RESEARCH ARTICLE

'-) Check for updates

small

www.small-journal.com

Folate Receptor-Mediated Delivery of Cas9 RNP for
Enhanced Immune Checkpoint Disruption in Cancer Cells

Yi Lin, Ulrich Wilk, Jana P6hmerer, Elisa Horterer, Miriam Hdéhn, Xianjin Luo,

Hongcheng Mai, Ernst Wagner,* and Ulrich Léchelt*

The clustered regularly interspaced short palindromic repeats (CRISPR)/
CRISPR-associated protein 9 (Cas9) system offers great opportunities for the
treatment of numerous diseases by precise modification of the genome. The
functional unit of the system is represented by Cas9/sgRNA ribonucleoproteins
(RNP), which mediate sequence-specific cleavage of DNA. For therapeutic
applications, efficient and cell-specific transport into target cells is essential.
Here, Cas9 RNP nanocarriers are described, which are based on lipid-modified
oligoamino amides and folic acid (FolA)-PEG to realize receptor-mediated
uptake and gene editing in cancer cells. In vitro studies confirm strongly
enhanced potency of receptor-mediated delivery, and the nanocarriers enable
efficient knockout of GFP and two immune checkpoint genes, PD-L1 and PVR,
at low nanomolar concentrations. Compared with non-targeted nanoparticles,
FolA-modified nanocarriers achieve substantially higher gene editing including
dual PD-L1/PVR gene disruption after injection into CT26 tumors in vivo. In the
syngeneic mouse model, dual disruption of PD-L1 and PVR leads to CD8+ T cell
recruitment and distinct CT26 tumor growth inhibition, clearly superior to the
individual knockouts alone. The reported Cas9 RNP nanocarriers represent a
versatile platform for potent and receptor-specific gene editing. In addition, the
study demonstrates a promising strategy for cancer immunotherapy by perma-

gene modifications can translate into per-
manent therapeutic effects and potentially
constitute a cure for certain diseases. For
the treatment of cancer, the current main
application in clinical trials is ex vivo engi-
neering of immune cells for adoptive cell
therapies.”l These approaches are based on
immune checkpoint blockade (ICB) which
counteracts the inhibition of immune reac-
tions and reverts tumor-induced immune
suppression.l’ Based on a similar strategy,
monoclonal antibodies (mAbs) targeting
immune checkpoint molecules are already
well-established ICB agents in the clinic
and several therapeutics, such as anti-
cytotoxic T lymphocyte-associated antigen
4 (CTLA-4),P! anti-programmed cell death-1
(PD-1),  and anti-programmed  cell
death ligand-1 (PD-L1) inhibitors,” have
been approved by the authorities. Due
to the great success and dynamic nature
of the field, it can be expected that new
cancer immunotherapies will emerge,

nent and combined immune checkpoint disruption.

1. Introduction

The clustered regularly interspaced short palindromic repeats
(CRISPR)/CRISPR-associated protein 9 (Cas9) technology, orig-
inally discovered as a type of bacterial adaptive immune system,
is a groundbreaking genetic engineering tool that enables
editing of genes by introducing double-strand breaks (DSB)
at target genomic loci.! In clinical applications, well designed

based on alternative targets or blockade

mechanisms.
T cell immunoreceptor with immu-
noglobulin (Ig) and immunoreceptor
tyrosine-based inhibitory motif domain (TIGIT)/poliovirus
receptor (PVR) is a newly identified checkpoint axis that
emerged as a promising immunological target.®! Blockade of
the TIGIT/PVR axis has been found to reverse T cell exhaus-
tion and enhance antitumor efficacy in diverse types of cancer,
including breast cancer,”! hepatocellular carcinoma,!” head
and neck squamous cell carcinoma,™ colorectal carcinoma,?l
and melanoma.'¥l Moreover, PVR has been identified as an
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oncogene with high expression levels in numerous cancers!!¥

which promotes invasion, migration, proliferation, and angio-
genesis.® It was demonstrated in several mouse tumor
models, that PVR knockdown can inhibit tumor growth and
reduce metastatic burden.152b16]

Utilizing the CRISPR/Cas9 system for immunotherapy
can have several advantages: it offers the opportunity to
permanently disrupt inhibitory genes and to induce durable
therapeutic immune responses;!’l on the other hand, specific
knockout of immune checkpoint genes in cancer cells can help
to reduce systemic immune-related adverse events (irAEs).l!®!
Taken together, direct CRISPR/Cas9 editing of cancer cells with
dual disruption of the immune checkpoints PD-L1 and PVR
could be a promising strategy for cancer immunotherapy.

The CRISPR/Cas9 system can be applied by using
different forms of biomolecules: pDNA, mRNA/sgRNA, or
Cas9/sgRNA ribonucleoproteins (RNP).'l The utilization of
pre-assembled RNP is generally considered a straightforward
and efficient approach, but also requires suitable delivery
systems for successful transport into target cells.'>2] Receptor-
mediated delivery is highly desirable, since it increases safety
and the specificity for individual target cells depending on the
receptor expression levels.?!l Here, we present the development
of synthetic Cas9 RNP nanocarriers which enable receptor-
mediated cellular delivery of the genome editing machinery.
The carriers are based on sequence-defined oligo(ethylenamino)
amides (OAAs)?2 constructed from natural and artificial
amino acids. In the past, this class of ionizable oligomers has
already demonstrated high utility for the delivery of a variety of
biomacromolecules, including pDNA,l siRNA, 2 mRNA[*°]
proteins,? and phosphorodiamidate morpholino oligomers
(PMOs).”l A previous study identified a T-shape lipo-OAA
containing hydroxystearic acid (T-OHSteA) as a potent struc-
ture for Cas9 RNP delivery.?8! In the current work, we present
the realization of folate receptor o (FRe)-mediated Cas9 RNP
delivery, via click chemistry modification of the nanocarriers,?’!
for potent gene knockout in FRa expressing cancer cells and
dual PD-L1/PVR immune checkpoint disruption at tumor sites
(Scheme 1).

2. Results and Discussion

2.1. Cas9 RNP Nanocarrier Design and Characterization

The hydroxystearyl oligo(ethylenamino) amide #1105 was
previously identified as a potent structure for intracellular
delivery of Cas9 RNP.[®¥l To enable the post-functionalization
with receptor ligands by click chemistry, an analog with azido
function at the N-terminus, oligomer #1445, was synthesized
by solid-phase-supported synthesis (SPS, Figure 1a). Azides
can readily react with dibenzocyclooctynes (DBCO) via strain-
promoted azide-alkyne cycloaddition (SPAAC) in water and
without the requirement of catalysts. The standard procedure
for the synthesis of hydroxystearyl oligomers from oleic acid
containing precursors contains a prolonged hydrolysis step
which has to be followed by treatment with a reducing agent
(tris(2-carboxyethyl)phosphine, TCEP), to break disulfide bonds
of cystines.% Since the azide function in oligomer #1445 does
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not tolerate these conditions, the synthesis strategy had to be
changed to circumvent side-reactions: hydroxystearic acid was
a priori synthesized from oleic acid in solution and then cou-
pled as the final building block during solid-phase synthesis
(Figure S1, Supporting Information).

As shown in Figure 1b, three different formulations of Cas9
RNP nanocarriers were prepared. First, the unmodified nano-
carrier core was produced by mixing the negatively charged
Cas9/sgRNA RNP complexes with the positively charged
oligomer #1445 at a nitrogen-to-phosphate (N/P) ratio of 24.
The obtained formulation was subsequently functionalized
with FolA-PEG,,-DBCO or PEG,,-DBCO via click chemistry to
generate FolA-PEG- or PEG-modified nanocarriers. To explore
the effect of ligand feed ratio on the physiochemical properties
of the nanocarriers, different equivalents (eq) of DBCO ligands
were conjugated and the size, polydispersity (PDI), and zeta
potential of the nanocarriers were determined by dynamic light
scattering (DLS) (Figure 1c—e). The unmodified nanocarrier core
displayed well-defined sizes with a z-average of 166 nm (PDI
of 0.11), which slightly increased to 180-260 nm after modifica-
tion with 0.05 to 0.75 eq of DBCO ligands. Higher ratios above
1 eq led to aggregation, presumably due to increasing charge
neutralization, as can be seen in the zeta potential measure-
ments (Figure 1d). The zeta potential continuously decreased
from + 15 to + 4 mV (PEG-modified) with an increasing modifi-
cation ratio, which demonstrates the shielding effect of PEG.I3U

Ribogreen and agarose gel electrophoresis assays were per-
formed, in order to confirm the encapsulation of Cas9/sgRNA
RNP in the nanocarriers. The Ribogreen assay determined
a sgRNA encapsulation efficiency of 89.5% for the unmodi-
fied nanocarrier (Figure S2, Supporting Information), which
confirms the efficient loading of RNP into the nanocarriers.
Moreover, modification with DBCO ligands (0.5 eq and 0.75 eq)
did not affect the complex stability: 87.5% — 91.6% of encap-
sulation efficiency were determined for all formulations.
Consistent results were obtained by electrophoretic mobility shift
assays, where all formulations showed complete gel retardation
of RNP while smear bands were observed with naked sgRNA
and RNP (Figure S3, Supporting Information). Transmission
electron microscopy (TEM) measurements were further carried
out to evaluate the appearance of the Cas9 RNP nanocarriers
with or without 0.75 eq of ligand modification. All three for-
mulations showed homogeneous and spherical particle shapes
(Figure S4, Supporting Information). As expected, the
particle sizes (approximately 50 nm) acquired from TEM were
smaller than from DLS measurements due to the contribution
of the dispersant to the hydrodynamic diameter in aqueous
solution.??

2.2. Knockout Evaluation and Optimization

The overall in vitro gene editing efficiencies of the Cas9 RNP
nanocarriers with or without FolA-PEG- or PEG-modification
were evaluated by eGFP knockout in two different cancer
reporter cell lines: FRo-positive colon carcinoma CT26 eGFP/
luc and cervix carcinoma Hela eGFP/tub cells (Figure 2).
Incubation of the reporter cells with unmodified nanocarriers
containing 75 nm RNP for 4 h induced 72.2% (CT26 eGFP/luc)
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Scheme 1. FRoxspecific Cas9 RNP nanocarriers for dual immune checkpoint disruption. a) Fabrication of folate receptor o (FRe)-specific Cas9 RNP
nanocarriers targeting PD-L1 and PVR genes. An azide-containing T-shape oligomer is complexed with Cas9/sgPD-L1 and Cas9/sgPVR RNP and
subsequently functionalized with folic acid (FolA)-PEG,4-DBCO (dibenzocyclooctyne) via click chemistry to form the FRorspecific dual RNP-loaded
nanocarriers. b) Schematic illustration of receptor-mediated dual immune checkpoint disruption in FRo-overexpressing cancer cells. The FolA-modified
nanocarriers are internalized via FRor and escape from endosomes. Finally, Cas9/sgPD-L1 and Cas9/sgPVR RNP enter the nucleus for simultaneous
disruption of PD-L1 and PVR immune checkpoint genes which suppresses tumoral immune evasion (PD-L1), induces cell apoptosis, and inhibits cell

proliferation (PVR).

and 672% (HeLa eGFP/tub) of eGFP knockout (Figure 2a).
Modification with 0.75 eq PEG dramatically decreased the
knockout efficiency in CT26 eGFP/luc cells (Figure 2a, left),
indicating efficient PEG shielding, which suppresses unspe-
cific cellular delivery.>*! In contrast, the knockout efficiency of
FolA-PEG-modified nanocarriers was maintained at high levels
despite similar surface modification with PEG. In contrast
to the significant loss of activity due to PEG-conjugation,
FolA-PEG-modified nanocarriers still mediated eGFP knockout
of about 78.5% at the same modification ratio. This suggests,
that the contained FolA restores the delivery efficiency of the
well-shielded RNP nanocarriers. Similar tendencies were found
in HelLa eGFP/tub cells, but 0.5 eq of PEG was already suffi-
cient to achieve a clear PEG shielding effect (Figure 2a, right).
To investigate the effect of FRortargeting on cellular delivery
kinetics, cells were exposed to the Cas9 RNP nanocarriers for
different durations between 15 min to 48 h and eGFP knockout
was determined 5 days after the treatments (Figure S5,
Supporting Information). In all cases, a general dependency of
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the knockout levels on the incubation time was observed, which
is not surprising since longer exposure time increases the
probability of cellular interactions and internalization. Notably,
no significant differences were found between the 4 and 48 h
incubation in case of the unmodified and FolA-PEG-modified
carriers, which indicates that the uptake process is accom-
plished to a major extent within the first 4 h. FRortargeted
carriers clearly showed the best knockout efficiencies in CT26
eGFP/luc cells while PEG-modified was the worst and only
achieved eGFP knockout levels of 28.5% after the longest incu-
bation time of 48 h.

In Hela eGFP/tub cells, FolA-PEG-modified nanocarriers
with 2 h incubation already achieved similar eGFP knockout
levels as the unmodified carriers after 4 and 48 h, which
indicates an accelerated cellular delivery via FRe. To confirm
that the observed advantages of FolA-modification are indeed
receptor-specific, an FRornegative cell line was generated
from Hela eGFP/tub via CRISPR/Cas9 knockout. The direct
comparison of the Hela eGFP/tub derivatives demonstrated

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 1. Characterization of Cas9 RNP nanocarriers. a) Chemical structure and sequence of T-shape oligomer #1445 with N-terminal azidolysine for
functionalization with FolA-PEG,,-DBCO or PEG,,-DBCO via strain-promoted azide-alkyne cycloaddition (SPAAC). b) Schematic illustration of three
different formulations of Cas9 RNP nanocarriers: unmodified, FolA-PEG- and PEG-modified nanocarriers. c¢) Hydrodynamic particle size (z-average),
polydispersity index (PDI), and d) zeta potential of Cas9 RNP nanocarriers at different FolA-PEG- or PEG- to oligomer ratios (75 nm RNP). Three
technical replicates were measured. e) Intensity size distribution of three different formulations of Cas9 RNP nanocarriers.

that FolA-modification mediates distinct enhancement of
knockout levels in FRorpositive cells, whereas the advantage
vanishes in FRornegative cells. In the FRordeficient cell line,
the unmodified nanocarrier outperformed the FolA-PEG
nanocarrier, which indicates that the advantages of FolA-PEG
modification are highly specific and receptor-dependent.

To assess the effects of FRortargeting on the potency more
in detail, systematic dose-titration experiments with RNP
concentrations from 1 to 100 nm were carried out (Figure 2b).
All three formulations showed dose-dependent knockout
activity in all three cell lines, but a clear dependency of the
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FolA-PEG nanocarrier on FRorexpression became obvious: the
FolA-modified formulation has the highest potency in the cell
lines which express the target receptor, but the potency drops
in the FRoknockout cells. In CT26 eGFP/luc cells,
FolA-PEG-modified carriers achieved approximately 80%
of eGFP knockout at a RNP dose as low as 10 nm, while the
unmodified carriers achieved less than 20% at 10 nm and 32%
at a RNP dose of 25 nm.

The cytotoxicity of Cas9 RNP nanocarriers was investigated
in parallel during the described knockout experiments and
the formulations were generally well-tolerated (Figures S6-S8,
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Figure 2. Knockout evaluation and optimization. a) eGFP knockout efficiency of Cas9 RNP nanocarriers at different FolA-PEG- or PEG- modification
ratios in FRo-positive CT26 eGFP/luc and Hela eGFP/tub cells. Cas9/sgGFP RNP was used at 75 nm. Cells were incubated with the formulations for
4 h followed by a medium change and evaluation after 5 days. b) Dose titration of Cas9 RNP nanocarriers containing 1to 100 nm Cas9/sgGFP RNP in
CT26 eGFP/luc cells (0.75 eq modification), HeLa eGFP/tub, or FRorknockout HelLa eGFP/tub cells (0.5 eq modification). Cells were incubated with
nanocarriers for 4 h and evaluation was performed 5 days after the treatment. Statistical significance was determined using the two-tailed student’s
t-tests in comparison to the unmodified nanocarrier at each concentration. ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05; ns, not significant;

Data are presented as mean £ SD (n = 3).

Supporting Information). Encouraged by the high potency
and favorable characteristics of the Cas9 RNP nanocarriers,
their stability during storage was evaluated, which generally
is a critical parameter, but also an essential requirement for
future applications. Cas9 RNP nanocarriers with or without
0.75 eq of ligand modification were prepared and directly stored
at 4, —20, and -80 °C or first freeze-dried and then stored at
-80 °C for up to two months. No significant particle aggre-
gation was observed in any case, only a slight size increase
was detected with the unmodified and FolA-modified nano-
carriers stored at 4 °C (Figure S9, Supporting Information).
Besides, knockout experiments were performed to evaluate the
effects of storage on eGFP knockout in Hela eGFP/tub cells
(Figure S10, Supporting Information). The overall knockout
efficiency of the nanocarriers did not significantly change over
time and it can be concluded that the formulations can be
stored without change of characteristics, preferably in a frozen
or freeze-dried state.

2.3. Cellular Uptake and Endosomal Escape
Cellular delivery of biomolecules with nanocarriers is a complex

multileveled process. To elucidate the impact of the nanocar-
riers on different stages, we investigated their cellular uptake
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and endosomal escape ability. The cellular uptake after different
incubation times (45 min, 2 h, and 4 h) was quantified by flow
cytometry using ATTOG647N-labeled Cas9 protein and Cy3-labeled
sgRNA in FRorpositive CT26, Hela, and FRorknockout Hela
cells (Figure 3a and Figures S11 and S12, Supporting Informa-
tion). The FolA-PEG-modified nanocarrier mediated the highest
levels of cellular uptake in FRa-positive cells at each time point,
while PEG-modified showed the lowest. In contrast, the advan-
tage of FolA-PEG modification vanished in FRornegative HeLa
cells and the unmodified nanocarrier exhibited the strongest
cellular uptake. All three formulations demonstrated time-
dependent uptake characteristics. The maximal uptake levels
in CT26 cells were obtained after 4 h, where the median
fluorescence intensity (MFI) of labeled Cas9 mediated by the
FolA-PEG carrier was threefold and sevenfold higher, and
the sgRNA MFI fivefold and 13-fold higher than in the case of
the unmodified or PEG-modified, respectively.

The intracellular localization at this time point was visual-
ized by confocal laser scanning microscopy (CLSM) (Figure 3b).
Consistent with the flow cytometry results, most intense red
(Cas9) and green (sgRNA) signals were observed in FolA-PEG
nanocarrier-treated cells. Altogether, these data confirm that the
FolA-PEG modification realizes FRo-specificity and strongly
enhances the cellular internalization in FR-o expressing cancer
cells.

© 2022 The Authors. Small published by Wiley-VCH GmbH
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Figure 3. Cellular uptake and endosomal escape. a) Cellular uptake of Cas9 RNP nanocarriers (75 nm RNP, modification ratio 0.75 eq) containing 20%
of ATTO647N-Cas9/Cy3-sgRNA into CT26 WT cells. Median fluorescence intensity (MFl) was determined by flow cytometry after 45 min, 2 h, and 4 h of
incubation Statistical signiﬁcance was determined using the two-tailed student’s t-tests in comparison to unmodified nanocarrier at each time point.

v*p < 0.001, **p < 0.01, *p < 0.05; ns, not significant. Data are presented as mean = SD (n = 3). b) Confocal laser scanning microscopy (CLSM) images
of CT26 WT cells after 4 h of treatment with Cas9 RNP nanocarriers (75 nm RNP, modification ratio 0.75 eq) containing 20% of ATTO647N-Cas9/Cy3-
sgRNA. Nuclei were stained with DAPI (blue). The merged channel indicates co-localization (yellow) of ATTO647N-Cas9 (red) and Cy3-sgRNA (green).
Scale bar: 70 pm. c) CLSM images of HeLa mRuby3/gal® cells treated with Cas9 RNP nanocarriers (75 nm RNP, modification ratio 0.5 eq) for 1 and
4 h. Nuclei were stained with DAPI (blue). Red punctuate spots indicate damaged endosomes, due to binding of mRuby3/gal8 to ruptured endosomal
membranes. Scale bar: 50 um. d) Endosomal disruption levels after 1 and 4 h of treatment quantified by the number of mRuby3/gal8 spots per cell.
HBG, HEPES-buffered glucose solution (20 mm HEPES, 5% glucose, pH 7.4). Data are presented as means £ SD (n =12).
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The endocytosis pathways, which are responsible for the  rolesin the uptake process of the RNP nanocarriers. In addition,
internalization of the nanocarriers into CT26 and Hela cells, chlorpromazine was the only inhibitor that was found to signif-
were investigated by flow cytometry using Cy3-labeled sgRNA  icantly suppress the uptake of unmodified and PEG-modified
and different endocytosis inhibitors (4 °C incubation: energy- nanocarriers, indicating a clathrin-mediated endocytosis
dependent endocytosis; chlorpromazine: clathrin-mediated =~ mechanism. Notably, both chlorpromazine (31.5% inhibi-
endocytosis; nystatin: caveolae-mediated endocytosis; ami-  tion in CT26 and 29.5% in Hela) and nystatin (23.1% inhibi-
loride: macropinocytosis) (Figures S13 and S14, Supporting tion in CT26 and 42.3% in HelLa) inhibited the cellular entry

Information). Low temperature blocked the cellular uptake of
all formulations by 80-90% in both cell lines, which suggests
that energy-dependent endocytosis mechanisms play dominant
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of the FolA-PEG nanocarrier. Based on these observations, a
contribution of both clathrin- and caveolae-mediated endocy-
tosis is assumed for the internalization of FolA-modified RNP
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nanocarriers, which is consistent with the knowledge that the
uptake of free folate proceeds via caveolae,?¥ and in case of
folate-conjugates converges with a pathway utilized by clathrin-
coated pits.>”]

To characterize the endosomal escape capability of RNP
nanocarriers, a Hela cell line with stable expression of a
mRuby3/galectin-8 (gal8) fusion protein was established using
the PiggyBac transposon system together with a mRuby3/gal8
encoding plasmid.’®) The fluorescent galectin fusion proteins
distribute in the cytosol when endosomal membranes are
intact, and specifically bind to glycosylation moieties which
are exposed when endosomes are ruptured.’”) Consequently,
the recruitment of mRuby3/gal8 to endosomal membranes
results in punctate red spots which are an indicator of damaged
endosomes. HeLa mRuby3/gal8 cells were visualized by CLSM
after 1 and 4 h of treatment with Cas9 RNP nanocarriers
(Figure 3c) and the number of punctuate spots was counted per
cell to quantify the endosomal escape capability (Figure 3d). The
images reveal that the largest quantity of red spots appeared in
cells treated with FolA-PEG-modified nanocarriers, indicating
that the most efficient endosome disruption was caused by this
carrier. Since each carrier is based on the same ionizable
oligomer backbone, the higher endosomal escape performance
of the FolA-PEG-carrier is suggested to be due to the faster
kinetic of cellular uptake and the higher amount of internal-
ized carrier material accumulating in endosomes. Interestingly,
the average number of endosomal membrane damage events
detected for the FolA-PEG carrier after 1 h was comparable to
the unmodified core at the latest time point after 4 h (Figure 3d),
which is very consistent with the faster uptake kinetic and the
knockout experiments, where 1 h incubation with FolA-PEG-
modified nanocarriers reached the same knockout level as 4 h
incubation with the unmodified core (Figure S5, Supporting
Information).

2.4. Validation of PD-L1 Disruption

After confirmation of FRorspecific Cas9 RNP delivery with
reporter cells, the nanocarriers were utilized to induce disrup-
tion of endogenous immune checkpoint genes in wild-type
cells. The first target was PD-L1, which was evaluated in CT26
cells after stimulation with 100 ng mL™ interferon-y (IFN-9)
(Figure S15, Supporting Information). Four sgRNAs targeting
PD-L1 (Table S3, Supporting Information) were designed and
tested with the nanocarriers at a RNP dose of 75 nm. sgPD-L1_4
that targets the exon 3 of murine PD-L1 gene (Figure 4a) was
identified as the most efficient sgRNA sequence (Figure S16,
Supporting Information). After 4 h treatment, the FolA-PEG-
nanocarrier with sgPD-L1_4 induced 68.6% PD-L1 knockout,
which was significantly higher than 38.2% and 13.2% achieved
by the unmodified and PEG-conjugated carriers, respectively.
Dose-titration experiments of the formulations revealed that
the FolA-PEG-nanocarrier maintained high levels of PD-L1
knockout at RNP doses down to 25 nwm, while the other two
formulations immediately showed a dose-dependent reduction
below 75 nm (Figure 4b,c). PD-L1 knockout was also visualized
by CLSM after staining of CT26 cells with APC-labeled
anti-PD-L1 antibody, which confirmed the advantage of FRo-

Small 2022, 2205318 2205318 (7 of 17)

www.small-journal.com

mediated delivery (red, Figure 4d and Figure S17, Supporting
Information).

Despite slight reduction of cell viability observed with the
FolA-PEG-nanocarrier at high RNP doses, the formulations
were generally well tolerated, as determined by cytotoxicity
studies (MTT, Figure S18, Supporting Information). To validate
the PD-L1 disruption at the genomic level, the insertions and
deletions (Indels) causing PD-L1 gene knockout were investi-
gated. Monoclonal cell lines were generated from CT26 cells
48 h after treatment by limiting dilution. The genomic DNA of
the single cell-derived clones was extracted and the target region
within PD-L1 exon 3 was amplified by PCR and determined by
Sanger sequencing (Figure 4e). TIDE (Tracking of Indels by
Decomposition) analysis was further carried out to determine
the Indel frequency in the heterogeneous cell populations
after treatments with the different nanocarriers (Figure 4f and
Figure S19, Supporting Information). A total Indel frequency
of 68.6% was estimated in cells treated with the FolA-PEG-
modified nanocarriers, which was substantially higher than
in the case of unmodified (40.7%) or PEG-conjugated (11.3%)
nanocarriers. In conclusion, the data confirms that FRo-
targeting enhances the Cas9 RNP delivery and enables efficient
PD-L1 disruption in FRo~expressing CT26 cells.

2.5. Validation of PVR Disruption

The second endogenous target is PVR (CD155), an immuno-
logical factor that is overexpressed in various types of tumors
including colorectal cancer.®® PVR has been reported to not
only inhibit the function of T cells via TIGIT/PVR axis but
also promote the proliferation and migration of tumor cells.!]
It was recently found that PVR knockdown induces cell apop-
tosis and inhibits cell growth in colon cancer cells."®"! To verify,
if CRISPR/Cas9-mediated knockout can induce similar antitu-
moral effects, three sgRNAs targeting the PVR gene (Table S3,
Supporting Information) were designed and tested with Cas9
RNP nanocarriers. The effect of PVR disruption on cell prolif-
eration was first investigated by MTT assay and colony forma-
tion assay. The results of the MTT assay revealed that each of
the sgRNA Cas9 RNP nanocarriers mediated a substantial
decrease of cell viability in a dose-dependent manner. sgPVR_3
targeting the exon 5 of PVR gene (Figure 5a) outperformed the
other two sgRNAs in terms of higher tumor cell killing at high
RNP doses (Figure 5b and Figure S20, Supporting Informa-
tion). The RNP formulation containing a control sgRNA without
a target sequence in the genome (sgCtrl) was well tolerated,
which rules out any unspecific carrier toxicity effects. In con-
trast, the FolA-PEG carriers containing sgPVR_3 significantly
affected cell viability and over 93% reduction was achieved at
doses of 75 and 100 nm, which was clearly higher than in the
case of the unmodified (84%) and PEG-modified (66%) car-
riers. Similar findings were obtained in colony formation assays,
where both the size and number of colonies originating from
FolA-PEG-carrier treated cells were the lowest (Figure S21,
Supporting Information). An Annexin V-FITC/PI assay was
performed to evaluate whether apoptosis induction is respon-
sible for the potent tumor cell killing via PVR knockouts.
Annexin V binds to phosphatidylserine (PS) exposed on the cell
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Figure 4. Validation of PD-L1 disruption. a) Exon map of the murine PD-L1 gene and the target region of sgPD-L1_4. b) PD-L1 knockout efficiency in
a dose titration of Cas9 RNP nanocarriers containing 1to 100 nm Cas9/sgPD-L1_4 RNP with or without modification at a ratio of 0.75 eq in CT26 WT
cells. Nanocarriers were incubated with cells for 4 h followed by medium change and evaluation was performed 5 days after the treatment. Statistical
significance was determined using the two-tailed student’s t-tests comparing the knockout efficiency to the non-shielded group at each concentration.
**kp < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05. Data are presented as mean = SD (n = 3). c) Flow cytometry histograms and d) CLSM images
showing the PD-L1 expression of CT26 WT cells after 4 h treatment with HBG buffer (20 mm HEPES, 5% glucose, pH 7.4), or Cas9 RNP nanocarriers
(75 nm Cas9/sgPD-L1_4 RNP, 0.75 eq modification). Evaluation was performed 5 days after the treatment. For the detection of PD-L1, cells were treated
with an allophycocyanin (APC)-conjugated antibody (Ab) against PD-L1. Nuclei were stained with DAPI (blue). Scale bar: 50 um. Additional CLSM data
including the full set of channels are provided in Figure S17, Supporting Information. e) Sequencing data of monoclonal PD-L1 knockout cells. The green
sequence indicates the sgPD-L1_4 target sequence in exon 3 of the PD-L1 gene followed by the protospacer adjacent motive (PAM) in red. Detected

insertions and deletions (Indels) are highlighted in orange. f) TIDE analysis of the sgPD-L1_4 target site of each group.

surface of early apoptotic cells; PI is able to pass through the
damaged cell membranes of late apoptotic and necrotic cells
and causes staining of DNA in the nucleus. Thus, Annexin
V-positive and Pl-negative cell populations indicate early apop-
totic cells, whereas Annex V-positive and Pl-positive suggest
late apoptotic cells. As depicted in Figure 5c¢, most apoptotic
events were detected in the cells treated with FolA-PEG-modified
RNP carrier with a total of 574% apoptotic cells (19.8% early
and 376% late apoptotic), while only 45.5% and 31.4% of
apoptotic cells were detected in case of the unmodified and
PEG-modified, respectively. To explore the time-resolved effects
on proliferation and cell numbers, the cellular growth dynamics
were investigated with a Cellwatcher real-time camera system
(Figure 5d and Figure S22, Supporting Information). CT26 cells
were constantly monitored up to 114 h by the Cellwatcher system
(t=0 to 144 h), which automatically identified the individual cells
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as indicated by the colored marks (Figure S22, Supporting Infor-
mation). Different Cas9 RNP formulations were added 1 h after
the start of recording (t = 1 h) and cell growth curves were gen-
erated based on the increasing cell confluency detected by the
device (Figure 5d). The cells treated with buffer or sgCtrl RNP
formulations all showed continuous cell proliferation until the
end of the experiment, although at slightly different growth rates.
In contrast, a flat curve was observed in case of the sgPVR con-
taining formulations after a certain time point which indicates
a stop of proliferation. Especially for the FolA-PEG-nanocarrier,
an initial cellular growth was found in the first 12 h, which was
followed by a rapid flattening to a constant level. At the endpoint
of recording (t = 114 h), cells treated with FolA-PEG-nanocarriers
containing sgPVR showed the lowest cell confluency.

The PVR expression levels after PVR knockout were
determined by flow cytometry with PE-labeled anti-PVR
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Figure 5. Validation of PVR disruption. a) Exon map of the murine PVR gene and the target region of sgPVR_3. b) Cell viability of CT26 WT cells treated
with Cas9 RNP nanocarriers containing 1to 100 nm Cas9/sgPVR_3 or sgCtrl (0.75 eq modification). Nanocarriers were incubated with the cells for
4 h followed by medium change and evaluation was performed 48 h after the treatment. Statistical significance was determined using the two-tailed
student’s t-tests in comparison to the unmodified nanocarrier at each concentration. ****p < 0.0001, * < 0.001, **p < 0.01, *p < 0.05. Data are
presented as mean = SD (n = 3). c) Apoptosis induction by Cas9/sgPVR_3 nanocarriers as determined by flow cytometry with Annexin V-FITC/PI
staining. CT26 WT cells were treated with HBG buffer (20 mm HEPES, 5% glucose, pH 7.4), or Cas9 RNP nanocarriers (75 nm Cas9/sgPVR_3 or sgCtrl,
0.75 eq modification). Q1: necrotic cells; Q2: late apoptotic cells; Q3: early apoptotic cells; Q4: live cells. d) Cell growth dynamics of CT26 WT cells
treated with HBG buffer, or Cas9 RNP nanocarriers (75 nm Cas9/sgPVR_3 or sgCtrl RNP, 0.75 eq modification) determined by a Cellwatcher system.
Cas9 RNP nanocarriers were added 1 h after the start of recording. Additional Cellwatcher data are provided in Figure S22, Supporting Information.
e) Histograms of flow cytometry and f) CLSM images showing the PVR expression of CT26 WT cells after 4 h treatment with HBG buffer, or Cas9
RNP nanocarriers (25 nm Cas9/sgPVR_3 RNP, 0.75 eq modification). Flow cytometry was carried out at day 4, CLSM at day 3 after transfection. PVR
was stained with PE-labeled anti-PVR antibody (green), and nuclei with DAPI (blue). Scale bar: 50 um. Additional flow cytometry and CLSM data are
provided in Figures S23-526, Supporting Information. g) TIDE analysis of the sgPVR_3 target site of each group.
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antibody on day 3 and day 4 after Cas9 RNP nanocarrier
treatments. On day 3 already two populations representing
PVR-negative and PVR-positive cells were observed, but were
not well separated (Figure S23, Supporting Information). A
more reliable quantification was possible at day 4, where 62.6%
PVR knockout was detected in the case of FolA-PEG-nano-
carrier treated cells, while 50.3% and 32.5% were found in the
case of unmodified and PEG-modified, respectively (Figure 5e
and Figure S24, Supporting Information). Accordingly, the
enhanced PVR gene disruption via FRo-mediated delivery was
also confirmed by immuno-staining of PVR in CLSM imaging
experiments (Figure 5f and Figure S25, Supporting Informa-
tion). To exclude, that the reduced PVR expression was a conse-
quence of the observed apoptosis, CT26 cells were treated with
different apoptosis-inducing agents (doxorubicin, etoposide,
cycloheximide) for 24 h and the occurrence of apoptotic events
as well as PVR expression levels were determined. Encourag-
ingly, the expression of PVR was not affected by the chemical
induction of apoptosis (Figure S26, Supporting Information).

Finally, PVR knockouts were also confirmed at the genomic
level. Since PVR disruption inhibits cell proliferation and
induces apoptosis, the generation of PVR knockout clones is
sophisticated. Thus, the genomic DNA of heterogenous cell
populations 3 days after treatments was isolated, the genomic
target site was amplified by PCR and analyzed via Sanger
sequencing. TIDE analysis determined a total Indel frequency
of 43.7% and 28.2% in the case of cells treated with unmodi-
fied and PEG-modified nanocarriers, respectively (Figure 5g
and Figure S27, Supporting Information). Again, the FolA-PEG-
nanocarrier mediated the highest frequency of 61.7%, which is
very consistent with the PVR knockout levels determined by
flow cytometry. Taken together, these data demonstrate that the
FRorspecific Cas9 RNP nanocarriers enable the most efficient
PVR disruption in CT26 cells, which leads to suppression of
cell proliferation, induction of apoptosis, and cell killing.

2.6. Dual PD-L1/PVR Disruption In Vitro

After confirmation of single PD-L1 and PVR knockouts in CT26
cells, the dual PD-L1/PVR disruption by Cas9 RNP nanocar-
riers was evaluated. Cas9/sgPD-L1_4 and Cas9/sgPVR_3 RNP
were encapsulated into the nanocarriers at an equimolar ratio
(1:1) and a total RNP dose of 75 nm was used. Cells were treated
for 4 h and the cell viability was evaluated by MTT assay 48 h
later. Despite the lower amount of contained Cas9/sgPVR_3
RNP, the FRorspecific nanocarrier still reduced cell viability
to 23%, which was significantly lower than the effects of the
non-specific (Figure 6a). Flow cytometry determined 54.4%
dual knockout of PD-L1 and PVR 72 h after the treatment
with FolA-PEG-modified nanocarriers. In sum, 59.4% of cells
showed any editing event (Figure 6b). In contrast, unmodified
and PEG-modified Cas9 RNP carriers only mediated dual gene
knockout at a frequency of 29.6% (37.6% total edits) and 19.3%
(279% total edits), respectively. Interestingly, in all cases, the
frequency of single knockouts of either PD-L1 or PVR was
much lower than the dual knockout, which suggests that the
developed RNP nanocarriers have a great potential for multi-
plexed genome editing. Figure 6¢ illustrates representative
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histograms obtained by flow cytometry of the treated cells,
where dual knockout events are plotted at the bottom left while
single PD-L1 and single PVR knockouts are found at the top left
and bottom right, respectively.

The inhibited expression of PD-L1 (red) and PVR (green)
induced by the different RNP carriers was also confirmed by
CLSM experiments (Figure 6d). To further determine the dual
knockout efficiency at the genomic level, TIDE analysis of the
two target sequences was performed. The genomic DNA was
isolated 3 days after treatments, and both PD-L1 and PVR target
regions were amplified and analyzed by Sanger sequencing. As
shown in Figure 6e and Figure S28, Supporting Information,
60.7% of PD-L1 and 58.7% of PVR Indel frequencies were deter-
mined in the case of cells treated with the FRo-specific nano-
carriers, while 18.3% (PD-L1) and 21.9% (PVR) were observed
for PEG-modified nanocarriers. The unmodified carrier core
achieved medium levels of dual gene knockout with Indel
frequencies of 31.7% (PD-L1) and 30.6% (PVR).

2.7. Dual PD-L1/PVR Disruption In Vivo

Once the potency of FRo-specific Cas9 RNP nanocarriers was
confirmed in vitro, the capability to enable dual immune check-
point disruption in vivo was assessed (Figure 7a). CT26 WT
cells were inoculated subcutaneously into BALB/c mice. Three
days later, Cas9 nanocarriers containing sgCtrl (25 ug sgCtrl
per mouse), and sgPD-L1_4/sgPVR_3 (12.5 ug of each sgRNA
per mouse) were injected intratumorally every other day with a
total of 3 injections. Mice were euthanized 7 days after the last
injection and single-cell suspensions were prepared from the
tumors to determine PD-L1 and PVR expression levels by flow
cytometry (Figure 7b and Figure S30, Supporting Informa-
tion). The FolA-PEG-modified nanocarriers achieved around
25% of dual knockout and a total of 40% editing in the PD-L1
or PVR target loci in the tumors. The unmodified core showed
lower efficiency with around 16% dual knockout and 25% total
gene editing. Notably, only 4% of tumor cells were edited by the
PEG-modified Cas9 RNP carriers. These results confirm that
FRortargeting also enhances the efficiency of Cas9 RNP delivery
in the in vivo situation and is essential to achieve high potency.
TIDE analysis of the genomic DNA from the tumor tissues con-
firmed that Indel frequencies of 33.2% in PD-L1 and 29.8% in
PVR target loci were induced by FolA-PEG-modified Cas9 RNP
carriers (Figure 6¢ and Figure S31, Supporting Information).
Since the fundamental aim of immune checkpoint blockade
therapy is the stimulation of the immune system against
cancers, we investigated whether the dual PD-L1/PVR disruption
does recruit cytotoxic T cells into the tumor microenvironment.
The gating strategy of the flow cytometry evaluation to quantify
CD8+ T cells is shown in Figure S32, Supporting Information.
Notably, the efficient dual PD-L1/PVR gene disruption by
FolA-PEG-modified carriers significantly enhanced the infiltra-
tion of CD8+ T cells into the tumors in comparison to all other
groups. These results demonstrate that the Cas9 RNP nano-
carriers enable FRorspecific dual immune checkpoint disrup-
tion, which leads to CD8+ T cell recruitment in the tumors in
vivo. Regarding the tolerability of the Cas9 RNP nanocarrier
formulations, it is worth mentioning that no local irritation or
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Figure 6. Dual PD-L1/PVR disruption in vitro. a) Cell viability and b) dual PD-L1/PVR knockout efficiency in CT26 WT cells treated with HBG buffer
(20 mm HEPES, 5% glucose, pH 7.4) or nanocarriers containing 37.5 nm Cas9/sgPD-L1_4 and 37.5 nm Cas9/sgPVR_3 RNP (0.75 eq modification).
Cas9 RNP nanocarriers were incubated with the cells for 4 h followed by medium change. MTT assay and flow cytometry were performed 48 and 72 h
after the treatment, respectively. Statistical significance was determined using the two-tailed student’s t-tests. *p < 0.05. Data are presented as mean
£ SD (n = 3). ¢) Flow cytometry scatter plots and d) CLSM images showing the PD-L1 and PVR expression of CT26 WT cells after 4 h treatment with
HBG buffer, or nanocarriers (37.5 nm Cas9/sgPD-L1_4 and 37.5 nm Cas9/sgPVR_3 RNP, 0.75 eq modification). Evaluation was performed 3 days after
the treatments. PD-L1 was stained with APC-anti-PD-L1 (red), PVR with PE-anti-PVR (green) antibodies, and nuclei with DAPI (blue). Scale bar: 70 um.
e) TIDE analysis of sgPD-L1_4 (left) and sgPVR_3 (right) target loci of each group.

acute immune responses were observed upon subcutaneous
injections at tumor-free sites (data not shown).

Finally, the resulting effects on tumor growth were evaluated
in a separate therapeutic in vivo trial (Figure 8). CT26 WT cells
were inoculated subcutaneously into BALB/c mice and RNP
nanocarriers containing 25 pug sgRNA (sgCtrl, sgPD-L1_4/sgCtrl
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1:1, sgPVR_3/sgCtrl 1:1, or sgPD-L1_4/sgPVR_3 1:1) and 0.75 eq
of FolA-PEG modification were injected intratumorally at days
4,7,11, 18, 21, and 25 (Figure 8a). Tumor size and body weight
of the mice were measured daily and animals were euthanized
when tumors reached a critical size (> 12 mm in diameter) or
when severe weight loss was observed.
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Figure 7. Dual PD-L1/PVR disruption in vivo. a) Schematic illustration of the experimental workflow. Different formulations of Cas9 RNP nanocarriers
were administered intratumorally (i.t.) every other day with a total of 3 injections. Dual PD-L1/PVR knockout and CD8+ T cell recruitment at the tumor
sites were evaluated 7 days after the last injection. b) PD-L1 and PVR knockout efficiencies as determined by flow cytometry of homogenized CT26
tumors treated with HBG buffer (20 mm HEPES, 5% glucose, pH 7.4) or Cas9 RNP nanocarriers containing Cas9/sgCtrl or Cas9/sgPD-L1_4 and
Cas9/sgPVR_3 (1:1) (0.75 eq modification). c) TIDE analysis of sgPD-L1_4 and sgPVR_3 target loci of each group. Sanger sequencing data were evalu-
ated by the TIDE web tool (http://tide.deskgen.com/). d) Flow cytometry scatter plots for quantification of CD8+ T cells. e) CD8+/CD45+ ratio for the
determination of CD8+ T cell recruitment at the tumor sites. Statistical significance was determined using the two-tailed student’s t-tests. **p < 0.01,
*p < 0.05; Data are presented as mean £ SD (n = 3).
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Figure 8. Antitumoral activity in vivo. a) Treatment schedule of Cas9 RNP nanocarriers in the syngeneic CT26 in Balb/c tumor model. Different formula-
tions of Cas9 RNP nanocarriers were administered intratumorally (i.t.) at days 4, 7, 11, 18, 21, and 25. b) Tumor volume of subcutaneous CT26 tumors
during the study. **p < 0.01, **#*p < 0.001; data are presented as mean £ SD (n =5 for sgPD-L1+PVR group, n = 6 for other groups). c) Body weight of
mice throughout the experiment. Data are presented as mean + SD (n = 5 for sgPD-L1+PVR group, n = 6 for other groups). d) Kaplan—Meier survival

curve of mice receiving different treatments.

Tumors of animals, which did not receive the Cas9 nano-
carrier for dual immune checkpoint disruption (HBG, sgCirl,
sgPD-L1_4/sgCtrl, sgPVR_3/sgCtrl) showed continuous
tumor growth beginning from day 8 (Figure 8b). Several mice
from those groups had to be euthanized after day 20 due to
exceeding tumor sizes or severe weight loss (Figure 8b,c).
Neither sgCtrl nor single sgPD-L1 or sgPVR treatment showed
significant inhibition of tumor growth (Figure 8b). In contrast,
the tumor growth of dual sgPD-L1 4/sgPVR_3 treated mice
was delayed (day 14) and strongly inhibited throughout the
entire experiment. At day 20, the mean tumor size of the sgPD-
L1_4/sgPVR_3 group was 2.9-, 3.7-, and fivefold smaller than
those from the sgCtrl, sgPD-L1_4/sgCtrl, and sgPVR_3/sgCtrl
groups, respectively. Besides, rather constant body weights
were observed in the dual sgPD-L1_4/sgPVR_3 treated group.
The Kaplan — Meier plot illustrates the improved survival rate
of the dual sgPD-L1_4/sgPVR_3 treatment, where all mice sur-
vived at day 40 while at least 5 out of 6 animals were euthanized
in all other groups (Figure 8d). Overall, the in vivo antitumor
results demonstrate that dual PD-L1/PVR immune checkpoint
disruption mediated by FReorspecific Cas9 RNP nanocarriers
can significantly suppress tumor growth in vivo, providing a
promising strategy for cancer immunotherapy.

3. Conclusion

In summary, an efficient and FRorspecific Cas9 RNP nanocar-
rier has been developed, which is based on a hydroxystearyl
oligoamino amide (#1445) to permanently disrupt PD-L1
and PVR immune checkpoint genes in tumors. The
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FolA-PEG-modified Cas9 RNP nanocarriers mediated
enhanced receptor-targeted cellular uptake and endosomal
escape compared to unmodified and PEG-modified nanocar-
riers, resulting in more efficient and specific gene knockout in
FRorpositive CT26 and Hela cells in vitro as well as in CT26
tumors in vivo. In particular, potent PD-L1 and PVR gene
knockout was achieved with the FolA-PEG-carrier in CT26
cells, and PVR disruption was found to strongly inhibit cell
proliferation, and induce apoptosis and cell killing. Impor-
tantly, the FolA-PEG-modified Cas9 RNP carriers facilitated
=25% of dual PD-L1/PVR knockout in CT26 tumors, induced
CD8+ T cell recruitment into the tumor microenvironment,
and achieved significant tumor growth inhibition. The thera-
peutic experiment demonstrated that dual disruption of PD-L1
and PVR genes are highly favorable to reduce tumor growth,
which is consistent with literature reporting CT26 to be a
model for non-hypermutated CRC tumors with lower neoan-
tigen burden and lower response rate towards mono-therapy
with anti-PD-L1 blocking antibodies, as compared to other
CRC models.? In conclusion, the developed nanocarriers are
suggested to constitute a highly efficient platform for receptor-
specific delivery of Cas9 RNP with numerous potential appli-
cations. Furthermore, the presented dual immune checkpoint
disruption strategy has the potential for the development of
CRISPR/Cas9-based immunotherapies and cancer therapeu-
tics in the future.

4. Experimental Section

Synthesis of Oligomer 1445: The synthesis of the artificial amino
acid Fmoc-Stp(Boc);-OH (Stp) was described previously by Schaffert
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et al.% First, the 1445 backbone of C(Trt)-[Y (tBu)]s-[Stp(Boc)s],-K(Dde)-
[Stp(Boc)s]p-[Y (tBu)]s-C(Trt)-Lys(N3) (C — N) was synthesized manually
using standard Fmoc solid-phase peptide synthesis conditions.
Coupling step was performed using 4 eq Fmoc-amino acid, 4 eq HOBt,
4 eq PyBOP, and 8 eq DIPEA in DCM/DMF (1:1, 5 mL g™ resin) for
75 min. Fmoc deprotection step was carried out by 3 times incubation
with 20% piperidine in DMF (5 mL g resin) for 15 min. After each
coupling and deprotection step, the resin was washed 3 times with
DMF and 3 times with DCM sequentially followed by a Kaiser test.
After the last deprotection of Fmoc-Lys(N3)-OH, the N-terminal NH,-
group was protected with 10 eq Boc,O and 10 eq DIPEA in DCM/DMF
(11, 5 mL g7 resin). Dde deprotection step was accomplished by
15 times incubation with 2% hydrazine in DMF for 2 min. Afterwards, the
resin was washed 5 times with DMF, 5 times with 10% DIPEA in DMF,
and 3 times with DCM (5 mL g™' resin each) sequentially. Subsequently,
Fmoc-Lys(Fmoc)-OH was introduced followed by the coupling of
hydroxystearic acid. The resin was washed 3 times with DMF and DCM
sequentially and dried in vacuo. The oligomer was cleaved off the resin
by incubation with pre-cooled cleavage cocktail TFA/EDT/H20/TIS
(94:2.5:2.5:1, 10 mL g~ resin) for 60 min. The solution was immediately
precipitated in pre-cooled MTBE/n-hexane (1:1, 45 mL). Afterwards,
the oligomer was purified by gel filtration with an Akta purifier system
(GE Healthcare Bio-Sciences AB, Uppsala, Sweden) using a Sephadex G10
column and 10 mm HCI/ACN (7:3) as the mobile phase. The collected
fractions were snap-frozen and lyophilized to obtain the final products.

Cas9 Protein Expression and Purification: Cas9 protein expression
and purification were performed as described previously.?’l In brief, a
plasmid pET28a/Cas9-Cys (pET28a/Cas9-Cys was a gift from Hyongbum
Kim; Addgene plasmid no. 53261; http://n2t.net/addgene:53261; RRID:
Addgene_53261)*1 was transformed into Rosetta 2(DE3)plysS (Merck
Millipore, Germany) as expression strain. An overnight culture was
prepared from a monoclonal glycerol stock which was inoculated into
LB medium containing kanamycin and chloramphenicol and incubated
at 37 °C. Afterwards, the bacterial culture was diluted with LB medium
(+kanamycin, +chloramphenicol) and incubated at 37 °C until an
optical density at 600 nm (OD 600) of 0.5 — 0.7 was reached. Then,
1 mwm isopropyl f-D-I-thiogalactopyranoside (IPTG) was added to the
bacterial suspension to induce Cas9 protein expression, and the culture
was incubated overnight at RT. On the next day, bacteria were harvested
and resuspended in bacterial lysis buffer (20 mm trizma-base, 0.2 m
NaCl, 20% sucrose, 10 mm MgCl,, pH 7.5) followed by the addition of
30 ug mL™" DNase, 10 ug mL™ RNase, 1 mg mL™" lysozyme, and 1 mm
phenylmethylsulfonylfluoride (PMSF). The lysed suspension was frozen
in liquid nitrogen, thawed on ice, and sonicated 3 times on ice for 20 s.
The bacterial lysate was ultra-centrifuged (20 000 rpm) at 4 °C for 1 h
followed by filtration using a syringe filter (0.45 um).

The purification of Cas9 protein was performed by nickel
chromatography (HisTrap HP column, GE Healthcare, Sweden).
Afterwards, the collected fractions containing Cas9 were concentrated
and further purified with an Akta purifier using storage buffer (20 mm
HEPES, 200 mm KCl, 10 mm MgCl,, and 1 mm DTT) as the solvent. The
fractions containing Cas9 were collected, and the concentration of Cas9
protein was measured with a Nanodrop photometer (Thermo Scientific,
USA) using an extinction coefficient of £/1.000 =120 m~' cm™. The Cas9
solution was aliquoted and stored at —80 °C.

Formulation of Cas9 RNP Nanocarriers: The Cas9 RNP complexes
were formed by mixing the Cas9 protein with sgRNA at 1:1 molar ratio
and incubation for 15 min at RT. The obtained RNP and the amount of
oligomer 1445 corresponding to a N/P (nitrogen to phosphate) ratio of
24 were diluted separately with HBG (20 mm HEPES, 5% glucose, pH
7.4) to equal volumes. The RNP was added to the oligomer solution,
mixed thoroughly by pipetting up and down, and finally incubated for
15 min at RT to give the final formulation. In case of the shielded and
targeted formulations, the RNP nanocarriers were further conjugated
with different DBCO agents (PEG,,-DBCO or FolA-PEG,,-DBCO). Varied
equivalents (defined as molar ratios of DBCO agent to oligomer) of
DBCO agents diluted in one-fourth volume of the RNP nanocarriers
were added to the unmodified formulation, followed by 5 times pipetting
up and down and 4 h incubation at RT.
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Measurement of Particle Size and Zeta Potential: Dynamic and
electrophoretic light scattering were applied for the determination of
hydrodynamic particle size and zeta potential of Cas9 RNP nanocarriers.
For the size measurements, 100 puL of RNP nanocarriers containing
1.25 pg Cas9 protein and 0.25 ug sgRNA (1:1 molar ratio) in HBG was
measured 3 times with 13 sub-runs at a fixed scattering angle of 173°.
Afterwards, 700 pL of HEPES buffer (20 mwm, pH 7.4) was added to each
sample, and zeta potential was analyzed 3 times with 12-15 sub-runs.
All measurements were performed in folded capillary cells (DTS 1070)
using a Zetasizer Nano ZS (Malvern Instruments, UK). The refractive
index (RI) of the solvent was 1.330, the viscosity was 0.8872 mPa s, and
the temperature was set to 25 °C.

Cell Culture: CT26 WT, CT26 eGFP/luc, HelLa eGFP/tub, FRorknockout
Hela eGFP/tub, and HeLa mRuby3/gal8 cells were grown in DMEM
medium supplemented with 10% FBS, 100 U mL™" penicillin, and 100 pg
mL~" streptomycin. The cells were cultured in ventilated flasks in the cell
incubator at 37 °C and 5% CO, in a humidified atmosphere. The cells
were passaged at a confluency of approximately 80%.

FRorknockout Hela eGFP/tub cells were generated by using
Cas9/sgFRo (Table S3, Supporting Information) ribonucleoproteins
and a hydroxystearyl oligo(ethylenamino) amide #1105 as previously
reported.”’l FRorknockout single-cell derived lines were isolated by
limiting dilution from the transfected pools. The detection of FRe
was performed using allophycocyanin (APC)-conjugated o-FolR1 IgG,
antibody by FACS. The genomic DNA of the identified FRarnegative
cells was extracted and the sgFRo target regions of FRa gene were
amplified with the FRo+F and FRaR primers (see Table S5, Supporting
Information). The knockout of FRor gene was further confirmed by
sequencing the purified amplicons by Eurofins GATC Biotech (Germany)
with the primer FRo-F. HeLa mRuby3/gal8 cells were generated as
described below.

eGFP Reporter Gene Knockout by Flow Cytometry: One day prior to
knockout experiments, CT26 eGFP/luc, HeLa eGFP/tub or FRo-knockout
Hela eGFP/tub cells were seeded into 96-well plates at a density of
5000 cells well™". On the next day, the medium in each well was replaced
with 75 pL of fresh medium.

To optimize the FRorspecific gene knockout, 25 pL of RNP
nanocarriers with or without different equivalents of FolA-PEG,,-DBCO
or PEG,-DBCO modification was added into each well resulting in
a final concentration of 75 nm RNP complexes. For the dose titration
experiment, RNP nanocarriers with or without 0.75 eq (CT26 eGFP/luc
cells) or 0.5 eq (HelLa eGFP/tub cells) ligand modification were
formulated and then diluted to prepare a series of different
concentrations of RNP. 25 uL of dilutions were added to each well
resulting in final concentrations of RNP ranging from 1 to 100 nm. To
test the knockout efficiency after long-term storage, 25 UL of the samples
were taken, eventually after reconstitution (freeze-dried sample), and
then added into each well resulting in a final concentration of 75 nm
RNP. After 4 h, the medium in each well was replaced with 100 pL of
fresh medium and the cells were incubated for 44 h.

For optimizing the transfection time, RNP nanocarriers with or
without 0.75 eq (CT26 eGFP/luc cells) or 0.5 eq (HelLa eGFP/tub cells)
ligand modification were applied. The cells were incubated for different
times (15 min, 30 min, 45 min, 1 h, 2 h, 4 h, or 48 h). After replacement
with fresh medium, the cells were further incubated to reach the total
incubation time of 48 h.

Afterwards, the cells were trypsinized and transferred to 24-well
plates. After another 3 days of incubation, the cells were harvested and
resuspended in 600 uL of FACS buffer. The samples were analyzed by
flow cytometry on a CytoFLEX S flow cytometer (Beckman Coulter,
CA, USA). Before the measurement, 1 ng puL™' DAPI was added to
differentiate between live and dead cells. The DAPI signal was detected
with 405 nm excitation and 450 nm emission. The eGFP fluorescence
was assayed with 488 nm excitation and 530 nm emission. Ten thousand
isolated live cells were counted and evaluated. The data were analyzed
using Flowjo 7.6.5 by FlowJo, LLC (Becton, Dickinson and Company,
USA). All studies were performed in triplicate.

Cellular Uptake by Flow Cytometry: One day prior to the cellular uptake
experiments, CT26 WT, HelLa WT, or FRorknockout Hela cells were
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seeded into 24-well plates at a density of 25 000 cells well™". On the next
day, the medium in each well was replaced with 375 L of fresh medium.
RNP nanocarriers with or without 0.75 eq (CT26 WT cells) or 0.5 eq
(HeLa WT cells) ligand modification were prepared as described above
using 20% of ATTO647N-Cas9 and 20% of Cy3-sgRNA. 125 uL of the
nanocarriers was added to each well resulting in a final concentration
of 75 nm RNP complexes. The cells were incubated for 45 min, 2 h, or
4 h. Afterwards, the cells were harvested, prepared, and analyzed by
flow cytometry as described above. The DAPI signal was detected with
405 nm excitation and 450 nm emission. The ATTO647N fluorescence
was assayed with 640 nm excitation and 670 nm emission. And the Cy3
fluorescence was detected with 550 nm excitation and 570 nm emission.
All experiments were performed in triplicate.

Cellular Uptake by Confocal Laser Scanning Microscopy (CLSM): CT26
WT cells were seeded in 8-well Ibidi p-slides (Ibidi GmbH, Germany) at
a density of 15 000 cells well™ 24 h prior to the treatment. On the next
day, the medium was replaced with 225 pL of fresh medium. 75 pL of
RNP nanocarriers containing 20% of ATTO647N-Cas9 and 20% of Cy3-
sgRNA was added to each well resulting in a final concentration of 75 nm
RNP. After 4 h, the medium was discarded and the cells were washed
twice with 300 pL of PBS. Subsequently, 300 pL of PBS containing
heparin (500 IU mL™") was added to disassociate extracellular
nanocarriers from the cell membrane. The cells were incubated on ice for
20 min. Afterwards, the cells were washed with PBS followed by 40 min
of fixation with 4% PFA at RT. The cells were then washed with PBS,
and the cell nuclei were stained with DAPI (2 ug mL™"). After 20 min
incubation, the DAPI solution was removed. 300 uL of PBS was added
per well for CLSM imaging. Images were recorded on a Leica-TCS-SP8
confocal laser scanning microscope equipped with a HC PL APO
63 x 1.4 objective (Germany). DAPI emission was recorded at 450 nm,
ATTO647N-Cas9 at 670 nm, and Cy3-sgRNA at 570 nm. All images were
analyzed using the LAS X software from Leica.

Gal8 Endosomal Escape Assay: Hela cells with stable expression of
a mRuby3-galectin 8 fusion protein were generated by using a Super
piggyBac Transposase expression vector (SBI, CA, USA) and a PB-CAG-
mRuby3-Gal8-P2A-Zeo plasmid.?®l The PB-CAG-mRuby3-Gal8-P2A-Zeo
plasmid was a gift from Jordan Green (Addgene plasmid # 150815;
http://n2t.net/addgene:150815; RRID:Addgene_150815). HelLa mRuby3/
gal8 cells were seeded in 8-well Ibidi p-slides (Ibidi GmbH, Germany) at
a density of 15000 cells well™' 24 h prior to treatments. On the next day,
the medium was replaced with 225 pL of fresh medium. 75 puL of RNP
nanocarriers was added to each well resulting in a final concentration of
75 nm RNP. After 4 h, the cells were washed, fixed, stained, and imaged
as described above. DAPI emission was recorded at 450 nm, mRuby3
emission was recorded at 590 nm. Gal8 spots per cell were analyzed
using the Image) software.

Determination of Dual PD-L1/PVR Gene Knockout by Flow Cytometry:
One day prior to the treatments, CT26 WT cells were seeded into
24-well plates at a density of 50 000 cells well™". On the next day, the
medium in each well was replaced with 375 pL of fresh medium.
Dual sgPD-L1/sgPVR loaded RNP nanocarriers with or without ligand
modification (0.75 eq) were prepared as described above using sgPD-
L1_4 and sgPVR_3 at a molar ratio of 1:1. 125 uL of RNP nanocarriers
was added to each well resulting in a final concentration of 75 nm RNP
in total. After 4 h, the medium in each well was replaced with 500 uL of
fresh medium and the cells were incubated for 44 h. Afterwards, 100 ng
mL~" IFN-ywas added to each well to stimulate PD-L1 expression. After
further incubation for 24 h, the cells were harvested, stained with APC
anti-mouse PD-L1 antibody and PE anti-mouse PVR antibody, and
analyzed by flow cytometry. All experiments were performed in
triplicate.

Cell Viability Assay (MTT) After Dual PD-LT/PVR Gene Knockout:
One day prior to the treatments, CT26 WT cells were seeded into
96-well plates at a density of 5000 cells well™'. On the next day, the
medium in each well was replaced with 75 pL of fresh medium. Dual
sgPD-L1/sgPVR loaded RNP nanocarriers were applied and cells were
incubated for 4 h. Afterwards, the medium was removed and 100 pL
of fresh medium was added in each well. After 48 h total incubation,
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10 puL of MTT (5 mg mL™") was added to each well. The cells were
incubated for 2 h in the incubator. Afterwards, the medium was
discarded, and the plates were frozen at —80 °C overnight. 100 uL of
DMSO was then added to each well to dissolve the formed formazan
product. The plates were incubated for 30 min at 37 °C under
shaking. The absorbance of each well was measured at 590 nm with
background correction at 630 nm using a microplate reader (Tecan
Spark 10 m, Tecan, Minnedorf, Switzerland). The relative cell viability
(in percentage) was calculated relative to control wells treated with
HBG buffer as ([A] test/[A] control) x 100%. All experiments were
conducted in triplicate.

Determination of Dual PD-L1/PVR Gene Knockout by CLSM: One
day prior to the treatments, CT26 WT cells were seeded in &-well Ibidi
w-slides (Ibidi GmbH, Germany) at a density of 50 000 cells well™. On
the next day, the medium was replaced with 225 pL of fresh medium.
75 pL of dual sgPD-L1/sgPVR loaded RNP nanocarriers was added to
each well resulting in a final concentration of 75 nm RNP complexes.
After 4 h, the medium in each well was replaced with 300 pL of fresh
medium. The cells were further incubated for 44 h. Afterwards,
100 ng mL™" IFN-ywas added to stimulate PD-L1 expression. After 24 h
stimulation, the cells were stained using 2 pL of APC anti-mouse PD-L1
antibody and 2 pL of PE anti-mouse PVR antibody, washed, fixed, and
imaged by CLSM as described above.

Sanger Sequencing and TIDE Analysis of Dual PD-L1/PVR Gene Edits:
Genomic DNA of CT26 WT cells was extracted 3 days after treatments
with dual sgPD-L1/sgPVR loaded RNP nanocarriers using a QlAamp
DNA Mini Kit. The target regions of PD-L1 and PVR genes were
amplified, gel purified, sequenced, and the TIDE web tool (http://tide.
deskgen.com/) was used for evaluation of the Sanger sequencing data.

Dual PD-L1/PVR Gene Knockout In Vivo: All animal studies were
performed according to guidelines of the German Animal Welfare Act
and were approved by the animal experiments ethical committee of the
“Regierung von Oberbayern”, District Government of Upper Bavaria,
Germany.

Eight-week-old, female, BALB/c mice, (Janvier, Le Genest-Saint-Isle,
France), were housed in isolated ventilated cages under pathogen-free
conditions with a 12 h light/dark interval and were acclimated for seven
days prior to the treatments. Water and food were provided ad libitum.
For the determination of the efficiency of dual immune checkpoint gene
disruption in vivo, 5 X 105 CT26 WT cells were injected subcutaneously
into the left flank. For the tumor growth inhibition study, 1x 10° CT26 WT
cells were injected subcutaneously into the left flank. The tumor volume
was measured using a caliper and calculated as [0.5 x (longest diameter) x
(shortest diameter)?] and the body weight was recorded daily.

For dual gene knockout study, dual sgPD-L1/sgPVR loaded RNP
nanocarriers containing 125 pg Cas9 protein, 12.5 pg sgPD-L1_4, and
12.5 ug sgPVR_3 with or without ligand modification (0.75 eq) were
prepared in a total volume of 50 uL HBG. Control RNP nanocarriers
containing 25 ug sgCtrl with FolA-PEG,-DBCO modification were
prepared in the same way. The mice were randomly divided into 5 groups
(n = 6) 7 days after the tumor implantation. The RNP nanocarriers were
intratumorally injected every other day with a total of 3 injections.
The mice were euthanized by cervical dislocation 7 days after the last
injection.

For tumor growth inhibition studies, sgCtrl (25 pg), sgPD-L1_4/sgCtrl
(12.5 pg/12.5 pg), sgPVR_3/sgCtrl (12.5 ug/12.5 ug), or sgPD-L1_4/
sgPVR_3 (12.5 png/12.5 pg) loaded FolA-PEG,,-1445 RNP nanocarriers
(125 ug Cas9 protein) were prepared in a total volume of 50 uL HBG.
The mice were randomly divided into 5 groups (n =5 for sgPD-L1/sgPVR
group, n = 6 for other groups) 3 days after the tumor implantation. The
RNP nanocarriers were intratumorally injected on days 4, 7, 11, 18, 21,
and 25. The mice were euthanized by cervical dislocation when tumor
reached the criteria of critical size (212 mm in diameter) or continuous
weight loss occurred.

Flow Cytometry Analysis of Tumor Tissues: Tumor tissues were
harvested, treated with FastPrep homogenizer, passed through 100 pum
and subsequently 40 um meshs, and washed with PBS to obtain single-
cell suspensions.
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To evaluate dual PD-L1/PVR gene knockout in vivo, 5 uL of APC
anti-mouse PD-L1 antibody and 5 pL of PE anti-mouse PVR antibody
were added to each sample (n = 3). The samples were incubated for
60 min on ice in the dark. Afterwards, the samples were washed,
resuspended, and analyzed by flow cytometry as described above.

To evaluate CD8+ T cells recruitment, 5 UL of PE anti-mouse CD45
antibody and 5 uL of APC anti-mouse CD8 antibody (BioLegend, San
Diego, CA, USA) were added to each sample (n = 3). The samples were
incubated for 60 min on ice in the dark. Afterwards, the samples were
washed, resuspended, and analyzed by flow cytometry as described
above.

Sanger Sequencing and TIDE Analysis of Tumor Tissues: Genomic DNA
of tumor tissues was extracted using a QIAamp DNA Mini Kit. The target
regions of PD-L1 and PVR genes were amplified, gel purified, sequenced,
and analyzed by TIDE analysis as described above.

Statistical Analysis: Data were analyzed with GraphPad Prism
5 and presented as arithmetic mean * standard deviation (SD) of at
least triplicates. The statistical significance of the experiments was
determined using the two-tailed student’s t-test, ****p < 0.0001,
#p < 0.001, *%p < 0.01, *p < 0.05.

Supporting Information

Supporting Information is available from the Wiley Online Library or
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