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Abstract

The recent discovery and subsequent development of the CRISPR-
Cas9 (clustered regularly interspaced short palindromic repeat-CRISPR-
associated protein 9) platform as a precise genome editing tool have trans-
formed biomedicine. As these CRISPR-based tools have matured, multiple
stages of the gene editing process and the bioengineering of human cells and
tissues have advanced. Here, we highlight recent intersections in the devel-
opment of biomaterials and genome editing technologies. These intersec-
tions include the delivery of macromolecules, where biomaterial platforms
have been harnessed to enable nonviral delivery of genome engineering tools
to cells and tissues in vivo. Further, engineering native-like biomaterial plat-
forms for cell culture facilitates complex modeling of human development
and disease when combined with genome engineering tools. Deeper inte-
gration of biomaterial platforms in these fields could play a significant role
in enabling new breakthroughs in the application of gene editing for the
treatment of human disease.
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1. INTRODUCTION

Biomaterials have a multifaceted relationship with the genome editing field. Early developments
in gene editing (1) focused on using biomaterial platforms to deliver and support genome edit-
ing tools to achieve their potential in gene and cell therapies. Concurrently, genome editing tools
were introduced along with complex biomaterial culture systems to enhance the ways we study
human disease and cellular behavior in more native-like contexts (2). New directions are emerg-
ing where CRISPR-Cas9 (clustered regularly interspaced short palindromic repeat—CRISPR-
associated protein 9) can support the design and production of novel biomaterial platforms. In
this review, we highlight how biomaterials can support the translation of somatic cell genome
editors into the clinic and how biomaterial platforms can be used along with gene editing tools
to model and study new developmental and disease contexts (Figure 1; see also the sidebar ti-
tled CRISPR Genome Editing Tools and the sidebar titled Genome Editing for the Design and
Production of Novel Biomaterials).

2. BIOMATERIALS FOR THE IN VIVO DELIVERY OF GENE THERAPIES

As the number of gene therapies in clinical trials continues to increase, including both gene aug-
mentation and genome editing, viral vectors have been the standard method for in vivo delivery.
While viral delivery has been remarkably effective in several carefully selected contexts, limitations
inherent to viral delivery remain a major bottleneck in the translation of some gene therapies to
the clinic. For example, Luxturna, the first FDA-approved adeno-associated viral (AAV) gene ther-
apy, treats an inherited retinal disease via delivery to the eye, which is an immune-privileged site
and is amenable to local delivery of modest doses of virus. Targeting the eye bypasses some of the
scale-up, cost, and safety issues that are limiting in other therapy contexts. Overcoming any of the
limitations of viral vectors could greatly enhance the range of available gene therapies as well as
their potency and safety.
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Overview of the in vitro genome editing process during the development of a gene therapy. During this process, genome editing tools
are delivered to target cell populations. Next, the efficiency and types of genomic editing events are characterized. Key to the overall
potency and efficacy of the gene therapy is the ability of these genomic editing events to restore the healthy function of genes affected
by various mutations, and these functional improvements are typically assayed in mouse models or other in vitro model systems.
Recently, the incorporation of biomaterial technologies has improved various aspects of this genome engineering workflow, including
the use of biomaterials as a nonviral delivery alternative and the use of more complex biomaterials to more accurately mimic the in vivo
environment when assessing the functional efficacy of gene therapy interventions.

First, biological limitations of viral vectors include the inability to directly deliver protein,
the difficulty of modifying viral tropism, and the limitations in packaging size of the nucleic acid
cargo inherent to each viral type. Although viral subtypes can be engineered to alter target tissue
and cell type selectivity (21), it can be difficult to predict the subsequent changes in transduction

CRISPR GENOME EDITING TOOLS

Recent developments and expansion of CRISPR genome editing tools and variants have supported rapid advance-
ment in several areas of biology, including target discovery, gene therapy, crop and animal modification, diagnostics,
and molecular imaging (3—6). The main components of conventional CRISPR gene editing systems are a CRISPR-
associated (Cas) nuclease and a guide RNA (gRNA), which complex together to form a ribonucleoprotein (RNP)
complex. The gRNA contains a protospacer sequence that will direct the RINP complex to a specific nucleic acid
target sequence, including genomic DNA. At the DNA target site, the RNP complex can then interact with the host
genome and induce a double-stranded break (DSB) (7). Following this Cas-generated DSB, native cellular DNA
repair programs take over and dictate the outcome of the genome editing process by initiating either nonhomol-
ogous end joining to join the ends of this break, or homology directed repair (HDR) using a repair template with
homology to the target sequence. While nonhomologous end joining can be a useful repair pathway for genome
editing, particularly gene knockout, many more opportunities are afforded by precise editing outcomes through
HDR, which enables genome correction or insertion of additional sequences for gene modifications. Modified
forms of Cas9, including the nuclease-deactivated dCas9, have further been important tools to target enzymes and
other proteins to specific genomic regions and have led to different forms of gene editing, including base editing
(8), prime editing (9), and epigenome editing for precise control of activation/repression (10, 11). Moreover, the
development of other CRISPR-Cas systems such as Cas12, Cas13, and Cascade-Cas3 is enabling other forms of
DNA and RNA editing (12).
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GENOME EDITING FOR THE DESIGN AND PRODUCTION OF NOVEL
BIOMATERIALS

While this review largely focuses on biomaterials and genome editing for correcting and modeling human disease,
there have been some recent developments wherein genome editing has been used to produce new biomaterial plat-
forms. Excitingly, genome engineering allows for the modification of genes coding for natural biomaterials. These
strategies contribute to a new branch of synthetic biology wherein these gene editing tools can be harnessed to
create chimeric proteins or protein variants that can drastically change the material behavior and properties of the
natural environment (13). Using these tools, engineered protein biopolymers can be designed and produced that
have domains with different functionalities that modulate cell signaling, introduce novel amino acids or modifica-
tions, and provide inorganic binding domains for drug delivery (14). For example, smart biomaterial platforms have
been created using purified Cas12a protein along with DNA-conjugated hydrogels, wherein Cas12a is used as a trig-
ger for the release of various cargo, including cells and small molecules and proteins (15). Genome editing can also
improve the biomanufacturing of biomaterials. Spider silk, which has a variety of desirable properties, can be mass
produced in silk worms (16) or yeast (17) that have been genetically modified. Commercially, biomanufacturing of-
fers a chance to generate new classes of materials inaccessible via conventional manufacturing methods. The facile
production of libraries of thousands of variants of biomaterials from living organisms [or even in a cell-free man-
ner (18)] enables rapid screening and identification of compositions with novel and improved functions. Recently,
Zymergen has released Hyaline, a biopolymer film that was biofabricated in genome-edited living organisms (19).
Hyaline has potential uses in touch-screen displays, circuit boards, and foldable electronics. As high-throughput
genome editing technologies continue to advance alongside increased automation and machine learning, several
novel biomanufactured materials will likely emerge in the coming years (20).

and expression. Furthermore, the total dose of Cas9 delivered to each target cell is very difficult to
control due to differences in the amount of DNA each cell receives as well as cell-to-cell variability

in expression levels.

Second, viral vectors remain expensive to produce and scale up, and this is a major driver of
the high cost of development and deployment of gene therapies (22). Quality control of viral
vectors includes assaying the fraction of empty vector particles, vector potency, and impurities
from the production process. Viral vectors also present unique formulation challenges, includ-
ing stability at the high concentrations required for delivery, storage, and shelf life, and the cold
chain from production to administration (with several of these issues becoming more apparent
as product manufacturing is scaled up). Furthermore, there is batch-to-batch variability in vector

preparations.

Third, there are several safety considerations with viral vectors. The viral capsid (the protein
shell encapsulating viral genetic material) and viral genome can induce both innate and adaptive
immune responses, and neutralizing antibodies may exist from prior natural viral infections (23,
24). Further, for some viral vectors, semirandom integration of genomic material can cause dis-
ruption of the host genome due to the uncontrolled integration process or due to the continuous
expression of genome editors following payload delivery (25, 26). The difficulty of controlling the
distribution of delivery of viral vectors, particularly for systemic administration, leads to delivery

to untargeted tissues, which can be harmful, especially with larger doses.

There have been significant successes in addressing some of these viral delivery issues for
gene therapy, as proven by the recent FDA approval and ongoing clinical trials of several viral
gene therapies (27). The use of synthetic and natural biomaterials as carriers in gene therapy
provides an intriguing alternative that may address many of these issues. Biomaterials have long
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been explored for delivery applications in gene therapy, although their adoption into clinical
trials has been slow compared to viral vectors. However, recent trends indicate a renewed interest
in nonviral platforms, given recent success in using nonviral platforms for vaccines and increased
pressures in biomanufacturing viral vectors to meet the larger demands for gene therapy.
Biomaterial-mediated delivery approaches must overcome multiple barriers to achieve efficient
cellular delivery and successful genome editing (28, 29). Particles must be stable and not self-
aggregate with themselves or serum proteins upon injection. Upon entering the bloodstream,
particles must avoid immune, hepatic, and renal clearance and accumulate at the desired tissue.
Then, particles must be internalized by the correct cell type and release their cargo inside the
cytoplasm, which often involves triggering endosomal escape (30). Throughout this process, the
cargo must be protected from degradation by external host factors, such as nucleases and proteases.
Many unique natural and synthetic biomaterials have been used for in vivo delivery. Natu-
ral biomaterials include polymers such as chitosans, lipid nanoparticles, and cell-secreted exo-
somes. Synthetic materials can also be polymeric [e.g., polyethylenimine, poly(B-amino esters),
and poly(lactic-co-glycolic) acid], lipid based (e.g., 1,2-dioleoyl-3-trimethylammonium-propane),
or inorganic (e.g., metal organic frameworks). The various barriers to gene delivery and subse-
quent use of various types of biomaterials for delivery have been extensively reviewed (1, 26, 28,
29, 31, 32). Here, we focus on desirable attributes of various biomaterial platforms for genome
editing while contrasting some of the ways in which biomaterial properties, selection, and design
can overcome some of the limitations of viral vectors in genome editing applications (Figure 2).

2.1. Encapsulation of Diverse Genome Editing Cargoes

CRISPR-based therapeutics have been encapsulated into various biomaterial formulations as
DNA, RNA, or precomplexed RNP. Much larger nucleic acids (messenger RINA, plasmids) can be
encapsulated in nanoparticles, allowing the use of larger Cas enzymes or multiple gRNAs without
resorting to multiple vectors or protein splicing, as is often the case with AAV-based delivery of
these components (33). The versatility of biomaterial chemistry can be compatible with a one-
pot encapsulation of all of the components that may be required for gene editing, including Cas
protein, gRNAs, and repair donor templates for homology directed repair (HDR) in the precise
ratios required for editing (34). Furthermore, the ability to encapsulate preformulated RNPs al-
lows the use of more efficient and stable chemically modified gRNA (35), or chemically modified
Cas9 proteins that cannot be genetically encoded (36). Importantly for therapeutic approaches, the
delivery of CRISPR-Cas RNPs can achieve precise temporal control of delivery of CRISPR com-
ponents by titrating the number of delivered editor molecules and modulating the degradation
mechanics. Such hit-and-run editing strategies lower off-target effects and increase the relative
frequency of on-target editing (37).

2.2. Adjustable Intrinsic Physical and Chemical Properties

The physical properties of particles have a profound impact on circulation (38), clearance (39), tis-
sue targeting, and interaction with cells (40, 41). While some delivery methodologies are limited
in how much their physical properties can be modified, there are several material systems where
particle size (42), shape (43, 44), and surface charge can all be robustly tailored. Furthermore, par-
ticles can be engineered to respond to stimuli such as pH, temperature, specific wavelengths of
light, or specific enzyme activity. Recently, lipid-encapsulated gold nanoparticles were designed
to release CRISPR-Cas9 plasmids locally at tumor sites under laser control (45). Designing par-
ticles to make use of these properties allows great flexibility in directing interactions with specific
cell types across various tissues and in circulation (46). Tuning of these properties also indirectly
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Figure 2

Roles for biomaterials in gene and cell therapies. (#) Key roles for biomaterials in gene and cell therapy
include the encapsulation of genome editing payloads for systemic or local in vivo delivery and the ex vivo
editing of cells/tissues to be transplanted back into the body. Biomaterials such as alginate (71) and chitosan
(72) can be further used to enhance cell localization and delivery upon reimplantation into the body.

(b) Multiple facets of biomaterial design can be leveraged to enhance delivery of diverse genome editing
payloads and enable the translation of gene and cell therapies. The physical and chemical properties of
particles can influence their in vivo behavior, and particle surfaces can be modified in a variety of ways. CD47
conjugation, for instance, can prevent immune cells from recognizing the biomaterial (66). Similarly,
particles can be modified with cell-penetrating peptides (51), targeting ligands (49), and other moieties.
Abbreviations: ATRA, all-t7ans retinoic acid; gRINA, guide RNA; HIV, human immunodeficiency virus;
mRNA, messenger RNA; RGD, arginylglycylaspartic acid; TAT, transactivating transcriptional activator.

influences the spatiotemporal delivery pattern of various gene editors (47). For example, Wu and
colleagues (48) use a near-infrared-responsive nanovector that reverses its surface charge upon ex-
citation with near-infrared light, leading to controlled release of Cas9 plasmid. Targeting PLK-1
in subcutaneous tumors, this approach was used to successfully edit tumor cells and lower tumor
volume. Such an approach can lower unwanted editing spatially by only irradiating areas where
editing is needed. Furthermore, by controlling when editing occurs, the amount of payload deliv-
ered can be adjusted to modulate the extent of genome editing.
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2.3. External Modification and Modularity

In contrast to viral capsids, which require extensive protein engineering and/or high-throughput
screening to modify, synthetic biomaterials can be rationally modified in a variety of different
ways without affecting other functions of the delivery vehicle. For example, cell-targeting pep-
tide ligands can be easily conjugated to the surface of polymeric nanoparticles without signifi-
cantly altering their encapsulation and cellular release properties (49, 50). Conjugation can be
further achieved in a modular fashion using different peptides, small molecules, or even small
proteins such as nanobodies. Delivery particles are often conjugated with cell-penetrating pep-
tides (CPPs) to enhance cellular uptake. CPPs are short and typically positively charged pep-
tides that enhance uptake of particles when conjugated to them. One of the most common CPP
sequences, transactivating transcriptional activator, was derived from human immunodeficiency
virus (51). In addition, some CPPs help particles cross the blood-brain barrier (52), including
delivery of CRISPR components for genome editing across the blood-brain barrier (53). CPPs
have been conjugated to the Cas9 protein and gRNA to modulate cellular delivery (54), and the
Cas9 protein has been directly modified with peptides or small molecules (36, 55) to aid in tar-
geting, delivery, or stability. Other peptides can be used to control intercellular trafficking, such
as the microtubule-associated sequence and nuclear localization signal, which supports transport
along the cellular microtubule network for intracellular trafficking to the nucleus (56). Conjuga-
tion of small molecules to nanoparticles delivering Cas9 can modify in vivo editing outcomes. For
example, all-m7ans-retinoic-acid conjugation to nanoparticles considerably increased editing upon
local injection into the eye by exploiting endogenous transport of retinoids within the visual cycle
7).

With such a large design space, it can be difficult to identify optimal formulations to maximize
safety and efficacy. In addition to rational design, delivery materials formed through combinatorial
methods could be tested in a high-throughput fashion (58). Recently, lipid material libraries were
built and large numbers of material formulations screened for delivery in vitro and in vivo through
the use of next-generation sequencing of DNA barcodes (59). Using high-throughput screening,
materials formulations can be identified that accumulate in different organs (59) or are functionally
active (60).

2.4. Immune Response and Safety

Pre-existing immunity to CRISPR enzymes and viral capsids has been frequently observed in hu-
mans, presumably due to previous natural exposures to host microbes and viral infections (61,
62). This is particularly concerning for AAV-based delivery, where the pre-existing or developed
immunity can limit the efficacy of the gene therapy and preclude redosing potential (63). Bio-
material platforms can protect the delivered molecules until they are inside cells, thus masking
them from the immune system. However, epitopes may still be presented on the surface of cells
once the cargo is released. Strategies that use biomaterials to mask vectors from the immune sys-
tem include surface pegylation (64), exosomes to encapsulate gene delivery components (65), and
the conjugation of self “don’t-eat-me” signals such as CD47 to the surface of nanoparticles (66).
CRISPR-gold, a strategy based on DNA-coated gold nanoparticles coated with cationic polymers,
was used to repeatedly dose mice for the correction of a mutation that causes muscular dystrophy
without an increase in inflammatory cytokines in plasma (67). However, anti-PEG (polyethylene
glycol) antibodies have also been found following nanoparticle delivery (68) and may reduce the
potency of subsequent doses (69), although their full clinical effects remain unclear (64).
Another issue with most nanoparticle formulations is their accumulation in the liver follow-
ing systemic delivery, which may cause unwanted editing and toxicity. Possible solutions to this
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drawback include improvements to targeting specificity and the design of particles that decompose
without effective delivery in the liver (70).

3. BIOMATERIALS FOR THE DEVELOPMENT OF EX VIVO
MANUFACTURED CELLULAR THERAPIES

In addition to in vivo delivery for gene therapies, biomaterials are also being developed to support
the burgeoning field of ex vivo cell therapy (73). Cellular therapies make use of a variety of cell
types, such as pluripotent stem cells (74), pancreatic islet cells (75), and immune effector cells (76).
Autologous cells may be sourced from the patients themselves or allogeneic cells may be isolated
from donors. In either case, cells need to be extracted from the body, cultured and processed ex
vivo, and delivered back into the patient. Biomaterials can play a role in the culture, expansion,
genome editing, quality control, and delivery of cell therapies (77). One type of cellular therapy
that is actively being tested in the clinic, with FDA-approved products now in the market, is adop-
tive T cell immunotherapy. In this section, we expand upon the possible roles for biomaterials in
editing and enhancing T cells for immunotherapy.

Cancer immunotherapies aim to activate the body’s own immune system against malignant
tumors (78, 79). Chimeric antigen receptor T cell (CAR-T) therapies have become a major ther-
apeutic strategy for several cancer targets, especially liquid tumors. In these therapies, patient
T cells are collected, genetically modified ex vivo to express a tumor-targeting receptor, and then
implanted back into the patient. Several CAR-T therapies for B cell malignancies have been ap-
proved by the FDA, and many clinical trials are being conducted for both solid and liquid tumors
(80). Although these therapies are showing great promise, there is much room for improvement,
specifically in incorporating new advances in genome editing, biomanufacturing, and delivery of
therapeutic cells (81).

Typical procedures to introduce CAR-encoding transgenes for CAR-T therapies involve
lentiviral vectors, which are challenging to manufacture and difficult to ensure for consistent and
uniform quality. The viral production process is expensive, driving up the cost of these therapies.
Moreover, the semirandom integration of CAR expression cassettes using lentiviral vectors has an
associated risk of insertional mutagenesis (82). Nonviral methods have been developed recently
that use electroporation and CRISPR genome editing to precisely insert CARs at known lodi,
with high efficiency and improved activity (83). Excitingly, this method was further improved by
the use of biomaterials as adjuvants for gene transfer to enhance delivery of genome editors in
vitro (84, 85). The development of efficient methods for biomaterial-mediated introduction of
CARs into T cells can significantly improve the process and overcome the issues with using viral
transduction and the low throughput of electroporation. Additionally, biomanufacturing of CAR-
T cells involves harvest, expansion, and activation of T cells, alongside additional quality control.
Multiple groups have taken advantage of the defined physical, structural, and chemical properties
of biomaterials to control the T cell culture process (71). Improving the survival and potency of
T cells leads to more potent therapies and lowers required cell numbers, a major bottleneck in
biomanufacturing. Using soft silicone substrates for T cell culture leads to improved T cell activa-
tion and proliferation (86). Biomaterial-based artificial antigen-presenting cells have been used to
activate specific subsets of T cells with controlled densities of multivalent cues (87, 88) or immo-
bilized cytokines (71, 87). In addition to activation, biomaterials can provide structured synthetic
scaffolds to expand and monitor T cells (88) and assay their potency (89).

To enhance T cell therapies in vivo, nanoparticles have been attached to T cells to co-deliver
immune-modulating factors (90, 91). Multiple materials have also been developed for the delivery
and localization of T cells in vivo. Scaffolds can be used to localize T cells to desired sites and
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co-deliver stimulatory molecules (92). For example, alginate scaffolds that present stimulatory
and migratory signals to T cells improved their proliferation and activity at tumor sites (93).
Similarly, implanted chitosan gels have been shown to support T cell expansion and phenotype in
vivo (72). Micropatterned conforming nitinol thin films have been used to locally deliver T cells
to tumors at high density in solid tumors (94). Finally, targeting T cells in vivo for genome editing
by the delivery of nanoparticles designed to specifically target and edit T cells may eliminate
laborious and expensive ex vivo processing altogether (95).

These studies demonstrate the importance of the culture environment and its influence on
cellular behavior. Since most studies are performed in vitro, cells are usually studied in a context
that is very different from application. As biomaterials and genome editing tools develop, scientists
are able to generate more sophisticated native-like environments in vitro to study and control the
behavior of cells, leading to increasingly more accurate microphysiological and disease models.

4. BIOMATERIAL AND GENOME ENGINEERING INTERFACES
TO STUDY HUMAN DISEASE

While most genome editing work takes place in cells cultured in rigid 2D culture dishes, recent
studies have begun to explore how engineered native-like cellular niches can recapitulate in vivo
behaviors without the complexity of in vivo model systems. These systems can be exceedingly
simple, such as embedding cells in 3D agar or laminin as an assay for cancer cell growth (96-98), or
they can be highly complex systems that include logic-gated synthetic materials that can respond
or be remodeled in a cell-mediated fashion (99-102). Key to the ability of any of these systems
to more accurately mimic the native microenvironment is their provision of the proper cell—cell
communication and organization, material stiffness, nutrient and oxygen diffusion, and cellular
polarity that is present in the native extracellular milieu (103). While various forms of simple 3D
culture systems have been in use for many decades, recently these systems have exploded in both
popularity and complexity. The use and development of these 3D culture platforms to support
complex cell cultures have recently been coined as organoid engineering (104).

While several stem cell types can be expanded in optimized culture conditions on rigid 2D
tissue culture dishes, there are numerous cell types relevant to tissue development, repair, and
disease progression that cannot readily be grown in the absence of a more complex environment.
One of the first examples of utilizing an organoid culture system to maintain these stem cell popu-
lations explored using 3D Matrigel encapsulation combined with R-spondin1 ligand presentation
to maintain Lgr5* intestinal stem cells in vitro (105). Surprisingly, after only 14 days of culture
in this system, these initial conditions allowed cells to form 3D structures with crypt-like buds,
wherein different subpopulations of stem cells exhibited different Wnt signaling responsiveness.
These gut organoids could be created using cells isolated from embryonic to adult tissue, and as a
result could model a variety of developmental or pathogenic stages in this digestive tissue system.
Since this early example, organoid cultures have been established for a variety of tissue systems,
including the optic cup (106), neuronal/brain structures (107-109), the liver (110), a variety of
cancers (111), and other tissues (112).

The use of Matrigel as the biomaterial substrate has been a constant component of nearly
all the aforementioned organoid systems. Matrigel is a decellularized basement membrane for-
mulation produced from Engelbreth-Holm-Swarm mouse sarcoma tumors that includes growth
factors and other proteins from this niche. While the use of Matrigel has been highly supportive
of the culture of many different complex structures and cell types, it has many drawbacks that
have begun to limit its usability. These drawbacks include the fact that Matrigel is derived from
a tumorigenic niche, has poorly defined levels of constituent proteins, has limited capacity for
engineered tunability, can be prohibitively expensive, and exhibits significant lot-to-lot variability
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(113-115), which limits both the scalability and the complexity of the environments that can be
modeled with Matrigel.

Recent developments in the biomaterial field have led to the creation of synthetic biomaterial
platforms to replace Matrigel in a variety of use cases (115). These synthetic materials are highly
scalable, have precisely tuned mechanics, and can be engineered for precise spatiotemporal pre-
sentation of key cues to cells. Recent work has utilized these systems to allow for proper stem cell
maintenance and behavior (102, 116), as well as to engender more precise control of organoid
development (117). For example, a well-defined synthetic biomaterial niche for intestinal stem
cell expansion was developed that consists of a stiff (elastic modulus E = 1.3 kPa) proteolytically
degradable 3D PEG hydrogel system expressing the RGD peptide from fibronectin, followed by
organoid formation and culture in extremely soft environments (elastic modulus E = 190 Pa) with
laminin-111 presentation (117). Continued progress in biomaterial formulations for organoid de-
velopment will include advances in time-dependent material properties (118-123), microtissue
assembly and architecture, and complex multiorganoid interactions (124-126) that will allow for
the in vitro analysis of gene editing in diverse cell types and cellular niches.

4.1. Gene Editing to Model Human Disease

Numerous diseases involve mutations in genes that are only expressed in certain cell types or
arise from de novo mutations that manifest as pathogenic only in certain cellular subpopulations
within the tissue (127). Therefore, testing different genome engineering strategies to correct dif-
ferent mutations in relevant cell types requires the appropriate in vitro culture systems (128, 129)
(Figure 3). One clear advantage of the use of organoids or other 3D systems for studying gene
editing is that many of these organoid cultures can be derived from progenitor cells directly iso-
lated from diseased patients or from patient-derived induced pluripotent stem cell (PSC) lines
(130, 131). Mutations that lead to disease phenotypes can often be widely variant between pa-
tients, requiring patient-specific modeling to accurately assess potential gene editing strategies
in correcting the disease-causing mutation. For example, while there are hot spots of Duchenne
muscular dystrophy mutations from exon 45-55, there are several thousand unique mutations that
can lead to Duchenne muscular dystrophy, and these mutations span nearly the whole dystrophin
gene (132, 133). Patent-derived organoid systems have the advantage of being able to directly
test gene editing strategies for various mutations across an isogenic donor background in both
healthy and diseased contexts. In combination with these patient-derived cells, gene editing tools
can be used to either correct the specific mutation that gave rise to a diseased phenotype or even
introduce new pathogenic mutations in otherwise healthy cells to model and study patient-specific
disease responses.

One of the first such studies utilizing CRISPR-Cas9 editing in conjunction with organoid sys-
tems was performed using an intestinal stem cell organoid culture platform to make corrections
in cystic fibrosis by targeting the mutated CFTR gene. Schwank and colleagues (134) used human
intestinal stem cells to create organoids and further used the CRISPR-Cas9 system to correct the
homozygous F508 mutation in CFTR via HDR to allow for proper CFTR protein folding and pro-
cessing. Following this genomic editing, the authors highlighted improved functional responses of
the patient-derived organoids to a forskolin swelling assay that challenged the function of CFTR.
This example was the first instance of a successful therapeutic intervention using CRISPR-Cas9
editing in human-derived tissue and began to illuminate the potential for organoid systems to
model both efficacy of editing and any unexpected or off-target editing outcomes in human cells.

Subsequently, there have been many more examples of how organoids enable the study of
genome editing of human disease in the context of patient-specific mutations. Some of the first
work to model human disease progression using CRISPR-Cas9 systems focused on early biologic
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Overview of how biomaterials and gene editing tools are being combined to study human disease in a native-like biomaterial context.
(@) The power of this approach is that patient-specific cells can be isolated and used to study the disease-causing mutation in the same
genetic background as the patient. Either before creation of an organoid, or after the cells are incorporated into an organoid, genome
engineering tools (@) can be introduced to correct or introduce mutations into the patient’s cells. Shown is a typical approach for
nuclease-active Cas9 using HDR. In this approach, a mutated allele in the gene of interest is targeted using Cas9 protein, a gRINA, and
an ssODN, allowing for precise repair of the mutation. Other approaches can be used to introduce precise genome edits besides
nuclease-active Cas9, which include the introduction of epigenome-modifying effector domains fused to nuclease-deactivated dCas9
for precise epigenome editing and gene regulation, BEs that use an nCas9 (where one nuclease domain is deactivated) fused to an
enzyme such as APOBECI that can catalyze a single DNA base change, and prime editing where a reverse transcriptase is tethered to
the nCas9 protein and can subsequently direct repair from a template on the 3’ end of the gRNA. Following any of these genome
engineering functions, these cells can be combined with several biomaterial platforms (@) that allow for complex 3D cultures of cell
populations that would otherwise not readily be maintained on standard tissue culture plastic. Traditionally, Matrigel has been used to
support the formation of these cultures, but engineered natural hydrogels (e.g., agar, alginate, methylcellulose, hyaluronic acid) and
engineered synthetic hydrogel systems (e.g., polyethylene glycol, polyacrylamide) have independently tunable characteristics including
stiffness, degradability, and ligand presentation that can further enhance these systems. Following the generation of these organoids
from patient-specific cells and the desired genome engineering procedure (@), these more native-like environments can be used to
provide new insights into treatments for patient-specific disease mutations. Abbreviations: BE, base editor; dCas9, nuclease-deactivated
Cas9; DNMT, DNA methyltransferase; GOI, gene of interest; gRNA, guide RNA; HDR, homology directed repair; KRAB,
Kriippel-associated box; nCas9, nickase-Cas9; RT, reverse transcriptase; ssODN, single-stranded oligonucleotide donor.

www.annualreviews.org o Integrating Biomaterials and Genome Editing 503



Annu. Rev. Biomed. Eng. 2021.23:493-516. Downloaded from www.annualreviews.org
Access provided by 136.56.77.177 on 09/06/21. See copyright for approved use.

504

mutations that can lead to cancer progression. One such approach relied on knocking out key
DNA repair genes MLHI and NTHLI to mimic early mutations in the DNA repair machinery
that can lead to cancer development (135), whereas other work utilized organoids harboring
five simultaneous mutations in tumor suppressors and oncogenes (APC, SMAD4, TP53, KRAS,
and PIK3CA) to model the complex mutational landscape that can arise in cancer (136). While
these examples highlight cases where a set of known mutations can lead to disease progression,
disease states in which there is no good genetic model for the disease have also been addressed
with organoid culture systems. The use of iPSC-derived brain organoids led to the discovery
of FOXGI causing overproduction of GABAergic neurons in autism spectrum disorder (137).
Additionally, through collecting many paired biopsies of tumor samples and healthy control tissue
from patients with colorectal cancer, researchers have created an organoid biobank where they
can more systematically examine an entire landscape of mutations that can drive colorectal cancer
development through unique means (138). Besides these detailed examples, organoids have been
used in conjunction with CRISPR-Cas9 to model numerous facets of human disease (139, 140).

4.2. High-Throughput Screening with CRISPR Systems

Recently, the CRISPR-Cas9 platform has emerged as a remarkably powerful and adaptable tool
for use in genomic screening approaches to interrogate genetic interactions in an unbiased fashion.
In these approaches, cell populations are typically transduced with virus to express Cas9 combined
with a library of assorted gRNA sequences, such that each cell receives only a single gRNA and
therefore a unique genetic perturbation. Following transduction, cells are then enriched based
on a selectable phenotype of interest (such as cell growth, reporter gene expression, and drug re-
sistance), and over-represented or depleted gRINAs in these selected populations are determined
via next-generation DNA sequencing. The first wave of these screens was performed on cells in
suspension culture or on tissue culture plastic dishes (141-151), and many CRISPR screens are
still performed in these conditions due to the high cell numbers required to maintain the proper
coverage of large libraries. While clearly there is much to be learned from these screens using cells
on standard culture conditions, these experimental setups cannot robustly recapitulate many fea-
tures that arise in the native cellular niche, including complex interactions between multiple cell
types, nutrient usage and metabolism, biophysical context and architecture that arise from cell-
extracellular matrix contact, and other features present in the native microenvironmental milieu.
"To address these concerns, in vivo screens have been performed with CRISPR systems that allow
researchers to examine and perturb more complex gene network interactions in their native con-
text (152-160). However, these in vivo screens have a significant number of technical challenges
that prevent their widespread usage. Though these screens can be performed with human cells in
xenograft mouse models, niches from other species do not fully represent the human in vivo con-
text. Additionally, many tissue niches are not amenable to screening due to limits on proliferation,
cell number, and delivery, and as such in vivo screens to date have mostly focused on cancer model
systems (161).

As a compromise between the simplicity of 2D screens and the physiological relevance of in
vivo CRISPR screens, more complex 3D material systems can be combined with CRISPR-Cas9
screening techniques to generate important new insights into disease progression. Recent work on
this front has elegantly shown how small shifts in the cellular biomaterial niche can lead to large
changes in high-throughput CRISPR screening results. For example, many tumor-suppressor
genes do not exhibit positive growth effects when knocked out in 2D monolayer (162). To ex-
amine this discrepancy further, a genome-wide Cas9 nuclease screen was performed using NCI-
H23 lung cancer cell lines in both 2D monolayers and 3D methylcellulose spheroids. Through
this work, the knockout of tumor suppressors in 3D culture conditions was confirmed to have a
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positive growth effect, leading to identification of thousands of hits that were only identified in
3D culture and corresponding paired in vivo screens. Especially interesting was that these gene
hits found in the 3D environment but not in 2D monolayers were more enriched for mutations
in lung cancer. Other recent work has leveraged intestinal organoid systems along with CRISPR
screening to examine how cancer cells develop resistance to transforming growth factor p and
overcome its tumor-suppressive capability (2, 163). These examples highlight the importance of
using biomaterial platforms capable of mimicking the native microenvironment to find biologi-
cally meaningful disease interventions.

Organoids and other complex 3D culture environments are also excellent test beds for high-
throughput screening approaches to see how various drugs can combine with patient-specific
mutations to ameliorate disease phenotypes. To accomplish this requires organoid formation and
culture in a highly reproducible and controllable fashion in order to accomplish drug screening
at an industrial scale. Accordingly, recent work in the biomaterials field has focused optimized
parameters for the high-throughput generation, culture, and downstream phenotypic analysis
of human PSC—derived organoids to screen drugs (164-169). Typical to these approaches is the
use of Matrigel and polydimethylsiloxane as culture substrates, but one recent system devel-
oped U-shaped microcavities cast in soft PEG hydrogels to generate increasingly homogenous
organoids of a highly defined shape that can be readily imaged and allow for downstream
organoid selection (165). Using this system, the authors performed a cancer drug screen with
80 compounds using patient-derived colorectal cancer organoids and high content imaging. In
this screen of 80 different drug compounds, three compounds exhibited clear phenotypic effects
in high-content imaging that would not otherwise be found in a typical 2D drug screen. Future
adaptation of organoid systems could leverage the ability of CRISPR-based tools to program
patient-specific mutations or epigenetic states in conjunction with this drug screening approach
to inform personalized medicine interventions.

5.OUTLOOK
5.1. Combinatorial Assembly of Genome Editing Machinery

The main limitation to the clinical translation of nonviral delivery methods has been their lower
efficiency as compared to viral vectors. However, significant advances to address this limitation
have been made through enhancements in biomaterial particle design, tissue targeting, and cellu-
lar uptake, combined with improved understanding of the delivery process. As formulations are
developed that meet the thresholds for therapeutic efficacy, the advantages offered by biomaterial
vectors may outweigh the increased viral efficiency in some cases (170). Such development will
likely start in applications where viral vectors are particularly limiting, including applications with
larger nucleic acid payloads. Other opportunities include settings where direct delivery of precom-
plexed RNP is advantageous, high-viral-dose requirements pose safety and production concerns,
or therapy development and clinical trial costs are prohibitive. Hybrid strategies are also being
developed where transgene-free virus-like particles deliver Cas9 protein directly (171, 172) and
viruses are modified with biomaterials to improve their efficacy (173). Furthermore, Cas9 mod-
ification for use as a biologic, without any extra delivery vehicles, is showing promise, although
still in development (36). As gene therapies expand to encompass more genetic diseases, we expect
a diverse toolbox of delivery vehicles comprising viral, nonviral, and physical methods that will
accommodate various delivery needs.

5.2. Informing CRISPR-Cas Targeting Strategies Using Biomaterials

While it is relatively easy to determine which gRNAs perform best in vitro, it is unclear if the
same gRNAs will eventually be the most therapeutically effective in vivo. Gene editing activity
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with a specific gRNA is often first screened in easily transfected cell lines, yet the most efficient
gRNA in this scenario might not translate to be the most effective when applied to other cell
types in different cellular niches. Importantly, recent work in CRISPR-screening approaches with
organoids has shown that only a fraction of gRINAs that were effective in transformed cell culture
were also effective in more native-like organoid environments (163). Genomic editing outcomes in
these more native-like contexts may be influenced through a variety of factors, including changes
in chromatin structure, changes in mitotic state of the cells, and changes in active DNA repair
pathways. Recently, the genome editing toolbox has expanded, with new strategies such as base
editing and prime editing complementing genome and epigenome editing approaches (8, 9, 174,
175). The selection of these various CRISPR editing approaches may further be influenced by the
biophysical microenvironment, where some strategies may prove to be more efficient than others
when utilized in a more native-like microenvironment.

Opver the past few years, many new insights have emerged for predicting the optimal gRNAs to
use for CRISPR-Cas9 approaches based on potential off-target sites and other relevant genomic
features of the on-target DNA site (176-183). From these systematic studies of Cas9 activity,
we have learned that the chromatin context of the gRINA target site is an important modulator
of gRNA activity. For example, numerous reports have indicated that Cas9 binding to its target
DNA sequence can be restricted when the corresponding target sequence falls in the nucleosome
dyad (184-186), and Cas9 off-target binding for the same gRINA can be markedly different be-
tween cell types (187). An additional consideration of gRNA targeting efficiency in vivo is that
the biophysical microenvironment has been shown to be a strong modulator of chromatin acces-
sibility and mobility (188-194). Therefore, culture on more native-like materials could promote
chromatin mobility and protein turnover in a way that could increase the efficiency of various
genome editing strategies, and this feature could be further leveraged to find gRINAs that would
more likely be active in the tissue context.

The native microenvironment may also modulate the activity of DNA repair pathways that
could result in drastically different performance of various CRISPR interventions depending on
the culture scenario. HDR activity is generally low in nondividing cells, as it can only robustly oc-
cur in the S and G2 phases of the cell cycle (195). As the division rate of many cells can be strongly
controlled by the biophysical cellular microenvironment (196), with division rates being the high-
est on rigid plastic substrates, it is likely that HDR may occur with reduced frequency in the softer
in vivo environments. Additionally, the efficiency of DNA repair pathways is strongly altered by
the microenvironment, such as when cells undergo migration through constricted pores (197),
during hypoxia (198), and in other conditions. Recent work highlighted that HDR at DSBs re-
sults in nuclear actin polymerization and the mobilization of these breaks to the nuclear envelope
to be repaired (199). Nuclear actin levels are tightly regulated by the extracellular environment
(199, 200), so it is likely that these repair mechanisms can be modulated by the microenviron-
mental niche. While the mechanisms underlying many of these changes in DNA repair pathways
are unknown, studying the influence of different biomaterial niches on the DINA repair process
following gene editing will help answer these important questions and will likely result in new
strategies to improve gene editing efficiency in vivo.

5.3. Biomaterial Strategies for Improving Epigenome Editing Outcomes

Epigenome editing outcomes with CRISPR-Cas9 may also be similarly influenced by the bioma-
terial microenvironment of the cell. Previous studies have highlighted how the success of various
forms of somatic cell reprogramming can be increased by optimization of the biomaterial envi-
ronment during the reprogramming process. In an elegant study, 3D culture in PEG hydrogels
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promoted pluripotency and improved iPSC reprogramming when compared to reprogramming
on 2D hydrogels (201). High-throughput screening of various material formulations with varied
stiffness, degradability, extracellular matrix protein presentation, and soluble factors in this 3D
system identified a material formulation that was four times more efficient at generating Oct4+
reprogrammed colonies when compared to the same reprogramming on 2D culture. Similarly,
several transdifferentiation protocols for converting fibroblasts directly to a differentiated cell
type of interest leverage different biomaterial platforms to boost reprogramming efficiency (202-
204). This reprogramming is likely increased in part by changes in chromatin mobility and protein
localization in different material contexts, as mentioned above.

Epigenome editing approaches with CRISPR-Cas9 are also highly context specific (10); thus,
epigenetic reprogramming in a more native-like environment may improve the functionality
of various tools. This ability of biomaterials to influence reprogramming is also likely due to
the fact that biomaterial inputs can be potent modulators of the epigenetic state of the cell
(205-207). One mechanism that functions to control these epigenetic changes in response to the
biophysical microenvironment is the process of mechanotransduction. During mechanotrans-
duction, mechanical forces are readily converted into changes in the epigenetic state of the cell
through a variety of mechanisms including mechanosensitive nuclear shuttling of transcriptional
activators/repressors, changes in histone mark deposition, the activation of epigenetic remodeling
complexes, and potentially direct deformations resulting in changes in transient chromatin
accessibility (188,200, 208-213).

Much of our knowledge on the function of the CRISPR-Cas9 system comes from studies of
abnormal cell types cultured in abnormal conditions such as 2D monolayer culture on tissue cul-
ture plastic. Moving forward, new insights about genome editing will come from work in clinically
relevant cell types using more complex in vitro model systems of the cellular microenvironment.
Consequently, the use of new biomaterial technologies alongside advanced genome editing tools
will dramatically improve the translation of biomedical research to advance human health.
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