 to beta-2-
microglobulin (B2M)*. Where two expression cassettes are incorporated into a single RAd vector, two
sites are commonly used for the second cassette; either immediately following the first (in the E1
region), or in the E3 region. To determine whether there was any variation in expression efficiency
between these sites, we inserted the sgRNA expression cassette either directly after the Cas9
expression cassette, or in E3, in both forward and reverse orientations (Fig 2A). Vectors were then
grown, and knockout efficiency compared. The vector with the sgRNA in the reverse orientation within
E3 grew to 20-fold lower titres than the other three vectors, and therefore was not tested further (Fig
2B). However, the remaining three vectors all grew to similar titres. To determine the relative
efficiency of knockout, a cleavage detection assay can be used. However, cleavage does not
necessarily correlate with loss of protein, due to reinitiation or exon skipping*'. We therefore assessed
knockout by flow cytometric staining for HLA-I, which is lost in the absence of functional f2m. No
major differences were observed between the vectors when HLA-I knockout was tested by flow
cytometry (Fig 2C). No cells were observed with an intermediate level of HLA-I expression. This implies
that in the majority of cells where gene editing occurred, both alleles were altered. This effect also
occurred when using spacer sequences targeting other genes, when using lentiviral or plasmid based
vectors, and in other cell types (not shown), and is consistent with published data*.

AdZ vectors support rapid, high efficiency cloning of sgRNA sequences

We next replaced the 20bp spacer within the sgRNA that targets B2M, with a selectable cassette
encoding amp’, lacZa, and sacB, in each vector (Fig. S1). This cassette enables the selection of correctly
recombined colonies once spacers targeting genes of interest have been inserted. For any gene to be
targeted, a 100bp oligo encoding the 20nt spacer that targets that gene is synthesized, along with
40bp on either side that has homology to the sgRNA cloning site. Recombineering is then used to
replace the cassette with the oligo, followed by plating on selective media containing sucrose and X-
gal, and selecting white colonies (Fig. S1). We then cloned 16 different spacer sequences targeting a
variety of genes, into vectors containing sgRNA in either E1 or E3. Cloning efficiency was consistently
higher in the vector containing the sgRNA in E3 (Fig. 3A); this vector was therefore used in all
experiments moving forwards. When white colonies were sequenced, all contained the intended
spacer insertion, however single base changes or deletions were occasionally observed either within
the spacer insert, or in the region where recombination had occurred, presumably as a result of errors
during recombination. When 39 different spacers were inserted, 32 colonies had the correct sequence
after a single clone was picked, a further 6 after a second colony, and the final one after the third
colony was sequenced (Fig 3B-C). Thus, cloning efficiency is extremely high, and sequencing a single
colony from each plate is sufficient to obtain sequence-verified clones for the majority of inserts.

Higher MOI enables higher rates of editing

Having established a RAd vector that was compatible with high throughput cloning of sgRNA, we
determined the parameters that affected knockout efficiency. HFFF-CAR (human foetal foreskin
fibroblasts expressing the Coxsackie-Adenovirus Receptor (CAR) were transduced with the CRISPR RAd
targeting B2M, at MOI=5. We did not observe strong knockout at 4-days post-transduction, however
when cells were left to grow, a population containing lower surface levels of HLA-I was apparent by



day 9, and by day 13, HLA-I signals in this population were reduced to the level of negative control
isotype staining (Fig 4A). Thus, in this system, it was important to wait 10-14 days to clearly define
knockout populations.

Although the ability of the CRISPR RAd to give complete knockout in 50% of cells was impressive (Fig
2C), especially given that the low transfection efficiency of these cells meant that transfection of the
same sgRNA in the popular PX459 plasmid vector did not result in detectable knockout (data not
shown), we investigated whether it was possible to improve knockout efficiency by adding more
vector. Using a GFP expressing RAd vector, ~70% of HFFF-CAR are transduced at MOI=5, but this can
be increased to >95% by MOI=50 without observation of toxicity (Fig 4B). In accordance with this,
knockout efficiency increased at higher MOI (Fig 4C). We also investigated whether knockout
efficiency could be improved by increasing expression levels from the promoter that drives Cas9
expression, by the use of Forskolin*®. The addition of forskolin increased knockout efficiency slightly,
at lower MOls, resulting in knockout of HLA-I in almost 80% of cells (Fig 4C).

HFFF-hCAR transduce relatively well with RAd, due to high levels of CAR expression3’. To determine
whether the same result occurred with cells that express lower amounts of CAR, we used the epithelial
cell line RPE-1. These cells require MOI=200 to achieve >90% transduction (Fig 4D). Increasing the MOI
to 200 gave a significant increase in knockout efficiency without obvious toxicity, however addition of
further vector did not lead to increases in knockout (Fig 4E). Unlike in HFFF-CAR, the addition of
forskolin did not increase knockout efficiency (Fig 4F).

Thus, optimum knockout efficiency is largely dependent on using an appropriate MOI for the cell type
under investigation, and reached a maximum of ~80% knockout. Enhancing expression levels of Cas9
with forskolin can sometimes lead to small improvements in knockout efficiency at lower MOI. To
provide direct evidence that the AdZ-CRISPR vector resulted in genome editing, DNA was extracted
from transduced cells, a 151bp region surrounding the recognition site for the B2M spacer was PCR
amplified, TOPO cloned, and individual clones sequenced. The proportion of clones demonstrating
editing would not be expected to exactly match the proportion of cells demonstrating knockout of
protein expression; edited clones can still express protein due to re-initiation or exon skipping®!, while
cells in which Cas9 editing has resulted in larger deletions surrounding the target site (a well known
phenomenon with CRISPR editing** *°) will lack protein expression, but would not be detected due to
loss of one or both PCR primer binding sites. Nevertheless, we observed clear evidence of genetic
editing; following transduction of cells with a MOI sufficient to infect >90% of cells, 4/10 (HFFF-hCAR,
expressing high CAR levels) or 9/10 (RPE-1, expressing low CAR levels) PCR clones demonstrated edits
(Fig. 4G).

AdZ vectors carrying improved Cas9 and sgRNA sequences support optimised editing

One of the risks with CRISPR-Cas9 is that gene edits can be made at sites other than those intended.
As a result, attempts have been made to increase the fidelity of Cas9 edits, through mutating the Cas9
protein“®>, To investigate whether higher fidelity spCas9 worked in the context of our RAd vector, we
took advantage of the ability of recombineering to introduce seamless modifications anywhere in the
genome; introducing N692A, M694A, Q695A and H698A mutations into Cas9 within the RAd,
generated HypaCas9 (Figure S2)*. This has been reported to show high genome-wide specificity
without compromising on-target activity in human cells. However, using the B2M sgRNA we
consistently observed a lower knockout efficiency with HypaCas9, and this could not be enhanced
with the addition of forskolin (Fig 5A).

As an alternative we therefore introduced the mutations F539S, M763l, and K890N, collectively
termed SniperCas9 (Figure S2)°°. These mutations have also been reported to reduce off-target effects



without affecting on-target editing by Cas9. They offer a further advantage, however, in that
SniperCas9 is compatible with the addition of an extra ‘G’ base at the beginning of the sgRNA targeting
sequence. l.e. the sgRNA must begin with a G for efficient expression from the U6 promoter; where a
sgRNA does not naturally begin with a ‘G’, one can be added, but this modified sequence cannot
normally be used with enhanced Cas9 variants. SniperCas9 is equally as effective when using such
modified sgRNA sequences, giving greater flexibility in sgRNA selection. The introduction of
SniperCas9 into our vector had a small impact on knockout efficiency (Fig 5B), however this was much
less dramatic than seen with HypaCas.

Finally, we also introduced two enhancing modifications to the sgRNA scaffold. These mutations
extend the sgRNA duplex by 10bp and remove a potential RNA pol IIl pause signal in the sgRNA,
increasing the efficiency of CRISPR/Cas9 editing (Figure S2)°2. The addition of this alteration had no
effect on editing efficiency with the B2M sgRNA (Fig 5C), however it did enhance the activity of a
vector carrying SniperCas9, such that it gave knockout efficiencies identical to Cas9 (Fig 5D). The B2M
sgRNA already enabled very efficient knockout. To determine whether this modification enhanced the
rate of knockout with lower efficiency sgRNA, we cloned multiple spacers targeting PDGFRA or CD155
into the original vector, or the vector containing both SniperCas9 and the enhanced sgRNA scaffold.
Using these optimised vectors, all 8 sgRNA showed enhanced activity, including three that showed no
activity at all in the original vector, but clear activity in the enhanced vector (Fig 5E-F). Although these
vectors contained two modifications (both sgRNA and Cas9 were modified), given that the SniperCas9
showed equal or slightly reduced activity to wildtype Cas9 (Fig 5B), it is likely that this enhancement
was due to the sgRNA sequence. Thus, the ‘SniperCas9/sgRNA+" vector offers both more accurate
editing, and significantly improved editing efficiency.



Discussion

A number of systems have aimed to improve on adenovirus vectors that required traditional cloning
into a transfer vector, followed by recombination with the adenovirus backbone. Systems exist to use
gateway cloning from a ‘entry’ vector, directly into the Ad genome®3, or to use traditional cloning into
a subgenomic fragment of the Ad vector, followed by re-assembly in a Gibson reaction®*. These offer
speed, ease-of-use, and throughput advantages over earlier systems. However, recombineering
directly into the genome offers further advantages. There is no requirement for an ‘entry’ vector, and
there is no requirement for re-assembly of the genome after construction. The first application of
recombineering to Ad vectors was to allow manipulation of an Ad19-based vector®>, although this
system requires an additional re-transformation to select colonies in which the desired modification
has occurred. The AdZ system applied a simpler recombineering approach to Ad5 vectors deleted for
E1 and E3%, and the same technology has also been subsequently applied to gutless adenovirus
vectors®®.

A number of CRISPR-based Adenovirus vectors have been generated in Adenovirus vector systems,
however all require an initial cloning step for the gRNA, in a shuttle vector that is then recombined
with the Ad backbone in subsequent steps®’>°. The AdZ system therefore offers significant advantages
in terms of time and effort for the insertion of gRNA sequences, especially if multiple different sgRNA
expressing RAd are to be cloned simultaneously — there is not even a requirement to anneal
oligonucleotides before recombineering, they are simply ordered, and electroporated directly into the
competent bacteria containing the intact RAd genome. The ability to edit the vector backbone is
another advantage of the AdZ system, exemplified by our modifications to the components of the
CRISPR/Cas9 system, including (i) a Cas9 variant that offers lower off-target editing while keeping on-
target efficiency, (ii) is tolerant of the addition of an initial ‘G’ for efficient transcription, (iii) a sgRNA
scaffold structure that improves editing efficiency. As CRISPR/Cas9 technology improves further, it will
be simple to adapt these vectors. Furthermore, the use of a promoter that is silenced in packaging
cells means that vectors carrying sgRNA targeting genes that interfere with adenovirus replication can
be grown to high titres, ensuring success when growing vectors®. Finally, the relatively high packaging
limit of RAd vectors allows for the incorporation of homology-directed repair (HDR) templates if gene
modifications, rather than gene knockouts, are required.

A major advantage of Adenovirus vectors is their ability to transiently deliver genes to a high
proportion of target cells, without any requirement for drug selection. Where a cell type does not
express high levels of CAR, it is still possible to transduce many cells by simply using higher MOI,
although this needs to be empirically tested to ensure there is no particle-associated toxicity.
Alternatively, a variety of genetic approaches can be used to retarget RAds to use novel receptors®,
or Factor X can be added to the virus to enable entry via heparan-sulfate proteoglycans®® ®2. The
transduction efficiency is demonstrated here by our ability to knock genes out in a cell line (HFFF)
where plasmid transfection failed, with knockout in over 80% of cells achievable. It is also possible to
co-deliver vectors targeting multiple sites within the same gene. If each sgRNA works efficiently, this
can result in knockout of a gene in essentially all cells, with no requirement to sort or single-cell
clone®. The biggest issue with CRISPR/Cas9 systems remains the selection of an efficient sgRNA
sequence, as demonstrated by the disparate knockout efficiency seen with sgRNA targeting B2M as
opposed to those targeting PDGFRA and CD155. A large number of computational tools are now
available to design efficient sgRNA with minimal off-target effects, which can reduce this problem®*
% The main limitation of our system, in comparison to other vector types, is that the RAd vector must
be grown up over the course of ~2 weeks, and titrated prior to use.



In summary, the combination of a vector system (i) carrying an enhanced sgRNA sequence, (ii) with a
more accurate Cas9, (iii) that supports rapid and efficient cloning of sgRNA sequences from
oligonucleotides directly into an intact Ad vector genome, (iv) that is automatically excised from the
prokaryotic vector in mammalian cells, (v) that suppresses Cas9 expression during vector propagation,
(vi) that enables high efficiency editing even of hard to transfect cells, (vii) without any need for drug
selection, and (viii) uses transient Cas9 expression, means that CRISPR/Cas9 editing projects can now
be approached with confidence in almost any cell type.



Materials and Methods

Cells and Viruses

293TREXx cells were purchased from Invitrogen, RPE-1 cells were purchased from Clontech. HFFF-hCAR
are human fetal foreskin fibroblasts that have been immortalised with human telomerase, and express
the coxsackie-adenovirus receptor (CAR), and have been described before3. All cells were grown in
DMEM containing 10% fetal calf serum, at 37°C, in 5% CO,. The AdZ vector has been described
before®®. Vector was recovered from AdZ constructs by midiprepping DNA (Nucleobond Xtra Midi,
Machery-Nagel), and transfecting 293TREx cells using effectene, according to manufacturer’s
instructions. Vector was passaged in 293TREx cells, and titrated by infecting 293TREx cells with serial
dilutions of the preparation, followed by staining for adenovirus proteins as previously described®. In
all cases, MOI was calculated on the basis of spot forming units, which are equivalent to plaque
forming units (PFU)®>.

Recombineering

All recombineering steps were carried out as previous described®®. In brief, SW102 bacteria containing
the AdZ BAC of interest were grown at 32°C until ODgy=0.55, then incubated at 42°C for 15 minutes
to induce expression of recombineering genes. Bacteria were washed twice with ice cold water,
resuspended in a small volume, and DNA constructs to be recombined with the vector were added.
Mixtures were electroporated using the ‘EC3’ program (Micropulser, Biorad), then 1ml LB media
added. After recovering for 1h at 32°C, bacteria were plated onto selective media. For modifications
to the vector backbone, an initial positive selection step using a cassette encoding ampicillin
resistance, lacZa, and sacB was performed. This cassette was PCR amplified using primers containing
80bp homology to the target insertion site in the 5’ region of both primers, gel purified,
recombineered into the target site, and bacteria were plated on media containing X-gal, IPTG,
chloramphenicol (12.5ug/ml), and ampicillin (50pg/ml) to select for recombinants. In a second,
negative selection step, sequences to be inserted were PCR amplified using 80bp arms of homology,
and gel purified, before being inserted in place of the selection cassette, again using recombineering.
This time, bacteria were recovered for 3h in 5ml of LB after electroporation, and plated on LB Agar
lacking NaCl, but containing 5% sucrose. This efficiently selects against colonies in which the original
selection cassette remains. Full protocols are available on our website, AdZ.cf.ac.uk.

Primers used in recombineering are listed in Table 1, all constructs were verified by Sanger sequencing.
To insert spCas9 under the control of the HCMV MIEP, the entire ORF was gene synthesized and
inserted into the AdZ vector pAdZ5-CV5%. To insert the sgRNA sequence, the amp’/lacZ/sacB cassette
was inserted either immediately after the polyadenylation sequence for spCas9, or in the E3 region.
The cassette was then replaced with a sgRNA sequence that was PCR amplified from pX459 (Addgene),
using primers gRNAF-1/gRNAR-1 (after the polyadenylation sequence, forward orientation), gRNAF-
2/8RNAR-2 (after the polyadenylation sequence, reverse orientation), gRNAF-3/gRNAR-3 (E3, forward
orientation), gRNAF-4/gRNAR-4 (E3, forward orientation). To enable insertion of spacers targeting
different genes into the sgRNA constructs, the amp’/lacZ/sacB cassette was inserted in place of the
original gene-specific spacer sequence, using primers sacbF gRNA and sacbR gRNA.

To modify spCas9 to carry HypaCas9 modifications, the amp’/lacZ/sacB cassette was amplified using
primers SB-HypaCasF and SVB-HypaCasR, then the cassette removed and replaced with HypaCas
modifications using oligo HypaCas. To modify spCas9 to carry the SniperCas sequences, the
amp'/lacZ/sacB cassette was amplified using primers Sniper-SacBF and Sniper-SacBR, before being
replaced with a gene synthesized DNA fragment carrying the appropriate modifications. To introduce
enhancing modifications into the sgRNA sequence, the amp’/lacZ/sacB cassette was amplified using



primers gRNA_optSacBF and gRNA_optSacBR, then replaced using the paired oligos gRNA_optF and
gRNA_optR.

gRNAF-1 GCAGCGCCCCTCTTAACAAGCCGACCCCCACCAGCGTCGCGGTTACTAACACTCCTCT
CCCCGACCTGCAGCCCAAGCTTGAGGGCCTATTTCCCATGAT

gRNAR-1 CTGCTGCAAAACAGATACAAAACTACATAAGACCCCCACCTTATATATTCTTTCCCACC
CTTAAGCCACGCCCACACAAAAAAAAGCACCGACTCGGTGC

gRNAF-2 GGCTGCTGCAAAACAGATACAAAACTACATAAGACCCCCACCTTATATATTCTTTCCC
ACCCTTAAGCCACGCCCACACAGAGGGCCTATTTCCCATGAT

gRNAR-2 AGCGCCCCTCTTAACAAGCCGACCCCCACCAGCGTCGCGGTTACTAACACTCCTCTCC
CCGACCTGCAGCCCAAGCTTAAAAAAAGCACCGACTCGGTGC

gRNAF-3 AGCGCCCCCTGCTAGTTGAGCGGGACAGGGGACCCTGTGTTCTCACTGTGATTTGCA
ACTGTCCTAACCTTGGATTACATGAGGGCCTATTTCCCATGAT

gRNAR-3 ACTGATTTTAAGTAAGTGATGCTTTATTATTTTTTTTTATTAGTTAAAGGGAATAAGAT
CTTTGAGACCGCACAGGGTAAAAAAAGCACCGACTCGGTGC

gRNAF-4 TAACTGATTTTAAGTAAGTGATGCTTTATTATTTTTTTTTATTAGTTAAAGGGAATAAG
ATCTTTGAGACCGCACAGGGTGAGGGCCTATTTCCCATGAT

gRNAR-4 CGCCCCCTGCTAGTTGAGCGGGACAGGGGACCCTGTGTTCTCACTGTGATTTGCAAC
TGTCCTAACCTTGGATTACATAAAAAAAGCACCGACTCGGTGC

sacbF grna GACTATCATATGCTTACCGTAACTTGAAAGTATTTCGATTTCTTGGCTTTATATATCTT
GTGGAAAGGACGAAACACCCCTGTGACGGAAGATCACTTCG

sacbR grna AAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTT

GCTATTTCTAGCTCTAAAACCTGAGGTTCTTATGGCTCTTG

SB-HypaCasF CTGATCAACGGCATCCGGGATAAGCAGTCCGGCAAGACCATCCTGGACTTTCTGAAG
TCCGACGGCTTCGCCAATCGGCCTGTGACGGAAGATCACTTCG

SVB-HypaCasR CAATGTGCTCATGCAGAGAATCGCCCTGGCCGGACACCTGGGCTTTCTGGATATCCTC
TTTAAAGGTCAGGCTGTCGTCCTGAGGTTCTTATGGCTCTTG

HypaCas CGGCAAGACCATCCTGGACTTTCTGAAGTCCGACGGCTTCGCCAATCGGGCCTTCGC
GGCGCTGATCGCCGACGACAGCCTGACCTTTAAAGAGGATATCCAGAAAGCCCAGGT
GTCCGG

Sniper-SacBF CTGCTGTACGAGTACTTCACCGTGTACAACGAGCTGACCAAAGTGAAATACGTGACC
GAGGGAATGAGAAAGCCCGCCCCTGTGACGGAAGATCACTTCG

Sniper-SacBR TGAAGCCGGCCTTATCCAGTTCAGACAGGCCGCCTCTCTCGGCCTTGGTCAGGTTATC
GAACTTCCGCTGGGTAATCAGCTGAGGTTCTTATGGCTCTTG

gRNA_optSacBF | TGAAAGTATTTCGATTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGGCC
GAGATGTCTCGCTCCGGTTTCCTGTGACGGAAGATCACTTCG

gRNA_optSacBR | GATCTTTGAGACCGCACAGGGTAAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGT
TGATAACGGACTAGCCTTATTTCTGAGGTTCTTATGGCTCTTG

gRNA_optF GGCTTTATATATCTTGTGGAAAGGACGAAACACCGGCCGAGATGTCTCGCTCCGGTT
TCAGAGCTAtgctgGAAAcagcaTAGCAAGTTgAAATAAGGCT
gRNA_optR TAGAAAAAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTAT

TTcAACTTGCTAtgctgTTTCcagcaTAGCTCTGAAACCGGA

Table 1

To introduce spacers targeting additional genes by CRISPR/Cas9, into vectors carrying the original
sgRNA, the primers listed in Table 2 were used. To introduce the same spacers into vectors carrying
the enhanced sgRNA, the primers listed in Table 3 were used.

CD155-2 | TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCGCAGGGGACGTCGTCGTGCG
TTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGT




CD155-3 | TTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCCTGTTCGTCACGTTCCCGCGTT
TTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTC

CD155-4 | TTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCGGGATGCCCAATACGAGCCGT
TTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTC

CD155-5 | TTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCGTTTGGACTCCGAATAGCTGTT
TTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTC

PDGFRa-1 | TCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGAAAGCCCTGTCTGCTGTCGTGTTT
TAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCC

PDGFRa-2 | TCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCTTCCAAGACCGTCACAAAAGTTT
TAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCC

PDGFRa-3 | TTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGTCGGGATCAGTTGTGCGACAGT
TTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTC

PDGFRa-4 | TTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGTAAGACCAGGAACGCCGGATGT
TTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTC

Table 2. Oligos encoding spacer sequences targeting different genes. The gene targeted is noted in the oligo name.

CD155-1 TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCGGGATGCCCAATACGAGCCG
TTTCAGAGCTAtgctgGAAAcagcaTAGCAAGTTgAAA

CD155-2 TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCGCAGGGGACGTCGTCGTGCG
TTTCAGAGCTAtgctgGAAAcagcaTAGCAAGTTgAAA

CD155-3 TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCCTGTTCGTCACGTTCCCGCGT
TTCAGAGCTAtgctgGAAAcagcaTAGCAAGTTgAAA

CD155-4 TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCGGGATGCCCAATACGAGCCG
TTTCAGAGCTAtgctgGAAAcagcaTAGCAAGTTgAAA

CD155-5 TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCGTTTGGACTCCGAATAGCTG
TTTCAGAGCTAtgctgGAAAcagcaTAGCAAGTTgAAA

PDGFRA-1 | TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGAAAGCCCTGTCTGCTGTCGTGT
TTCAGAGCTAtgctgGAAAcagcaTAGCAAGTTEAAA

PDGFRA-2 | TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGCTTCCAAGACCGTCACAAAAG
TTTCAGAGCTAtgctgGAAAcagcaTAGCAAGTTgAAA

PDGFRA-3 | TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGTCGGGATCAGTTGTGCGACAG
TTTCAGAGCTAtgctgGAAACagcaTAGCAAGTTgAAA

PDGFRA-4 | TTTCTTGGCTTTATATATCTTGTGGAAAGGACGAAACACCGTAAGACCAGGAACGCCGGATG
TTTCAGAGCTAtgctgGAAACagcaTAGCAAGTTgAAA

Table 3. Oligos encoding spacer sequences targeting different genes. The gene targeted is noted in the oligo name.

Plasmid Transfection

gRNA were

cloned into the pX459 vector according to the guide at addgene

(https://www.addgene.org/crispr/zhang/). The vector was midiprepped using the Nucleobond Xtra
Midi kit (Machery Nagel), and transfected into HFFF-hCAR using an Amaxa Nucleofector, program T16,
and the Basic Fibroblast kit, according to manufacturer’s instructions. This protocol was previously

found to offer high transfection efficiency in this cell line®®.

Flow Cytometry

Cells were dissociated with TrypLE, stained with antibodies targeting HLA (W632), PDGFRa (BD
Pharmingen) or CD155 (D171; Invitrogen) followed by anti-mouse AF647 (Thermo), before being
washed and fixed in 4% PFA, then run on a Accuri C6 cytometer (BD) and analysed in FlowJo. ‘All gates
were set using a non-binding isotype matched control antibody (for the negative gate), and cells that
had been transduced with a control RAd vector lacking expression of Cas9 (for the positive gate).


https://www.addgene.org/crispr/zhang/

Analysis of genetic editing by sequencing

DNA was extracted from cells using the DNeasy Blood & Tissue Kit (Qiagen) according to
manufacturers instructions, then A 151bp region surrounding the target site for the B2M gRNA was
PCR amplified using primers AGAGACTCACGCTGGATAG and CTGGGCACGCGTTTAAT, and the Expand
HiFi PCR kit (Roche). Amplified DNA was gel purified, TOPO cloned into pCR4.1-TOPO according to
manufacturer’s instructions (Thermo), then sequenced by Sanger sequencing (Eurofins Genomics).
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1. PCR amplify insert

2. Electroporate into bacteria
containing the vector

3. Plate onto selective media

4. Sequence, maxiprep

5. Transfect packaging cells

AR

Figure 1. Schematic of transgene insertion in the AdZ system. Inserts are PCR amplified with
sequences in the primer that are homologous to the target insertion site. E.coli containing the RAd
vector as a stable bacterial artificial chromosome (BAC) are grown to mid-log phase, heat-shocked to
induce expression of genes for recombineering, and electroporated with the PCR product. After
recovery, bacteria are plated on selective media. Colonies containing the insert are identified based
on blue-white screening, miniprepped, and modifications verified by sanger sequencing. Vectors are
maxiprepped, and transfected into 293TREx cells. The RAd genome must be linearised to be
infectious; this occurs through I-Scel sites engineered into the genome termini, which are cut by I-
Scel expressed from the vector backbone when in mammalian cells. In addition, in 293TREXx cells,
expression of the cloned transgene is silenced by expression of TetR, but is constitutively on in the
absence of TetR (i.e. most other cell types).
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Figure 2. Construction of a CRISPR/Cas9 RAd vector in the AdZ system. (A) Schematic showing Ad
vectors constructed. (B) Titres of vectors recovered from constructs in (A). (C) HFFF-hCAR were
transduced with vectors from (B) at MOI=5, then 14 days later were stained with anti-HLA antibody,
and analysed by flow cytometry for loss of staining. Error bars show mean 1SD, n=3. 1-way ANOVA

***%<0.0001
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Figure 3. Cloning efficiency of different spacers into sgRNA within the AdZ-CRISPR Vector. (A) 16
different spacer sequences were recombineered into the AdZ-CRISPR-E3+ vector, then the number of
white sucrose resistant colonies present after cloning counted, as a measure of cloning efficiency. (B)
Clones from (A) were sequenced by Sanger sequencing. The number of colonies that had to be picked
for each spacer sequence, to find one with the correct sequence, was calculated. (C) Examples of
clones containing errors following insertion of spacers into the sgRNA.
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Figure 4. CRISPR/Cas9 editing efficiency. (A) HFFF-hCAR were transduced with AdZ-CRISPR-E3+
carrying a spacer targeting B2M, or a vector lacking a Cas9 coding sequence (RAd-Ctrl), at MOI=5. At
the indicated times, cells were dissociated, stained with anti-HLA antibody, or with an isotype control
antibody that does not bind, and analysed by flow cytometry. (B-F) HFFF-hCAR (B/C) or RPE-1 (D-F)
were transduced with AdZ-CRISPR-E3+ carrying a spacer targeting B2M (C/E/F), or RAd-GFP (B/D) at
the indicated MOI (B-E) or MOI=200 (F). In some cases, forskolin was added 24h after transduction.
After 14 days, cells were dissociated, stained with anti-HLA antibody, and analysed by flow cytometry
for loss of HLA staining (C/E/F). Alternatively, after 48h, cells were dissociated and analysed by flow
cytometry for GFP expression (B/D). (G) HFFF-hCAR or RPE-1 transduced with AdZ-CRISPR vector at
MOI=50 or 500 respectively, then DNA extracted 14 days later. The region surrounding the sgRNA
target site was PCR amplified, TOPO cloned, individual clones sequenced, and aligned to the reference
sequence (top line). Error bars show mean £SD, n=3. 2-way ANOVA ****<0.0001
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Figure 5. Optimising CRISPR/Cas9 expressing AdZ Vectors. (A-D) HFFF-hCAR were transduced at the
indicated MOI with RAds carrying spCas9, HypaCas9, or SniperCas9 as indicated. In some vectors, and
enhanced sgRNA sequence (sgRNA+) was used. In all cases, the sgRNA targeted B2M. After 14 days,
cells were dissociated, stained with anti-HLA antibody, and analysed by flow cytometry for loss of HLA
staining. (E-F) HFFF-CAR were transduced with RAds containing spCas9, or SniperCas9 and an
enhanced sgRNA, using multiple different spacer sequences targeting PDGFRA (D) or CD155 (E). After
14 days, cells were dissociated, stained with an appropriate antibody, and analysed by flow cytometry
for loss of staining. All experiments were repeated at least 3 times. Error bars show mean 1SD, n=3. 2-
way ANOVA with Tukey post-tests (A-D), paired t-test (E-F), *p<0.05, **p<0.01, ****p<0.0001



| PCR amplify selection cassette encoding sacB, lacz «,
and ampicillin resistance, and recombine into target
modification site within vector, in E.coli.

Plate onto media containing ampicillin, and select blue
colonies. These have incorporated the cassette.

PCR amplify sequence containing insert, or
modification. Recombine with vector in E.coli, so that it

—
/ l \ replaces the selection cassette

Plate onto sucrose media. One of three things
occurs:

— 1. Sequence does not replace cassette. E.coli still
@ contains sacB, and dies due to sucrose.
2. Sequence does not replace cassette. E.coli still
x contains sacB, but sacB contains a disabling
mutation. E.coli grows, but is blue.

3. Sequence replaces sacB. E.coli grows, and is
white. Pick this colony.

Figure S1. Schematic for making modifications to the AdZ BAC.
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Figure S2. Schematic of the mutations introduced into Cas9 (A), and the sgRNA (B). Figure in (B)
reproduced from®?,



