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Despite the exciting promise of cancer immunotherapy in the clinic, immune checkpoint blockade
therapy and T cell-based therapies are often associated with low response rates, intrinsic and adaptive
immune resistance, and systemic side effects. CRISPR-Cas-based genome editing appears to be an
effective strategy to overcome these unmet clinical needs. As a safer delivery platform for the
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CRISPR-Cas system, non-viral nanoformulations have been recently explored to target tumor cells and
immune cells, aiming to improve cancer immunotherapy on a gene level. In this review, we summarized
the efforts of non-viral vector-based CRISPR-Cas-mediated genome editing in tumor cells and immune
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1. Introduction

Cancer immunotherapy is a promising strategy with better anti-
tumor efficacy than the traditional chemo- and radiotherapies."™
The adaptive immune responses are to be boosted to remodel the
tumor immunosuppressive microenvironment to inhibit tumor
growth and defeat tumor recurrence.”” Antigen presenting cells
(APCs), including dendritic cells and macrophages, recognize the
tumor antigens and present the antigens to adaptive immune
cells, like T cells, which recognize and kill the tumor cells.*™°
The delicate immune system relies on the expression and reco-
gnition of membrane proteins expressed on the tumor cells and
immune cells, and the secreted cytokines and chemokines from
these cells, which can all be the targets for the treatments to
enhance the anti-tumor immunity by boosting the functioning of
immune-active cells and inhibiting immunosuppressive cells."*

Immune checkpoint blockade and T cell-based therapies
are commonly used in the clinic now.’®*' Immune checkpoint
inhibitors can block the negative immune regulators, such as
programmed cell death 1 (PD-1) protein, programmed cell
death ligand 1 (PD-L1), and cytotoxic T-lymphocyte associated
protein 4 (CTLA-4), to reactivate the anti-tumor immune
systems.>”>* T cell-based therapies, including tumor infiltrat-
ing lymphocyte therapy, transgenic T cell receptor-T cell
therapy, and chimeric antigen receptor (CAR)-T cell therapy,
function primarily by increasing the number of tumor-specific
T cells against tumor cells.**>° Although durable therapeutic
efficacies of these therapies have been observed in a subset of
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cells for cancer immunotherapy. Their design rationale and specific applications were highlighted.

cancer patients, the low response rate and the intrinsic and
adaptive immune resistance in patients still remain.**"*® Thus,
novel immunotherapeutic strategies are urgently needed.

Genome editing appears to be an effective strategy for cancer
immunotherapy since it could induce long-term effects in the
context of gene expression of immunoregulatory proteins, cyto-
kines, and chemokines on/from the cells to remodel anti-cancer
immunity, which could be beneficial over conventional immu-
notherapeutic strategies, such as immune checkpoint antibodies,
plasmids, messenger RNA, or small interfering RNA and gene
therapies for cancer immunotherapies.**™*> Compared with other
conventional genome editing systems, such as zinc finger
nucleases (ZFNs) and transcription activator-like nucleases
(TALEN), the CRISPR-Cas-based approaches, an emerging techno-
logy which won the 2020 Nobel Prize in Chemistry, show unique
advantages.****™® The CRISPR-Cas system, composed of Cas
nuclease and guide RNA (gRNA),"*° can easily modify targeted
genes by designing gRNAs.”*>* The CRISPR-Cas technology also
offers increased precision and efficiency with a reduced risk of
off-target editing.****>® Additionally, various new CRISPR-Cas
systems, such as prime-editing and base-editing, create new
opportunities for precise gene corrections.> >

The implementation of CRISPR-Cas technology can take the
form of plasmid encoding both Cas and sgRNA, CRISPR mRNA/
sgRNA, or ribonucleoprotein (RNP, the complex of Cas protein
and sgRNA).***° The plasmid DNA, RNA, and RNP all exhibit
negative surface charges and low stability, leading to no to extre-
mely low gene editing efficiency.”®”> Therefore, the development
of nano-systems for the delivery of CRISPR-Cas systems is
urgently needed to elevate the intracellular delivery efficiency and
broaden the applications of CRISPR-Cas technology.

Viral vectors, such as adeno-associated viruses (AAVs) and
lentiviral vectors (LVs), have been commonly employed to load
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and transport genome editing systems in cells efficiently.”®®°
However, viral vectors are associated with many drawbacks,
including immunogenicity, insertional mutagenesis, toxicity,
and packing limitations.**®® On the other hand, non-viral
vectors like nanoparticles (NPs) are considered and investi-
gated to overcome those limitations. Several unique NPs have
been reported for CRISPR-Cas delivery, including polymeric,
lipid, gold, and silicon nanoparticles.”>*¢%97%° These NPs
exhibit chemical design flexibility, high loading capacity,
high safety and stability, biocompatibility, and low
immunogenicity.”"**°*°” In addition, NPs can be easily modi-
fied to target specific cells, making genome editing possible in
a broad spectrum of cells in the complicated tumor microenvi-
ronment (TME) and immune systems.**?%71

In this review, we reviewed the development of non-viral
nanoformulations for the CRISPR-Cas system delivery in
tumor cells and immune cells and highlighted their rationales
and applications in cancer immunotherapy (Fig. 1). In tumor
cells, gene editing targeted to the classical immune check-
point, PD-L1, for enhanced T cell recognition and killing
effect, and to other immune-related proteins for the promoted
phagocytosis of tumor cells by macrophages and the preser-
vation of vitality of T cells. As for gene editing in immune
cells, we introduced the applications to macrophages, dendri-
tic cells, and T cells. The goals of targeting macrophages lay in
the induction of macrophage polarization from M2 to M1 phe-
notype, and the promotion of macrophage phagocytosis. The
gene editing in dendritic cells enhanced the presentation of
antigens to T cells, and in T cells strengthened the recognition
of tumor cells for higher killing efficiency.

2. Genome editing targeting tumor
cells

Tumors can escape immune surveillance through various
mechanisms, in which the expression of immune checkpoints
and the secretion of some immunomodulatory molecules have
been widely investigated. For example, immune checkpoints
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which are expressed on tumor cell surfaces can interact with
immune checkpoint receptors on immune cells to inhibit cell
killing.’°*"'°® Tumor cells also secrete immunosuppressive
molecules to inhibit the activation and infiltration of immuno-
supportive cells (e.g., CD4" and CD8" T cells) and promote
immunosuppressive cells (e.g., regulatory T cells (Tregs) and
myeloid-derived suppressor cells (MDSCs)).'**°® Knockout of
immune checkpoint expression and immunosuppressive mole-
cule secretion in tumors using CRISPR-Cas tools could favor
anti-tumor immunity (Table 1).

2.1. Targeting PD-L1

PD-L1 is one of the immune checkpoints that is often over-
expressed on tumor cells, such as gastric cancer, ovarian
cancer, melanoma, breast cancer, and colorectal cancer.'****”
Binding PD-L1 and programmed cell death-1 (PD-1) on T cells
will lead to impeding of the T cell-mediated anti-immune
responses.”>''#7?? Tg this end, Lu et al.'** utilized Ni**-modi-
fied mesoporous polydopamine (mPDA)-covering Fe;O, NPs
(termed FPP) to deliver Cas9 RNP targeting the PD-L1 gene
(Fig. 2A). The magnetic targeting effect of the Fe;O, NPs
improved the accumulation of Cas9 RNP-loaded nanoparticles
in tumor sites. Afterwards, near-infrared (NIR) light initiated
the release of Cas9 RNP by disrupting the non-covalent bond
between the metal ions and PDA. In B16F10 cells, FPP/RNP
with NIR induced 42.1% of PD-L1 gene knockout. In the mela-
noma model in vivo, the gene knockout efficiency of FPP/RNP
with NIR was about 25.1%, which translated to the best
control of the tumor growth in this group. The treatment of
FPP/RNP with NIR laser irradiation effectively reversed the
immunosuppression of the TME and induced strong anti-
tumor immune responses in vivo, including DC maturation, T
cell activation and secretion of antibodies and cytokines.

Liu et al.'* presented a mesoporous silica nanoparticle
(MSN)-based virus-like nanoparticle (denoted as VLN) as a
multifaceted nanoplatform to co-deliver the CRISPR/Cas9
system and small molecule drugs (Fig. 2B). The RNP was con-
jugated on the surface-thiolated MSN via glutathione (GSH)-
responsive disulfide bonds. The CRISPR/Cas9 system with an
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Fig. 1 Scheme of non-viral CRISPR-Cas-loaded vectors for cancer immunotherapy.
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Table 1 Representative nanoformulation-mediated CRISPR-Cas9 delivery for genome editing targeting tumor cells

Target
gene CRISPR-Cas9 Administration
locus format NP composition Applications route Ref.
PD-L1 RNP Ni**-modified mesoporous PDA-covering  In vivo (B16F10 melanoma in C57BL/ Intravenous 123
Fe;0, NPs 6 mice) injection
PD-L1 RNP Mesoporous silica NP-based virus-like In vivo (B16F10 melanoma in C57BL/ Intravenous 124
NPs 6 mice) injection
PD-L1; Plasmid Polyplex of CRISPR plasmid DNA In vivo (B16F10 melanoma in C57BL/ Intravenous 125
MHC-1 (pDNA) and thioketal-cross-linked 6 mice; B16F10 or 4T1 TNBC in BALB/c injection
polyethylenimine derivative, covered mice)
with glucose-modified poly(ethylene
glycol)-b-polylysine
PD-L1 Plasmid Au nanoparticle-loaded core-shell tecto-  In vivo (B16F10 melanoma in C57BL/ Intratumoral 129
dendrimers (Au CSTDs), gold NPs 6 mice) injection
entrapped in lactobionic acid (LA)-
modified G5 PAMAM dendrimers,
covered with PBA-conjugated G3 PAMAM
dendrimers, complexed with Cas9-PD-L1
pDNA
PD-L1; RNP Sequence-defined oligo(ethylenamino) In vivo (CT26 colorectal carcinoma in Intratumoral 130
PVR amide-based carriers modified with folic BALB/c mice) injection
acid
PD-L1 Plasmid Polyplex of CRISPR/Cas13a pDNA and 4-  In vivo (B16F10 melanoma in C57BL/ Intravenous 137
(hydroxymethyl)phenylboronic acid 6 mice) injection
(HPBA)-modified PEI, covered with cis-
aconitic anhydride and sodium
glucoheptonate dehydrate-modified
PEG-b-polylysine
PD-L1 mRNA LNP In vivo (ID8-luc ovarian cancer in C57BL/ Local injection, 142
6 mice; MYC-driven liver cancer in intravenous
transgenic mice) injection

CD47 Plasmid PEI-decorated gold nanoparticles In vivo (B16F10 melanoma in C57BL/ Peritumoral 154
6 mice) injection

CD47 Plasmid Nanocomplex of plasmids and In vivo (B16F10 melanoma in C57BL/ Intravenous 155
fluorinated polyethylenimine, coated 6 mice) injection
with hyaluronic acid and TME-sensitive
peptides

CD47 RNP Cas9 RNP coated by N-(3-aminopropyl) In vivo (B16F10 melanoma in C57BL/ Intravenous 159
methacrylamide (cationic monomer), 6 mice) injection
methacrylate (anionic monomer),
acrylated pheophorbide a (ICD
monomer), acrylated PEG (APEG, blood-
circulated monomer), folic acid
modified APEG (tumor-targeted
monomer), and N,N'-bis(acryloyl)
cystamine (GSH-degradable crosslinker)

Ptpn2 Plasmid Nanocomplex of plasmids, branched In vivo (B16F10 melanoma in C57BL/ Intravenous 168
PEI, and iRGD peptides, assembled with 6 mice) injection
3-(carboxypropyl) triphenyl
phosphonium bromide-PEI-Ce6

Ptpn2 Plasmid DBCO decorated liposome In vivo (B16F10 melanoma in C57BL/ Intravenous 169

6 mice) injection

SLC43A2  Plasmid Mn/Zn-ZIF-8 MOF In vivo (4T1 TNBC in BALB/c mice) Intravenous 172

injection

HSP70; Plasmid LEGEND composed of poly(p-amino In vivo (B16F10 melanoma, LLC lung Intravenous 183

BAG3 ester) PAE-C14, semiconducting polymer cancer, Hepal-6 liver cancer in C57BL/ injection

BDT-TQE, tumor-targeting PEGylated
lipids DSPE-PEG-AEAA; FUGEND
composed of PDA subunit, poly(f-amino
ester) PAE-C14, PEGylated lipids
DSPE-PEG-AEAA

sgRNA targeting the PD-L1 encoding gene (denoted as
sgPD-L1) was released in cytosol with high GSH present. VLN-
sgPD-L1 decreased PD-L1 expression to 41.3% in vitro and
exhibited 45.1% of PD-L1 knockout efficiency in vivo in B16F10
tumors. VLN-sgPD-L1 treatment significantly suppressed
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6 mice; A549 lung cancer cells in Nod/
SCID/IL2RG ™/~ mice; PDX of liver cancer
in B-NDG B2m/KO mice plus (B2m(v2)
(mut/mut), B2m (—/-) IL-2rg (—/-)))

tumor growth and increased survival, as well as revitalized the
exhausted T cells for enhanced anti-tumor immune activation.

Xing et al."> developed a pH/photo dual-activatable binary
CRISPR nanomedicine (denoted as DBCN), where the polyplex
of CRISPR plasmid DNA (pDNA that targets PD-L1) and thio-

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Editing of the PD-L1 gene in tumor cells for cancer immunotherapies. (A) FPP preparation and RNP loading, and illustration of the multi-
functional photothermal therapy and CRISPR/Cas9 genome-editing strategy for editing PD-L1 gene and remodeling the immunosuppressive tumor
environment in vivo.?* (B) Schematic illustration for the synthesis of Cas9-sgPD-L1-loaded VLN and the delivery process after intravenous injection,

the suppression of Tregs and the activation of CD8" T cells by the Cas9-sgPD-L1-loaded VLN for efficient cancer immunotherapy.

ketal (TK)-cross-linked polyethylenimine derivative (modified
with phenylboronic acid (PBA) and photosensitizer pheophor-
bide a (Pha), TK-PPP) formed the core and glucose-modified
poly(ethylene glycol)-b-polylysine  (mPEG113-b-PLys25/Glu)
formed the shell (Fig. 3A). The core was exposed because of
the disassembly of the shell in the acidic TME. PBA groups on
the TK-PPP/pDNA polyplex can then bind with sialic acid (SA)
overexpressed on the tumor cells to enhance tumor accumu-
lation and cellular internalization of the CRISPR com-
ponents.'*® With tumor progression, MHC-1 expression on the
tumor cell surface gradually decreases, resulting in insufficient
tumor-associated antigen (TAA) presentation and immune
evasion."””'*® Thus, the up-regulation of MHC-1 expression is
supposed to effectively restore TAA presentation on the surface
of tumor cells. The pDNA respectively encoding the
CRISPR-Cas9 system for disrupting PD-L1 and the aCRISPR-
dCas9 system for up-regulating MHC-1 was co-loaded and co-
delivered into B16F10-OVA cells. Both PD-L1 disruption and
MHC-1 up-regulation were observed after treatment with
DBCN under pH 6.5 with laser irradiation, initiating robust T
cell-dependent antitumor immune responses to inhibit the
growth of both primary and distant tumors. In B16F10 tumor-
bearing mice, the DBCN (with laser) treatment significantly
controlled the growth of primary tumors and prolonged the
survival of tumor-bearing mice. Immunological analysis
showed that DBCN (with laser) treatment promoted the intra-
tumoral infiltration of CD8" T cells from 8.57% to 29.4% com-
pared with PBS treatment. In addition, DBCN further triggered
lasting and specific antitumor immune memory effects, which
significantly prevented the recurrence and metastasis of malig-
nant tumors. DBCN (with laser) treatment increased the frac-
tion of effector memory T cells from 12.5% to 28.7% and

This journal is © The Royal Society of Chemistry 2024
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central memory T cells from 18.7% to 32.8% compared with
PBS treatment.

Liu et al.'*® constructed TME-responsive Au nanoparticle-
loaded core-shell tecto dendrimers (Au CSTDs), composed of
lactobionic acid (LA)-modified G5 poly(amidoamine) (PAMAM)
dendrimer-entrapping Au NPs as the core and PBA-conjugated
G3 PAMAM dendrimers assembled as the shell (ie., the
vector), to electrostatically complex and deliver Cas9-PD-L1
pPDNA (Cas9-PD-L1). In B16F10 cells, the vector/Cas9-
PD-L1 group showed the lowest expression level of PD-L1 pro-
teins. In the melanoma mouse model, the vector/Cas9-
PD-L1 group displayed a significantly better suppression of
tumor growth and more significant PL-L1 expression inhi-
bition than PD-L1 antibody treatment. Vector/Cas9-PD-L1
treatment also led to the increased distribution of CD4'/CD8"
T cells, decreased immunosuppressive cell populations, and
increased levels of tumor necrosis factor o (TNF-a), interferon
¥ (IFN-y) and interleukin (IL)-6 cytokines.

Lin et al."*° loaded Cas9/sgPD-L1 RNP and Cas9/sgPVR RNP
in sequence-defined oligo(ethylenamino)amides (OAAs)-based
carriers with folic acid (FolA) modification on the surface. The
FolA mediated the Cas9 RNP delivery into tumor cells expres-
sing folate receptor a (FRa)."*' The T cell immunoreceptor
with immunoglobulin (Ig) and immunoreceptor tyrosine-
based inhibitory motif domain (TIGIT)/poliovirus receptor
(PVR) is a newly identified immune checkpoint axis that
emerged as a promising immunological target."**”*** Blocking
the TIGIT/PVR axis has been proved to enable the reversal of
T cell exhaustion and enhance antitumor efficacy in diverse
types of cancer."*>'*>"3° A 54.49% dual knockout of PD-L1 and
PVR in vitro and around 25% of dual knockout in vivo were
detected in CT26 cells after treatment with FolA-PEG-nano-
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Fig. 3 Editing of the PD-L1 gene in tumor cells for cancer immunotherapies. (A) Preparation of DBCN, and the schematic illustration of DBCN deli-
vering binary CRISPR systems to simultaneously correct the disturbance of MHC-1 and PD-L1 expression to remodel tumor immunogenicity for
efficient cancer immunotherapy.'?® (B) Schematic illustration of DLNP for effective cancer immunotherapy. The CRISPR/Cas13a system can only be

released from DLNP in a microenvironment with both a low pHe and high H,O, concentration.

carriers. FolA-PEG-nanocarriers exhibited delayed tumor
growth and enhanced CD8" T cell infiltration in tumors.
Zhang et al.'® also established a tumor-targeting dual-
locking nanoparticle (DLNP) to deliver the CRISPR/Cas13a
system (Fig. 3B). Cas13a, also as a nuclease, targets RNA
instead of DNA (which is targeted by Cas9), realizing tempor-
ary but safe gene regulation.”**"*° The solid TME features a
lower pH and higher ROS level, to which the DLNP was respon-
sive to degrade into cationic polymers, facilitating the cellular
internalization of the CRISPR/Cas13a system and gene editing
activation."*®'*! The crRNA targeting the PD-L1 gene was com-

plexed in the CRISPR/Cas13a system. In the B16F10 melanoma
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mouse model, the DLNP group showed a superior control of
tumor growth, where 50% of mice survived to 36 days. DLNP
also induced 6-fold higher CD8" T cell infiltration, 1.81-fold
higher IFN-y, and 3.84-fold higher TNF-« levels compared with
the untreated group.

Zhang et al.*** reported a lipid nanoparticle (LNP) to deliver
focal adhesion kinase (FAK) siRNA (siFAK), Cas9 mRNA, and
PD-L1 sgRNA. FAK is frequently overexpressed in tumors, and
promotes the adhesion of tumor cells to the tumor stroma and
the ECM."* The inhibition of FAK led to a decreased stiffness
of the tumor ECM and enhanced infiltration of CD8" cytotoxic
T cells."**'** In mice bearing ID8-luc xenograft ovarian

This journal is © The Royal Society of Chemistry 2024
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tumors, siFAK + CRISPR-PD-L1-LNPs enhanced the infiltration
of immune cells, especially T cells, which translated to the
best anti-tumor effect. Similarly, the prolonged survival of
mice and boosted infiltration of T cells and macrophages were
discovered in the mouse model of liver cancer after siFAK +
CRISPR-PD-L1-LNP treatment.

2.2. Targeting CD47

CD47 is a novel macrophage immune checkpoint expressed on
cancer cells."**'*® CD47 can react with signal regulatory
protein-a (SIRP-a) on macrophages to help cancer cells to
bypass phagocytosis.'**™*** Huang et al.'** utilized PEI-deco-
rated gold nanoparticles to load the CRISPR/Cas9 plasmid
PH330/sgCD47, obtaining a nanosystem termed
AUPp330/5¢cpa7- CD47 genomic disruption by the CRISPR/Cas9
plasmid was driven by a heat shock protein 70 (HSP70) promo-
ter under NIR-II light. In in vitro experiments, the expression
of CD47 protein on the surface of B16F10 cells was signifi-
cantly downregulated in the AUPLu330/50cpa7 (With NIR
irradiation) group. AuPpr330/secpar (With NIR irradiation) trig-
gered a powerful anticancer immune response, including M2-
to-M1 phenotype macrophage polarization, CD8" T cell infiltra-
tion, and Treg consumption. An immune memory response
was also elicited, with the increased ratio of effector memory T
cells and central memory T cells in the spleen.

Lin et al.'> prepared an environment-responsive gene deliv-
ery system (abbreviated as HPT-PFs) for CD47 blockade with
IL-12 production in tumor cells (Fig. 4A). The plasmids encod-
ing IL-12 and Cas9/sgRNA were complexed with fluorinated
polyethylenimine to form the core. The core was further coated

This journal is © The Royal Society of Chemistry 2024

by hyaluronic acid (HA) together with TME-sensitive peptides
(TMSP, composed of cell-penetrating peptides (CPP) and
shielding peptides connected by a matrix metalloproteinases-
2/9 (MMP-2/9)-cleavable peptide linker (PVGLIG)). MMPs are
overexpressed in tumors and can cleave the PVGLIG linkers to
expose the CPP."*® The hyaluronic acid can interact with CD44
overexpressed on multiple tumor cells for active tumor
targeting."””'*®* HPT-PFs treatment exhibited the effective
control of tumor growth and decreased CD47 expression in a
melanoma mouse model. The anti-tumor effect was further
enhanced by the co-delivery of IL-12 plasmid, which promoted
the polarization of macrophages from M2 to M1 phenotype.

Xing et al"® prepared a Cas9 RNP nanocapsule (CasoNC)
formed by coating CD47-disrupting Cas9 RNP with acrylated
pheophorbide a (APPa, the photosensitizer for photodynamic
therapy) and multiple functional and crosslinked monomers,
which endowed the Cas9NC with excellent blood stability, tumor
targeting, laser-triggered immunogenic cell death (ICD), GSH-
responsive degradability, and protection from enzyme degra-
dation (Fig. 4B). Cas9NC (with laser) treatment of B16F10 cells
resulted in 62.2% CD47 disruption. Cas9NC intravenous injec-
tions into melanoma-bearing mice led to a significant decrease in
CD47 expression, which can promote the phagocytosis of tumor
cells by dendritic cells and facilitate dendritic cell maturation and
CD8" T cell activation. The anti-tumor immune activation bene-
fited the anti-metastatic efficiency of the Cas9NC treatments.

2.3. Targeting Ptpn2

Protein tyrosine phosphatase non-receptor type2 (Ptpn2) is a
phosphatase involved in various signaling processes and it is
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frequently mutated in multiple malignancies.'®* "% Deletion
of Ptpn2 in tumor cells could elevate the immunotherapeutic
efficacy by increasing the activated cytotoxic CD8" T cells and
IFN-y mediated effects.'®* ™" Yang et al.'®® prepared a posi-
tively charged “core” (termed PR@CCP) co-loaded with a modi-
fied mitochondria-targeting chlorin e6 (TPP-PEI-Ce6) and the
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CRISPR-Cas9 system targeting the Ptpn2 gene (Cas9-Ptpn2)
(Fig. 5A). The PR@CCP core was further coated with a nega-
tively charged HA “shell” by electrostatic adsorption to obtain
the nanosystem, named HPR@CCP. The HPR@Cas9-Ptpn2 sig-
nificantly inhibited Ptpn2 expression and elevated the percen-
tages of CD3'CD8" T cells in tumor tissues (~35.29% com-

PR@CCP HPR@CCP
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N o
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Fig. 5 Editing of the Ptpn2 gene in tumor cells for cancer immunotherapies. (A) The construction of HPR@QCCP nanoparticles and their versatile
application in cancer combined therapy.’®® (B) Process of the selective labeling of tumor tissues via metabolic engineering by AcsManNAz/
H-MnO,@Gel, and the illustration of the targeted CRISPR/Cas9 system delivery and tumor-specific gene editing of Ptpn2 by DBCO-Lipo/p via

biorthogonal click chemistry.*6°
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pared with ~25.25% in the PBS group) and blood (~32.60%
compared with ~26.57% in the PBS group).

Yang et al.'®® utilized the biorthogonal reaction to form a
tumor-targeted CRISPR/Cas9 system delivery (Fig. 5B).
Specifically, they developed an intelligent biodegradable
hollow manganese dioxide (H-MnO,) nanoplatform for tumor-
specific labeling by N-azidoacetylmannosamine-tetraacylated
(Ac,;ManNAz) through metabolic engineering. Then dibenzo-
cyclooctyne (DBCO)-decorated liposome loading CRISPR/Cas9
plasmids (DBCO-Lipo/p) were used to disrupt the Ptpn2 gene
in tumor cells through in vivo click chemistry. The combined
treatment of AcsManNAz/H-MnO,Gel + DBCO-Lipo/p to
B16F10 cells led to 28.2% of Ptpn2 gene disruption.
In a melanoma mouse model, the Ac;ManNAz/
H-MnO,Gel@DBCO-Lipo/p treatment group exhibited a gene
editing efficiency of ~25% and attenuated tumor growth of
75%. Moreover, significantly elevated tumor-infiltrating CD8"
T cells, transforming growth factor § (TGF-p), and IL-10 were
observed, demonstrating that a robust anti-tumor immune
response was effectively triggered.

2.4. Targeting SLC43A2

Methionine is a crucial protein for CD8" T cells because meth-
ionine deficiency can induce CD8" T cell death and dysfunc-
tion."”® However, the acquisition of sufficient methionine by
CD8" T cells can be interfered with by competitive methionine
uptake in tumor cells through the high-expressing methionine
transporter SLC43A2."”"  Therefore, downregulation of
SLC43A2 expression on tumor cells could promote the survival
and activity of CD8" T cells. Huang et al.'’® encapsulated
the CRISPR/Cas9 plasmid targeting SLC43A2 into Mn/Zn
bimetallic metal-organic framework (MOF) nanoparticles to
obtain PMZH (Fig. 6A). PMZH treatment was able to disturb
the expression of SLC43A2 in 4T1 cells in vitro, which led to
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improved survival of cytotoxic T cells in the coculture system.
PMZH exhibited 85.47% of 4T1 breast cancer growth inhi-
bition in vivo, and significantly enhanced CD8" T cell infiltra-
tion in tumors.

2.5. Targeting to HSP70

HSP70 and Bcl-2-associated athanogene 3 (BAG3) are highly
expressed in various cancer types and their intracellular activi-
ties have a great impact on the survival of tumor cells."”**7
HSP70 correlates with chemotherapy resistance, metastasis,
tumor grade, and poor prognosis, while BAG3 is implicated in
HSP70-related cell signaling."”® The overexpression of HSP70
and its co-chaperone BAG3 exhibits an anti-apoptotic mecha-
nism in tumor cells so that these tumor cells can protect them-
selves from various stresses (such as chemotherapy and
hypoxia) and T-cell-mediated Kkilling effects."”””"”® Besides,
HSP70 and BAG3 also have the capacity to dynamically influ-
ence the TME, thereby fostering the advancement of cancer
and treatment resistance, including T cell-based adoptive cell
transfer.'®°'%2To this end, Chen et al.'® established a nano-
formulation that can respond to near-infrared (NIR) light or
focused ultrasound (FUS) to deliver the heat-inducible
CRISPR-Cas9 system that targets the HSP70 and BAG3 genes in
tumor cells (Fig. 6B). The light-enabled genome-editing nano-
device (LEGEND) included poly[[diisopropyl 4-(4,8-bis(heptan-
3-yloxy) benzo[1,2-b:4,5-b'|dithiophen-2-yl)]-alt-co-[[1,2,5]thia-
diazolo[3,4-g]quinoxaline-6,7-dicarboxylate]], a semiconducting
polymer which can convert NIR light-to-heat, and a heat-trig-
gered Cas9 plasmid that encoded both HSP70 sgRNA and
BAG3 sgRNA driven by a heat-shock promoter. Thus, NIR-II
can induce the expression of plasmid loaded in LEGEND.
Compared with the non-pretreated B16F10 tumors, the
LEGEND pretreatment led to the increasing of infiltrating
tumor-infiltrating lymphocytes (TILs) by 85 fold, and a higher
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for cancer immunotherapies. Schematic demonstration of the synthesis

genome editing of tumor cells mediated by LEGEND or FUGEND and TME modulation to promote the adoptive T cell efficacy synergistically.
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proliferation rate (97.6%) than that in the non-pretreated
tumors (13.6%). The notable anti-tumor therapeutic efficacy of
LEGEND-sensitized adoptive TIL (LEGEND + TIL) was seen in
B16F10 melanoma, and mouse models xenografted with A549
lung tumor and Hepal-6 hepatocellular carcinoma cells.
LEGEND pretreatment also led to more CAR-T cell infiltration
in A549 primary and distant tumors, showing effective tumor
growth control. In the humanized patient-derived xenograft
(PDX) mouse model, LEGEND-sensitized adoptive CAR-T-cell
therapy greatly enhanced the CAR-T cell infiltration into the
PDX tumor, which was 6.5-fold higher than the group with
CAR-T. FUS-enabled genome-editing nanodevice (FUGEND)
included the sonosensitive 1,2-distearoyl-sn-glycero-3-phos-
phoethanolamine-polyethylene glycol (DSPE-PEG). FUS can
precisely generate hyperthermia in local deep tissues that light
cannot reach. Hence, FUGEND can be applied to treat deep
orthotopic tumors. Under ultrasound, the FUGEND system
succeeded in promoting TIL proliferation and infiltration in
orthotopic hepatocellular carcinoma.

3. Genome editing targeting innate
immune cells

Innate immune cells include macrophages, dendritic cells,
neutrophils, and NK cells."®"®> Genome editing in these
innate immune cells has potential to induce activation, polar-
ization, or other immune activation-oriented transformation
for an enhanced effect of killing tumor cells. In this section,
we will introduce CRISPR system delivery via non-viral nano-
carriers for genome editing in innate immune cells (mainly
macrophages) for cancer immunotherapy (Table 2).

View Article Online
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3.1. Targeting macrophages

Macrophages exhibit phagocytosis of tumor cells, degradation
of dead cells and debris, and modulation of inflammatory

processes. 878

There are two phenotypes of macrophage,
where M1 macrophages are usually considered anti-tumoral,
pro-inflammatory and immune-activating, whereas M2 pheno-
type macrophages are related to tumor-associated, anti-inflam-
190192 Therefore,

promotion of the recognition of macrophages of tumor cells

matory, and immunosuppressive functions.

and the polarization of macrophage phenotypes from M2 to
M1 in tumors can be beneficial for cancer treatment, which
can be realized by leveraging genome editing systems.
Generally, to enhance the genome editing efficiency in macro-
phages, non-viral vectors are modified with ligands that can
bind to receptors expressed on macrophages, such as macro-
phage galactose-type lectin and retinoid X receptor beta.'®**%*
Zhao et al.'®® developed E. coli protoplast-derived functiona-
lized nanovesicles (NVs) to encapsulate Cas9-sgRNA RNP tar-
geting Pik3cg (also known as PI-3 kinase gamma (PI3Ky), a
critical modulator of macrophage phenotype) (Fig. 7A). The
plasmids which encoded sgPik3cg and Cas9 were transformed
into E. coli, so the derived NVs exhibited high loading
efficiency of the Cas9-sgPik3cg complex. Inactivation of macro-
phage PI3Ky led to suppression of the tumor growth by indu-
cing immune activation of the macrophages, and promoted an
immunostimulatory transcriptional program that restores
CD8" T cell activation and cytotoxicity."*>'®” The NVs were
also modified with a pH-responsive PEG-conjugated phospho-
lipid derivative of 1,2-distearoyl-sn-glycero-3-phosphorylethano-
lamine (DSPE)-hydrazone bond-PEG2000 (DHP) and a TAM-tar-
geted phospholipid derivative of DSPE-galactosamine (DGA) to
obtain sgPik3cg-DHP/DGA-NVs, for dual targeting acts towards
TAMs. sgPik3cg-DHP/DGA-NV treatment of TAMs in vitro

Table 2 Representative nanoformulations for CRISPR-Cas9 delivery for genome editing targeting immune cells

Target
gene Target CRISPR-Cas9 Administration
locus immune cell ~ format NP composition Applications route Ref.
PI3Ky Macrophages  RNP Nanovesicles derived from E. coli In vivo (4T1 TNBC in BALB/c Intravenous 195
protoplasts and functionalized with a  mice; MC38 colorectal cancer in  injection
pH-responsive PEG-conjugated C57BL/6] mice)
phospholipid derivative of DSPE-
hydrazone bond-PEG2000 and a TAM-
targeted phospholipid derivative of
DSPE-galactosamine
PI3Ky Macrophages  Plasmid Exosomes externally engineered with  In vivo (LLC lung cancer in Intravenous 198
a macrophage-targeting peptide C57BL/6 mice) injection
CRVLRSGSC
SIRP-a Macrophages  RNP Cationic arginine-coated gold In vitro — 200
nanoparticles (RAW264.7 macrophages)
RICTOR  Macrophages  RNP Liposomes composed of Lipoid S100  In vivo (4T1 TNBC in BALB/c Intratumoral 201
and DOTAP mice) injection
YTHDF1  Dendritic Plasmid Polymer-LNP (1,2-dioleoyl-3- In vivo (MC38 colorectal cancer  Intravenous 210
cells trimethylammonium-propane and in C57BL/6 mice) injection
PEG-PLGA) coated with attenuated
Salmonella-derived OMVs
PD-1 T cells RNP Liposomes In vitro (primary T cells from — 243
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Fig. 7 Genome editing in macrophages for cancer immunotherapies. (A) Schematic illustration of sgPik3cg-DHP/DGA-NVs for TAM-targeting
genome editing for anti-tumor efficacy enhancement.*® (B) The construction of I3E, the mechanism of M1 polarization, and the awakening of the

“hot” tumor-immunity.°®

resulted in the significant downregulation of PI3Ky and macro-
phage polarization. In the 4T1 breast cancer mouse model,
sgPik3cg-DHP/DGA-NVs exhibited
effective macrophage M2-to-M1 polarization and the following

intravenous treatment
TME remodeling from an immunosuppressive “cold” state to
an immune active “hot” state.

Zhang et al.**® constructed CRVLRSGSC (CRV) peptide-functio-
nalized encapsulate  the  dCas9-KRAB-
sgPI3Ky-encoded plasmid (Fig. 7B). The CRV peptide can selec-
tively home to tumor tissues and target macrophages.'®
Additionally, the nuclease-dead mutants of Cas9 (dCas9) fused
with a transcription repressor Kriippel-associated box (KRAB) were
used for repressing the gene expression with higher efficiency and
lower off-target effects.'®® The engineered exosomes remodeled

€xosomes to

the microenvironment with more stimulated M1 macrophages
and T cells and decreased percentages of M2 macrophages and
MDSCs, leading to the inhibited growth of tumors.

Ray et al.”®® established that cationic arginine-coated gold
nanoparticles (ArgNPs) can deliver the CRISPR-Cas9 system for
knocking out the signal regulatory protein o (SIRP-a) gene in
macrophages. The interaction of SIRP-a on macrophages and
CD47 on tumor cells sends a “don’t eat me” signal, and the elim-
ination of this signal favors the phagocytosis of cancer cells by (—)
SIRP-o macrophage. A peptide tag containing glutamic acids
(E20-tag) was inserted at the N-terminus of Cas9 protein for
efficient cytosolic delivery, and a nuclear localization signal tag
was appended at the C terminus to enhance nuclear accumu-
lation. In in vitro experiments, SIRP-a gene knockout exhibited
the efficiency of ~27% in RAW264.7 cells after 48 h incubation,
and the SIRP-o knockout RAW264.7 cells revealed a fourfold
increase in phagocytosis of cocultured human osteosarcoma cells
(U208) compared with the un-edited RAW264.7 cells.

This journal is © The Royal Society of Chemistry 2024

Leonard et al’®' used liposomes loaded with CRISPR
complex (crRNA and Cas12a) to target rapamycin-insensitive
companion of mammalian target of rapamycin (RICTOR), a
rapamycin-insensitive companion of mMTOR (mammalian
target of rapamycin). The deletion of the RICTOR gene in
macrophages induces M1 macrophage polarization, because
mTORC2  signaling  regulates the  generation  of
M2 macrophages.’®>?%® The Cas12a system is also a member
of the CRISPR-associated nucleases that binds and cleaves
DNA targets.”***°> CRISPR-RICTOR-liposome successfully
knocked down RICTOR expression, leading to M2 macrophage
polarization into M1 macrophages in an in vitro 3D TME
formed by the co-culture of breast cancer spheres and
M2 macrophages.

3.2. Targeting dendritic cells

Dendritic cells are professional antigen-presenting cells that
can initiate antigen-specific adaptive immune responses for T
cell activation in anti-tumor immunity.”°®>°® Specifically, den-
dritic cells recognize the antigens and become maturate, then
present the antigens to T cells to trigger the immune
system.”®® These important steps for anti-tumor immune acti-
vation are anticipated to be enhanced through genome
editing. Li et al’' utilized the outer membrane vesicles
(OMVs) of bacteria to load CRISPR/Cas9 plasmid (termed
BNMs) (Fig. 8). OMVs preserve various bacteria-derived patho-
gen-associated molecular patterns (PAMPs), which can be pro-
cessed and presented by dendritic cells.>'"*'*> The CRISPR/
Cas9 plasmid was against YTHDF1, whose downregulation in
dendritic cells can promote the cross-presentation of tumor
antigens and the cross-priming of CD8" T cells.>"® pCas9/
gYthdf1 plasmid transfection in vitro in DC2.4 cells resulted in
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Fig. 8 Genome editing in dendritic cells for cancer immunotherapies. BNMs specifically target dendritic cells for gene silencing and editing via
pathogen recognition.?'° (A) In nature, dendritic cells sense and internalize invading pathogens by recognizing various PAMPs, and then digest pha-
gocytosed bacteria into nucleic acids and bacterial antigens to initiate anti-pathogen immunity. (B) The concept of pathogen recognition-driven
dendritic cell-specific targeting for functional manipulation. BNMs containing various PAMPs derived from bacteria were prepared for dendritic cell
targeting. The various PAMPs of BNMs facilitate the recognition and internalization of BNMs by dendritic cells through the interaction of PAMPs and
pattern recognition receptors (PRRs). After endosome escape and dissociation, the siRNA or CRISPR-Cas9 system from BNMs can modulate dendri-
tic cell functions via gene silencing or gene editing. Moreover, the PAMPs of BNMs can stimulate dendritic cell activation via the ligation of PRRs,

which is a vital factor for initiating effective antitumor immunity.

a ~30% decrease of the Ythdfl mRNA level. In MC38 tumor-
bearing mice, BNMpcaso/gythds1 treatment showed 97.72%
tumor inhibition compared with the PBS group. In both lymph
nodes and spleens after BNMpcaso/gythas1 treatment, the
numbers of activated CD8" T cells and memory CD8" T cells
increased sharply, demonstrating the successful activation of
CD8" T cell-mediated antitumor immune cells by Ythdft
knockout in dendritic cells.

3.3. Targeting other innate immune cells

The activated neutrophils provide signals for the activation
and maturation of macrophages and dendritic cells.>'*™>'®

3078 | Biomater. Sci, 2024, 12, 3068-3085

Thus, neutrophils play a crucial role in regulating immunity
during inflammatory conditions.>””>*° The CRISPR-Cas9
system has been documented for editing in neutrophils via
non-viral vectors to treat diabetes.>*" Although currently there
is no example of non-viral vector-based genome editing in
other innate immune cells by the CRISPR-Cas9 system for
cancer immunotherapies, successful delivery of the
CRISPR-Cas9 system to these innate immune cells holds
promise for cancer immunotherapy in the future. For example,
natural killer (NK) cells play an essential role in anti-tumor
immunity as the front line in immune surveillance.*****?
However, NK cells are usually dysfunctional in the tumor

This journal is © The Royal Society of Chemistry 2024
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microenvironment.*>* The CRISPR-Cas9 system was applied by
electroporation to downregulate the expression of immune
checkpoints (e.g., NKG2A) expressed on NK cells for enhanced
tumor cell killing efficiency, whereas the employment of non-
viral vectors to deliver the CRISPR-Cas system into NK cells for
genome editing is still expected.?® In addition, eosinophils
display a potent anti-tumorigenic effect.”*® Basophils may
exhibit anti- or pro-tumorigenic effects, which may be related
to the environment and the stage of tumorigenesis.?”” MDSCs
are immunosuppressive cells, which inhibit the activation of T
cells in tumors.>?%229

4. Genome editing targeting adaptive
immune cells

T cells and B cells are the lymphocytes that the adaptive
immune system heavily relies on.>** Genome editing in these
adaptive immune cells is expected to promote their activation,
proliferation, recruitment and infiltration in tumors for acti-
vated anti-tumor immunity. In this section, non-viral vector-
enabled genome editing in adaptive immune cells (mainly T
cells) was introduced (Table 2). Many adaptive immune cells,
particularly T cells, are known to be hard to transfect.>*" Thus,
several strategies were applied to improve the transfection
efficiency via non-vectors to T cells, including the application
of cell-penetrating peptide to form nanocomplexes, conju-
gation of T cell targeting ligands, and optimization of the
phospholipid and PEG-lipid components in LNPs.>*?>7>3

4.1. Targeting T cells

CD4" and CD8" T cells are essential T lymphocytes in anti-
tumor immunity.>*>**® CD4" T cells as the helper T cells can
assist the activation of CD8" T cells, B cells, and other immune
cells.**”**® CD8" T cells as the cytotoxic T cells are responsible
for killing tumor cells.>* The activation and infiltration of T
cells and their recognition of tumor cells are crucial in T cell-
mediated cancer immunotherapy, and these steps can also be
the targets for genome editing.>*°**> Lu et al.>** loaded RNP
in liposomes to knock out the PD-1 gene in T cells. PD-1
knockout T cells showed a significantly higher ability to pro-
liferate, secrete pro-inflammatory cytokine IFN-y, and kill
HepG2 cells than un-edited T cells in vitro. In HepG2 xeno-
grafts in mice, edited T cells induced apoptosis of HepG2
cells, leading to significantly suppressed tumor growth and
improved mouse survival.

4.2. Targeting other adaptive immune cells

B cells include short- or long-lived plasma cells, germinal
center cells, and memory cells.*** Although currently a non-
viral vector-based CRISPR delivery system has not been applied
in genome editing in B cells for cancer immunotherapy, the
lipid nanoparticle-mediated delivery of CRISPR pDNA downre-
gulated the number of B cells in vivo for rheumatoid arthritis
therapy.>*> The successful genome in B cells could also
provide possibilities for cancer immunotherapies.

This journal is © The Royal Society of Chemistry 2024
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5. Conclusions and outlook

Non-viral vectors have emerged as the next-generation delivery
system for gene editing systems due to their excellent loading
capacity, chemical versatility, and biocompatibility when com-
pared with viral vectors, despite relatively low transfection
efficiency in the targeted tissues after administration in vivo.
As summarized in this review, utilizing the CRISPR-Cas system
to boost cancer immunotherapy has been a promising combi-
nation. Non-viral vectors to deliver the CRISPR-Cas system in
tumor cells and immune cells have been recently explored,
proving the potential in future pre-clinical research. Currently,
the immune checkpoints on tumor cells and immune cells
(e.g., PD-1 on T cells, PD-L1 on tumor cells) are the common
and straightforward targets for non-viral vector-based genome
editing for cancer immunotherapy. Besides, some other
immune-related genes are also considered as genome editing
targets, because their high expression in tumor cells or
immune cells can lead to immune cell dysfunction, such as
compromised antigen presentation and phagocytosis by
immune cells, and macrophage M2-to-M1 polarization disabil-
ity. Given the fact that these gene expressions in tumors inter-
fere with active anti-tumor immunity, using the CRISPR/Cas
system to knock out these genes for immunity retrieval is
beneficial.

While there is no CRISPR-Cas9 genome editing approved
for cancer immunotherapies for clinical applications, it is
encouraging that the U.S. Food and Drug Administration
(FDA) approved the first CRISPR/Cas9 therapy for treating
sickle cell disease in December 2023.>*® Clinical trials of the
CRISPR-Cas system for cancer therapy have been initiated for
targeting leukemia, lymphoma, breast cancer, lung cancer,
and other hematologic malignancies and solid tumors, while
the employment of non-viral vectors for CRISPR-Cas system
delivery for cancer treatments is rare in these -clinical
trials,*®?47>48 which is believed will be seen in the near future.

Despite the great promise, several crucial challenges should
be considered and tackled to make non-viral vector-based
genome editing more applicable for cancer immunotherapy.
First, the safety of the compositions of nanocarriers, including
their immunogenicity and biocompatibility, needs to be
further ensured. Although lipids, polymers, and inorganic
materials were employed to develop the CRISPR-Cas delivery
system for successful genome editing and cancer immunother-
apy promotion, the FDA-approved materials composition
should be taken into more consideration for in vivo genome
editing via CRISPR delivery in clinical study. Second, the gene
editing efficiency in immune cells could be further improved,
which is because targeting immune cells is still challenging,
despite the accumulative knowledge about nanoparticles tar-
geting tumor cells. Only a few cases focus on the in vivo target-
ing of nanocarriers to immune cells rather than in vitro induc-
tion. Especially for T cells and B cells, the delivery of
CRISPR-Cas systems into these cells is even more difficult,
because they are not actively phagocytic cells. Yet, considering
the fact that T cells and B cells play important roles in the
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adaptive anti-immune system and are promising targets for
cancer immunotherapy, more effort is expected to validate the
targeted delivery of CRISPR based on non-viral carriers to T
and B cells. Additionally, non-viral vector-based gene editing
in cancer and immune cells can be further combined with
other immunotherapeutic strategies (e.g., immune checkpoint
blockade and adoptive T cell therapy) or other immune-activat-
ing therapies (e.g., radiotherapy, photothermal therapy, photo-
dynamic therapy) for a further enhanced anti-tumor immu-
notherapeutic efficacy.
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