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Abstract

CRISPR technology has opened a new era of genome interrogation and
genome engineering. Discovered in bacteria, where it protects against bac-
teriophage by cleaving foreign nucleic acid sequences, the CRISPR system
has been repurposed as an adaptable tool for genome editing and multi-
ple other applications. CRISPR’s ease of use, precision, and versatility have
led to its widespread adoption, accelerating biomedical research and discov-
ery in human cells and model organisms. Here we review CRISPR-based
tools and discuss how they are being applied to decode the genetic circuits
that control immune function in health and disease.Genetic variation in im-
mune cells can affect autoimmune disease risk, infectious disease pathogen-
esis, and cancer immunotherapies. CRISPR provides unprecedented oppor-
tunities for functional mechanistic studies of coding and noncoding genome
sequence function in immunity. Finally, we discuss the potential of CRISPR
technology to engineer synthetic cellular immunotherapies for a wide range
of human diseases.
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FUNCTIONAL GENETIC STUDIES OF IMMUNITY

The completion of the human genome reference sequence in the early 2000s marked a turn-
ing point for immunological research. The Human Genome Project identified the ∼3.2 billion
bases of our DNA, but we lacked understanding of their functions. Immune cells—which are crit-
ical for human health and can be studied ex vivo and in vivo in established animal models—have
been a major focus of genomic exploration. Over the past two decades, diverse immune cells have
been subjected to chromatin state and transcriptional profiling to map DNA elements and the
genetic circuitry underlying immune cell types, states, and functions. However, key questions sur-
rounding DNA and immunity can only be answered through genetic perturbation. What are the
functional sequences in our DNA and what is their biological importance? What is the genetic
circuitry—encoded in genes, noncoding sequences, and trans-regulators—that wires specific cel-
lular pathways and specialized functions in immune cells? How does variation in critical coding
and noncoding sequences alter cellular function and contribute to risk of immune-mediated dis-
ease? Can we utilize our understanding of natural immune cell genetic circuits well enough to
reprogram them for the next generation of engineered cellular therapies? The answers depend
on new technologies to rewrite genomes in immune cells. CRISPR is one such technology, and
with it immunologists are beginning to manipulate immune cell genomes to reveal the genetic
underpinnings of immunity.

Here we review the tool set that has emerged rapidly for CRISPR-based genome engineering.
CRISPR is a flexible system for targeted genome modifications. It has been used to knock out
gene function or knock-in new genetic sequences in cell lines, primary human cells, and animal
models. Beyond this, CRISPR has been adapted as a modular system to recruit diverse effector
functions to specific sites in the genome in a programmable manner. CRISPR-based tools for
transcriptional modulation, epigenetic modification, chromatin imaging and biochemistry, and
targeted base-editing are introduced. Finally, we discuss how CRISPR targeting and large-scale
CRISPR-based forward genetic screens are being deployed to reveal how immune cells are wired,
how their circuits fail in disease states, and how they might be reprogrammed for new treatments.

CRISPR TOOL KIT

Gene Editing

The ability to induce double-stranded DNA breaks at specific sites in the genome of a cell can
enable targeted genome modifications. Pioneering work showed that exogenous DNA sequences
could be incorporated into a cell’s genome through a process called homologous recombination
(1). However, the spontaneous efficiency of this process was low. Induction of a double-stranded
break (DSB) in genomic DNA could catalyze site-specific repair mechanisms and promote
homology-directed repair (HDR) at the target site (2, 3). These findings sparked the beginnings
of genome engineering, which began with restriction enzymes in yeast and moved to nucleases
with longer recognition specificities, like meganucleases (4, 5), and engineered DNA-specificities
including zinc fingers (6, 7), and transcription activator–like effector nucleases (TALENs) (4–6,
8). Due to the complexity of having to reengineer nuclease protein sequences to target different
sites in the genome, the use of these tools remained largely restricted to labs and companies with
specialized expertise. CRISPR has overcome this limitation by utilizing a highly predictable,
RNA-programmable system. The ease of use and versatility of CRISPR has transformed genome
engineering into a widely accessible and adaptable laboratory tool.

The term CRISPR, or clustered regularly interspersed short palindromic repeats, originates
in observations as far back as the 1980s that some bacteria harbored short repetitive DNA
sequences in their genomes that surrounded short spacer sequences resembling viral DNA
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(9–14).Decades later,we now understand that CRISPR evolved in some bacterial species as aDNA
targeting system that cleaves foreign genomes (15–19). Advances in our understanding of the ba-
sic mechanisms of this bacterial system enabled its widespread adoption for genome engineering.
Different CRISPR systems continue to be identified today, but the best known and most widely
used is the type II CRISPR system, in large part due to its simplicity. Whereas other CRISPR
systems have multisubunit effector complexes that mediate nuclease activity, the type II CRISPR
system uses a single DNA nuclease. Cas9 is the most widely known type II CRISPR nuclease
and is the major focus of this review (18). Cas9 is targeted to DNA sequences by a guide RNA
(gRNA), which is made up of a trans-activating RNA (tracrRNA) and a CRISPR RNA (crRNA) in
bacteria (Figure 1a). The Cas9:gRNA complex scans DNA for sequences complementary to the
crRNA that are appropriately spaced from a required protospacer adjacent motif (PAM) (20–23)
(Figure 1a). Upon recognition, Cas9 cleaves the DNA to create a DSB between the third and
fourth nucleotides upstream of the PAM site (18) (Figure 1a). By linking the crRNA and tracr-
RNA into a single guide RNA (sgRNA), Jinek et al. (23) reduced CRISPR into a two-component
technology for DNA targeting. By varying RNA sequences in the crRNA region of the sgRNA,
Cas9 could be reprogrammed to cut distinct DNA sequences (23).

This ability to introduce targeted DSBs at specific DNA sequences is fundamental for precise
and efficient genome editing. Eukaryotic cells have evolved multiple mechanisms to repair DSBs,
the most prominent being nonhomologous end joining (NHEJ) and HDR, which are differ-
entially utilized and ultimately lead to different repair outcomes (24). NHEJ is an error-prone
mechanism that rejoins the two ends of a DSB with frequent small nucleotide insertions or
deletions (indels). These errors in NHEJ repair can be exploited for gene ablation (knockout can
be achieved by frameshift mutations and deletions) and sequence perturbation studies (25–27)
(Figure 1b). In contrast, HDR relies on homologous DNA sequences to template repair of
DSBs, which can be exploited to promote specific nucleotide sequence replacement. By adding
exogenous DNA templates one can co-opt the cell’s HDR pathway to deliver sequences at the site
of a DSB (28) (Figure 1b). In 2013, the first applications of CRISPR for mammalian cell DNA
editing were reported (25–27). The ease with which the Cas9 nuclease could be reprogrammed
to cut at different genomic sites by altering the gRNA made the system flexible to rapidly target
sites throughout the genome. This also allowed for multiplexed editing by using multiple gRNAs
to simultaneously target Cas9 to different parts of the genome (25). For the first time biologists
had a genome-engineering tool that could be deployed quickly and efficiently to edit diverse
sequences in the genetic code.

DNA editing with the CRISPR-Cas9 system is limited to sequences adjacent to PAM sites.
The NGG PAM requirement for Streptococcus pyogenes Cas9 is not particularly stringent, which
has made this nuclease useful for most DNA-editing applications. However, for applications like
therapeutic gene editing that require targeting of specific sequences the PAM requirement can be
limiting. In addition, increasing the number of targetable sites can be useful for functional studies
on noncoding sequences (29). One approach to expanding the genome editing space of CRISPR
has been to identify CRISPR systems from new microbial species that may have different PAM
requirements (30–32). An alternative approach has been to engineer Cas9 PAM specificities by
structure-guided mutations (33–36) and directed evolution (37–39). These efforts are expanding
the CRISPR tool kit toward flexible targeting across the genome.

Genetic Screens with CRISPR

Unbiased genetic screens have the potential to reveal unappreciated biological pathways and to
identify new genetic circuits. CRISPR has facilitated large-scale genetic screens due to the ease,
and relatively low cost, with which Cas9 can be reprogrammed to target different genomic sites
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Figure 1

The CRISPR toolbox. (a) Schematic of CRISPR-Cas9 gene editing showing Cas9:gRNA complex at
on-target genomic site inducing a double-stranded DNA break, (b) CRISPR-based tools for gene editing,
(c) gene regulation and epigenome modification, and (d) chromatin studies.

simply by coupling the nuclease to varying gRNAs. CRISPR screens can be carried out in an
arrayed or pooled fashion.

Libraries of gRNAs can be used to generate pools of cells with CRISPR perturbations (40–
42) (Figure 2a). Pooled screens to study the immune system have been performed in cell lines
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engineered to stably express Cas9 (43, 44) and primary immune cells derived fromCas9-expressing
transgenic mice (45). More recently, genome-scale pooled screens have also been performed
in primary human cells (46, 47). Viral transduction of gRNA libraries with low multiplicity of
infection ensures that the majority of transduced cells receive one gRNA, and therefore harbor
a single genetic perturbation. In a large population of perturbed cells, cells with a phenotype
of interest can be selected, and the causative perturbations can be mapped by sequencing the
gRNAs in the selected population (Figure 2a). In this format, genomic integration of the gRNAs
links the phenotype to the perturbation caused by a particular gRNA. Pooled screening methods
have enabled forward genetic screens at a genome-wide level. However, pooled screens generally
are restricted to individual selectable phenotypes including cell survival/proliferation (40–42) or
selectable protein markers (44).
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Figure 2

CRISPR genetic screens. (a) Pooled CRISPR screen workflow for immune cells. Generally, libraries of gRNAs are transduced into cells
such that transduced cells on average receive a single gRNA that mediates a single genetic perturbation. Cas9 can be transduced or
electroporated as protein to generate genetic perturbations. Genetic perturbations are made in a pool, and their effects on cellular
proliferation and survival, protein expression, or other cell phenotypes can be assessed by deep sequencing gRNAs from cells with and
without selection. These types of screens can be used to rapidly test large numbers of genetic perturbations. (b) Arrayed CRISPR screen
workflow for immune cells. Single genetic perturbations are introduced to cells. Phenotypic effects can be measured for each genetic
perturbation in edited cells. These screens are lower in throughput but allow for rich phenotypic readouts. Abbreviations: gRNA, guide
RNA; RNP, ribonucleoprotein.
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In an arrayed format, different populations of cells are targeted with unique genetic perturba-
tions (48) (Figure 2b). Arrayed screens generally are lower throughput than pooled approaches,
but they allow for complex phenotypic readouts due to the homogeneity of the targeted popu-
lation (48) (Figure 2b). Additionally, arrayed screens also are uniquely suited to study cell-cell
interactions and assess cell nonautonomous effects of a genetic perturbation (48) (Figure 2b).
Pooled and arrayed CRISPR screens serve complementary roles for functional genetic studies.

Specificity of Genome Editing

CRISPR-Cas9 gene editing can have unintended consequences in the genome. In screening ap-
proaches, off-target effects of individual guides can be handled by includingmultiple guides target-
ing each gene of interest. However, unintended edits are a significant concern for CRISPR-based
generation of animal models and human therapeutic applications. Early on it was recognized that
Cas9 can cleave DNA sequences homologous to the on-target site despite complementarity mis-
matches (49). The nucleotides immediately adjacent to the PAM, the seed sequence, are critical
for targeting and generally do not tolerate mismatches. However, mismatches in the remainder of
the gRNA can be tolerated and lead to DNA cleavage. Bioinformatic tools have been developed
to minimize off-target effects and maximize on-target editing efficiency (49, 50). The algorithms
serve as a general guide for gRNA design but do not account for all factors that govern success of
CRISPR editing, including the local chromatin environment (51–53). In addition, on-target DNA
cleavage can cause unintended mutations in neighboring sequences due to DNA repair (54–56).
This has sparked efforts to engineer more specificity into the DNA-editing machinery and to
develop tools to capture unintended mutations (56–61).

Several approaches have been developed to limit CRISPR-Cas9 off-target cleavage. Early ef-
forts focused on limiting Cas9 nuclease activity and engineering Cas9 to require two neighboring
targeting events to introduce a DSB (25, 62). Structure-guided studies have also had success in
reducing off-target effects by mutating Cas9 residues that are not necessary for DNA binding or
cleavage but interact with the DNA phosphate backbone (34–36). A directed-evolution approach
was successful in improving targeting specificity of Cas9 (39). Modifications to the gRNA length
and sequence composition can also attenuate Cas9 off-target activity (63, 64). Finally, limiting
Cas9 activity in targeted cells is emerging as an important factor. Several strategies have been used
to do this, including delivery of Cas9 protein (63) or mRNA (65, 66), either of which is degraded
relatively rapidly; self-limiting circuits (67); tunable systems (68–72); and CRISPR inhibitors
(73).

Targeted Genome Sequence Replacement

Targeted sequence replacement at endogenous genomic sites is a critical goal of genome engineer-
ing. Cas9:gRNA complexes are sufficient to disrupt genome sequences based on indels introduced
during imperfect NHEJ repair or by excising DNA sequences when they are introduced in pairs
(Figure 1b). However, cut-and-paste functionality for genome editing requires co-introduction
of a DNA repair template (Figure 1b). DNA repair templates have been introduced into cell
lines on plasmids that allow for long homology arms to the target sequence, which is impor-
tant for HDR efficiency and specificity (6, 74). However, generating plasmids can be laborious,
and delivery to primary cells can be inefficient and toxic. To overcome these technical barriers,
short single-stranded DNA oligos (∼200 bases) have been employed by multiple groups (75–77).
However, the short oligos limit the length of sequence replacement that is possible, especially
when accounting for homology arms (78).
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Many research and therapeutic goals depend on technologies to replace or insert larger se-
quences at endogenous sites.There have been concerted efforts to increase the size of the sequence
payload that can be delivered while maintaining HDR efficiency and cell viability. One approach
that has become widespread is combining Cas9, or other targeted nucleases,with adeno-associated
virus (AAV) strains engineered to encode homology arms and the sequence to be introduced at
the target site. The viral genome therefore serves as an HDR template and has been used to
efficiently rewrite target sequences in human CD34+ hematopoietic stem cells (79, 80), T cells
(81–83), and B cells (84). These methods are powerful, but they rely on viral production and trans-
duction, which can be a bottleneck for both research and clinical applications. Recent efforts have
revealed that Cas9 ribonucleoproteins (RNPs) can be coupled with long (>1 kilobase) DNA tem-
plates that are either double stranded (dsDNA) or single stranded (ssDNA) for HDR (85–87).
Efficient nonviral genome targeting can be achieved in primary human T cells by optimizing cell
culture conditions, Cas9 RNP concentrations, DNA template concentrations, and electropora-
tion parameters (86). This method is likely to be adaptable for other immune cell types as well.
However, some cells—especially nondividing cells—may not be competent to undergo efficient
HDR. Several groups have developed homology-independent targeted integration (HITI) (88) or
microhomology-dependent precision integration into target chromosomes (PITCh) (89), which
could help to expand the set of cells where targeted integrations can be achieved. Collectively,
these technologies to knock-in large sequences will allow us to tag genes in their endogenous
loci for biochemical and imaging studies. Furthermore, they will enable efforts to rewrite cod-
ing and noncoding sequences at specific sites in the genome to correct pathogenic mutations and
reprogram immune cell functions.

Engineering Mouse Models

Mouse models are indispensable for functional genetic studies of the immune system. Gene tar-
geting of embryonic stem cells by homologous recombination had been the method of choice for
genome modifications (90). However, this methodology is time consuming, expensive, and lim-
ited to certain genetic backgrounds for which established embryonic stem cell lines are available
(91). CRISPR-Cas9 overcomes these limitations and is now used routinely to engineer knockout
and knock-in mice in a few months (92, 93). CRISPR modification of zygotes can be especially
powerful for multiplex editing of multiple targets (93) or adding new modifications to existing
mouse models that already carry multiple transgenic alleles. Gene targeting with CRISPR-Cas9
is possible on diverse murine backgrounds as long as gRNAs are properly designed based on the
targeted genome.Recent work successfully introduced genetic modifications on the autoimmune-
prone nonobese diabetic genetic background, which is commonly used for human cell transfers
and studies of autoimmune type 1 diabetes (94). Cas9 nuclease can be microinjected into single-
cell zygotes as DNA,RNA, or protein along with appropriate gRNAs. Exogenous DNA including
plasmids or short, single-stranded oligonucleotides can be co-delivered for knock-ins by HDR at
the Cas9 cut site (92, 93). Microinjection of the CRISPR machinery along with long ssDNA
templates has proven useful for larger targeted modifications, including introduction of floxed al-
leles (95). Electroporation of mouse zygotes with Cas9 RNP (CRISPR-EZ) eliminates the need
for laborious zygote microinjections (96, 97). This method is efficient and simple and facilitates
higher-throughput mouse generation. Although gene editing with CRISPR-EZ is highly efficient,
further work is needed to enable HDR with larger repair templates. Taken together, these new
tools are accelerating the production of engineered murine models.

CRISPR can also be used to engineer somatic murine cells as an alternative to germline edit-
ing. To facilitate CRISPR targeting of somatic cells and murine models for CRISPR screening,
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transgenic mice have been generated that express Cas9 constitutively (45), conditionally (98), or
inducibly (99). This facilitates genome editing in primary immune cells, where Cas9 delivery can
be challenging. In Cas9 transgenic mice, cells can be modified simply by transducing sgRNA
sequences individually or in pools. This has enabled studies of individual gene knockouts in so-
matic cells in addition to ex vivo and in vivo primary cell screens (45). Finally, recent efforts have
successfully used Cas9 RNP electroporation to directly edit primary immune cells isolated from
mice (100). These tools accelerate assessments of phenotypes arising from target perturbations in
mature cells of the immune system.

Controlling Gene Expression

Beyond genome editing, CRISPR-Cas9 offers tremendous utility as a programmable scaffold to
target effector molecules to DNA sequences. To transform Cas9 into a DNA-targeting scaffold,
the nuclease domains were mutated to create a nuclease-deficient dead Cas9 (dCas9) that no
longer cuts DNA but could still target and bind to DNA sequences in a gRNA-programmable
manner (101). Targeting dCas9 to gene bodies could reduce gene expression through direct
transcriptional interference with the RNA polymerase, without altering the genome sequence
(101). The utility of dCas9 was expanded further with the recognition that different effector
molecules could be tethered to the inactivated enzyme to control gene expression. dCas9 tethered
to a transcriptionally repressive domain (e.g., dCas9-KRAB) silenced gene expression when
the molecule was targeted to gene promoters (102). Alternatively, tethering a transcriptional
activator (e.g., VP64) could increase gene expression (103–106). CRISPR inhibition (CRISPRi)
and activation (CRISPRa), as these systems are now known, have made it possible to toggle target
gene expression in a controlled manner.

The effects of dCas9-VP64 on gene activation were often modest (104, 105, 107, 108), but
CRISPR-based control of transcriptional regulation continues to improve. Potent gene activation
has been achieved by tiling multiple dCas9-VP64 molecules at a gene promoter (103, 105) or
by increasing the number of activation domains a single dCas9 can recruit (109). Alternatively,
tethering additional activation molecules to dCas9 could synergistically boost the effect of VP64,
leading to more robust gene activation (110). The gRNA sequence can also be engineered to
recruit effector molecules (111). Likewise, CRISPRi continues to be improved (112). Improved
ability to tune gene expression positively and negatively offers opportunities to test the effects
of transcript levels on cell function and to perform large-scale complementary loss-of-function
and gain-of-function screens (113). Furthermore, the controlled expression of groups of genes by
multiplexing gRNAs can be used for directing cellular differentiation and other genetic programs
(114, 115).

Epigenome Reprogramming

Epigenetic regulation of gene expression involves chromatin modifications that can be stably
passed on to future generations of cells. Our understanding of epigenomic modifications has in-
creased with the advent of next-generation sequencing technologies that have profiled histone
modifications and transcription factor binding by chromatin immunoprecipitation. A major un-
dertaking in the field has been cataloging of epigenomic signatures across cell types and under
different cell conditions, to understand the interplay among chromatin modifications, gene ex-
pression, and cell function.However, these data are correlative. A remaining fundamental question
is which chromatinmodifications have causal roles in gene expression and epigenetic memory.En-
gineered CRISPR systems are providing tools to recruit chromatin-modifying enzymes to specific
genome sites and directly test the effects of epigenomic modifications.
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RNA-programmable CRISPR systems have been to used recruit enzymes that modify histones
or control DNAmethylation to specific genomic loci. Fusing dCas9 to the catalytic domain of the
DNA methyltransferase DMNT3A alone (116) or in combination with other factors (117) can
specifically and efficiently methylate endogenous loci. Fusing dCas9 to TET1 can remove DNA
methylation from silent loci, inducing expression of genes that were otherwise transcriptionally
inactive (116, 118–120). These tools have been used to assess mechanistic consequences of site-
specific DNA methylation. They are also potential therapeutic tools for diseases characterized by
inappropriate methylation. Histone modifiers have also been engineered to allow precise control
of locus-specific histone epigenetic marks. These include dCas9 fusions with histone demethy-
lases (LSD1) (121) and methyltransferases (SMYD3, PRDM9 and DOT1L) (122, 123), as well as
deacetylases (HDAC3) (124) and acetyl transferases (p300) (125, 126). Chromatin-modifying ver-
sions of CRISPR are being used in pooled formats to assess the functions of site-specific chromatin
marks that have been previously mapped (125, 126).

One potential advantage of epigenome reprogramming over CRISPRi or CRISPRa ap-
proaches discussed above is that the consequences on cell function can be more stable. This has
raised interest in hit-and-run epigenetic reprogramming with CRISPR (127). With this method,
CRISPR is used to recruit multiple modifications to a target locus to induce stable gene silencing.
This has potential for therapeutic manipulation of immune cells. Gene targets could be disabled
with a transient treatment that does not alter any genetic sequences. Epigenome reprogramming
of immune cells holds notable potential for adoptive cellular therapies.

Biochemistry and Imaging Studies of Chromatin

Gene regulation programs depend on physical interactions between transcriptional regulators
and cis-regulatory elements, and complex three-dimensional interactions among chromatin sites.
CRISPR tools are being developed to image chromatin sites and facilitate proteomic and genomic
studies of chromatin interactions. Biotinylated dCas9 can be used to pull down endogenous ge-
nomic sequences and identify bound transcription factors in an unbiased manner by mass spec-
trometry and local 3D chromatin interactions by sequencing (128, 129). Fluorophore fusions to
dCas9 have been used to visualize genomic loci in living cells in real time (130). Using the SunTag
system to recruit additional fluorophores to a single dCas9 molecule or similar methodologies to
improve the signal may allow imaging of single genomic sites to address questions of nuclear or-
ganization and chromatin remodeling (109). With the ability to write large exogenous sequences
into the genome it is possible to begin to tag endogenous transcription factors (86, 131). High-
affinity tags can be fused to transcription factors to enable pulldown studies to map DNA binding
sites and interacting partners (129, 131, 132). Additionally, nuclear factors can be fused to fluo-
rescent proteins or tags to study their localization in the cell and their dynamic interactions with
DNA (86). These emerging tools collectively should shed light on the physical interactions that
contribute to immune cell circuitry.

Base Editing

Engineered effectors coupled to nuclease-deficient CRISPR systems now offer genetic repro-
gramming in addition to epigenetic reprogramming. Base editing is a new approach to rewrit-
ing genetic sequences. Base editors use cytidine deaminases to introduce nucleotide changes at
the targeted genomic site (133). This approach to genome editing has potential advantages over
nuclease-dependent strategies, as DSBs are not introduced and desired editing outcomes may be
achieved more homogeneously. Several iterations of this technology have been published that
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have improved the editing efficiency and flexibility of base editors (134–136). Preclinical evidence
suggests that this technology may be useful for therapeutic purposes to correct single-nucleotide
mutations or introduce disease-causing mutations in cells to model disease.Themutagenic poten-
tial of cytidine deaminases does raise concern for off-target effects. Further modifications to base
editor systems promise to deliver precise single-nucleotide edits at the on-target site. Base edit-
ing technology has also proven useful for targeted mutagenesis screens. Recent platforms were
engineered to have mutagenic activity over larger DNA sequences (∼100 bp), introducing dis-
tributed transition and transversion nucleotide changes giving rise to allelic diversity (137, 138).
This functional diversification of DNA sequences at a target site, which could include loss-of-
function and gain-of-function mutations, cannot be achieved readily with Cas9 cutting, which
mostly introduces indels. Saturation mutagenesis screens using base editing across noncoding and
coding DNA sequences promise insights into the grammar of our DNA.

Additional CRISPR Systems

New CRISPR systems continue to be discovered in bacteria and mined for new functions. For
example, although CRISPR systems have largely been used to target DNA sequences, some have
been discovered now that target RNA sequences (139). Ongoing discovery of microbial systems
is likely to provide an expanded CRISPR toolbox for genetic engineering of immune cells.

GENETIC VARIATION AND IMMUNE REGULATION

Mapping Genetic Circuits of Immunity

Immune homeostasis depends on complex coordination of cellular programs. Diverse cell types
must traffic to appropriate sites, recognize antigenic targets, and respond effectively to threats
without causing autoimmunity. These specialized, cell type–specific, and stimulus-responsive pro-
grams are governed by molecular circuits comprising signaling pathways, trans-regulators (e.g.,
transcription factors and epigenetic regulators) and networks of cis-regulatory elements and tar-
get genes.Correlative cellular measurements like transcriptome and chromatin analyses have been
used extensively to infer elements of this circuitry. However, true understanding of circuit func-
tion depends on the ability to perturb the putative elements and observe the effects. CRISPR
technology is well suited for systematic perturbation studies, and we can now directly test causal
relationships between genome sequences and cellular phenotypes. CRISPR enables rapid high-
throughput functional studies of immune cells to comprehensively map genetic regulators of cel-
lular phenotypes.

Pooled CRISPR screens are emerging as a powerful approach to identify genes that control
immune functions. A genome-wide CRISPR screen dissected the innate immune response of
bone marrow–derived dendritic cells (BMDCs) (44). BMDCs isolated from Cas9-expressing mice
were transduced with gRNAs to introduce different genetic perturbations across the population.
gRNA-transduced BMDCs were stimulated with LPS and then sorted based on the resulting lev-
els of Tnf induction to identify the gRNAs that targeted key regulators. This unbiased screen
identified known and unknown regulators of Tnf induction. Hits could be grouped into com-
mon biological pathways and known protein complexes illustrating the power of high-throughput
CRISPR screens. This flow-based approach can be adapted to study diverse biological pathways
or cellular phenotypes that can be selectively enriched by FACS.

Deeper measurements of the molecular phenotypes arising from each CRISPR perturba-
tion would provide richer insights into gene circuity. Combining single-cell RNA sequencing
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(scRNA-seq) with pooled CRISPR libraries has allowed investigators to observe the effects of in-
dividual genetic perturbations on a cell’s transcriptome.Three studies published simultaneously at
the end of 2016 established this pooled CRISPR screening approach (140–142).The power of this
approach linked genetic perturbations to divergent cellular responses, developmental pathways,
and gene regulatory circuits. This required technical advances to obtain single-cell transcriptome
data and simultaneously capture the gRNA found in each cell, as the gRNAs could not be directly
captured by scRNA-seq due to their short length and absence of 3′ poly A tails. Instead these stud-
ies sequenced the lentiviral constructs to pair individual gRNAs with a unique bar code in the 3′

untranslated region of a fluorescent protein transcript. A variant of this protocol termed CROP-
seq developed a vector in which gRNA sequences are captured directly by scRNA-seq (143). The
current costs associated with scRNA-seq can be prohibitive for large high-throughput studies.
However, rapid advances in the technology, lower costs, and computational methods are begin-
ning to make these studies feasible, which greatly accelerates our ability to map genetic circuits of
immunity.

Noncoding Elements in Immune Circuitry and Disease Risk

CRISPR is also a powerful tool to probe noncoding elements in the genome.Deciphering the ge-
netic underpinnings of common autoimmune diseases and other complex diseases of the immune
system requires improved understanding of how noncoding sequence variation regulates gene ex-
pression and immune cell function. Most common autoimmune diseases are thought to have a
complex genetic etiology that stems from the combined effects of common variants and environ-
mental factors. Although individual autoimmunity variants have relatively small effects on disease
risk, they mark important regions of our genome that are critical for normal immune function.
Over the last two decades, genome-wide association studies (GWAS) have linked common varia-
tion in hundreds of loci across the genome to risk of autoimmunity. Roughly 90% of the genetic
variants implicated in autoimmune disease risk do not alter protein-coding sequences but rather
fall in noncoding regions of the genome that remain relatively poorly understood (144). Mapping
functional noncoding sequences that harbor autoimmunity variants and identifying the biologi-
cal programs they regulate will be critical in understanding how common variants predispose to
autoimmunity.

Noncoding sequences harbor hundreds of thousands of putative enhancers—transcription fac-
tor docking sites that shape transcriptional programs in response to specific cellular signals. Con-
sortia like ENCODE and the Roadmap Epigenomics Project have profiled transcription factor
binding and epigenomic marks across diverse cell types and cell states to map putative enhancers
in noncoding sequences (145, 146). These maps revealed that a majority of autoimmunity variants
reside in sequences with features of immune enhancers (77, 86, 147). Taken together these data
suggested that the dysregulation of transcriptional circuits plays a causal role in autoimmunity.
Our ability to delete, paste, and rewrite the genetic code with CRISPR is now transforming our
understanding of noncoding sequences and has enabled rapid functional testing of autoimmunity
variants.

Sequence perturbation is the gold standard for identifying functional noncoding sequences.
Given how little is known about the molecular grammar of sequences outside of amino acid–
coding regions, CRISPR-based saturation mutagenesis screens of noncoding stretches of the
genome have proven useful. These relatively unbiased functional screens use thousands of
gRNAs to tile across entire loci, saturating them with Cas9-induced indels. Edited cells are then
binned and sorted on target gene expression or downstream phenotype and sequenced to quan-
tify the enrichment or depletion of gRNAs, a measure of the regulatory effects of the targeted
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genomic site. Several Cas9 cutting screens have been published showing the utility of this ap-
proach in identifying functional noncoding sequences (148, 149). Similarly, CRISPRi recruitment
of the transcriptional repressor dCas9-KRAB can also be used to map functional enhancers (150).
These loss-of-function strategies identify elements that are required for gene regulation in the
particular context in which the screen is performed. However, many enhancers only contribute to
gene regulation in the context of specific extracellular cues. We adapted CRISPRa to map func-
tional enhancers where the activation domain was sufficient to induce a specific target gene. By
recruiting dCas9-VP64 via CRISPRa to thousands of genomic sites in pooled experiments, im-
mune enhancers were mapped across two key autoimmunity risk loci, CD69 and IL2RA (151). In
these experiments, CRISPRa was able to identify stimulus-responsive enhancer elements even in
unstimulated cells.Taken together,CRISPR-based approaches are revealing functional noncoding
elements and linking them to their target genes.

CRISPR is also being used to fine-map critical sequences within individual enhancer elements.
In enhancer bashing studies, Cas9 perturbations are targeted to every gRNA site within an en-
hancer.By sorting enhancer-edited cells on target gene expression or a downstream phenotype and
correlating enhancer edits with gene expression, it is possible to footprint nucleotides required for
optimal enhancer function (152). This approach improves the resolution with which we can study
noncoding sequences and variation within them.Ultimately, developing methods to efficiently in-
troduce autoimmunity variants by HDR or base-editing on an isogenic background will allow for
direct assessment of variant function. This fine-resolution functional mapping moves us toward
an understanding of how single-nucleotide variants can tune gene programs.

The next frontier will be themapping of functional enhancers across the genome and capturing
their effects on specific transcriptional programs. Further resolution of functional sequences can
be achieved by tiling regions with nucleases that have different PAM specificities. Screening with
other dCas9-coupled effector molecules could discriminate classes of enhancers in different func-
tional chromatin states—for example, poised versus active enhancers. In addition, a recent study
screened combinations of noncoding CRISPR perturbations with scRNA-seq to understand the
regulatory logic of superenhancer clusters (153). Although technical and analytic challenges re-
main, these approaches are linking noncoding elements to downstream gene programs, providing
biological insights into how noncoding variants can alter immune cell circuitry and contribute to
disease risk.

Reverse Genetics of Pathogenic Sequence Variants

GWAS and genome sequencing of patients with monogenic immune dysregulation are identify-
ing a growing number of candidate causal pathogenic sequences affecting the immune system.
Genome editing is critical for testing which of these are truly causing disease phenotypes and for
determining the underlying mechanism of pathology. One challenge is that natural variants are
often inherited in combinations, making it very difficult to differentiate the ones that cause dis-
ease risk from neutral variants in the same individuals. CRISPR provides a tool to create isogenic
cells that differ only at a single targeted genomic site and to assess the in vitro and in vivo cellular
effects of genetic variants.

Modeling conserved human variants provides an opportunity to pinpoint functional conse-
quences of disease variants in an intact immune system. For example, CRISPRmouse engineering
enabled functional assessment of a common coding single-nucleotide polymorphism (SNP) in
PTPN22 implicated in risk of type 1 diabetes and other autoimmune diseases. As predicted from
human population studies, nonobese diabetic (NOD) mice CRISPR-engineered with the human
risk allele had increased incidence of autoimmune diabetes. CRISPR-engineered mice can also
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test the functional consequences of noncoding variants implicated in immune disease.Noncoding
variants may only affect target gene regulation in particular cell types or in response to particular
stimuli. We recently used CRISPR mice to study a noncoding autoimmunity SNP found in
an Il2ra intron (151). The fine-mapped SNP explains the risk for Crohn disease at the IL2RA
locus (154). Interestingly, this same SNP is protective for type 1 diabetes, suggesting it might
have context-restricted effects with divergent outcomes on disease (155). We engineered SNP
knock-in mice that differed in only the SNP nucleotide. We examined different T cell subsets
under different states to map the context within which Il2ra might be dysregulated. We found
that the SNP resides within a conserved stimulation-responsive Il2ra enhancer and delays the
kinetics of Il2ra induction on naive T cells as they respond to stimulation (151). Looking forward,
CRISPR-generated animal models of human disease variants provide opportunities to localize
disease risk to specific cellular compartments, test epistasis of multiple risk variants, and assess
candidate pharmacological interventions.

Many genetic variants implicated in human disease are not conserved in mouse. Thus, genome
editing in human cell lines and primary immune cells often is required to assess causal effects.
Although Cas9 delivery to human cells was initially challenging, CRISPR can now be efficiently
deployed for genome modification in primary human cell types. Purified recombinant Cas9 pro-
tein can be mixed in vitro with gRNAs to make Cas9 RNPs (63, 156, 157). Cas9 RNPs can be
electroporated in primary human immune cells to generate knockout and knock-in modifications
(77, 86, 147). This approach has been used to engineer DNA sequences in hematopoietic stem
cells (HSCs), T cells, and B cells (77, 100, 147, 158). Genetic modification using Cas9 RNPs is
likely to be successful in other primary immune cell types as well. Electroporation of Cas9 mRNA
has also been employed for gene modifications in immune cells (147, 159).

CRISPR now can be used to rapidly test variants, including variants in linkage disequilibrium
with each other, to functionally fine-map genetic associations. For example, a recent study found
a noncoding SNP in the CEBPA locus associated with altered basophil counts (160). CEBPA is a
hematopoietic transcription factor, but it had not been previously linked to basophil abundance. In
situ perturbation of the SNP site in human stem and progenitor cells revealed it resided within a
CEBPA enhancer that influences basophil differentiation (160). Remarkably, pursuing this natural
genetic association revealed new biology about a cis-regulatory code underpinning basophil dif-
ferentiation. Performing these studies in different cell types and states will be critical to assigning
function to immune disease variants.

Therapeutic Correction of Monogenic Mutations in Immune Cells

CRISPR not only provides a means to confirm and characterize pathogenic variants but could also
provide an avenue to correct the genetic causes of immune cell dysfunction. Therapeutic correc-
tion of causal mutations in the affected cell types or their progenitors can be curative for patients
with immune-related disorders (Figure 3a). Recent work has focused on improving CRISPR-
Cas9 editing efficiency in primary human immune cells to rewrite monogenic-disease-causing
variants (86, 161–163). Diseases where the standard of care is currently allogeneic stem cell trans-
plantation may eventually be treated with ex vivo stem cell correction and autologous transplan-
tation. There are potential risks that must be explored, including unintended genome modifi-
cations (49, 55, 56, 164–166) and perhaps altered cell programs that result from the CRISPR
machinery (167, 168), electroporation, or DSBs (169, 170). On the other hand, the risk of graft-
versus-host disease would be reduced and treatments could become available for patients without
donormatches.For example, severe combined immunodeficiency (SCID) is a rare genetic disorder
that can be caused by diverse mutations. CRISPR with HDR-mediated correction could provide
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Figure 3

Using CRISPR to engineer immune cell therapies. (a) CRISPR-Cas9 gene editing of immune cells for
correction of immune-related genetic disorders. (b) Engineering immune cell specificity through CRISPR
targeting of CARs or TCRs at endogenous loci. (c) Desired genetic modifications for cellular immuno-
therapies. Abbreviations: CAR, chimeric antigen receptor; SCID, severe combined immunodeficiency;
TCR, T cell receptors.

a flexible system for therapeutic correction of mutations in HSCs to restore gene function needed
for healthy T cell generation. The base editor system is an alternative approach to therapeutic
correction of T-to-C mutations, which does not require DSB formation or exogenous DNA for
repair. As protocols improve for differentiation of pluripotent stem cells, induced pluripotent stem
cells could provide renewable resources of patient cells for experimental optimization and perhaps
therapeutic gene correction (161).

Mutation correction in differentiated immune compartments is also being explored as a
therapeutic strategy. For example, siblings in a family with varying autoimmune manifestations
caused by recessive mutations in IL2RA have FOXP3+ regulatory T cell (Treg)-like cells that
do not express appropriate levels of IL2RA and are dysfunctional.We demonstrated that nonviral
CRISPR-based genome targeting could correct a pathogenic IL2RAmutation and partially rescue
IL2RA expression in T cells from these patients (86). Correction could be achieved in FOXP3+

cells, raising the possibility of autologous transfer of gene-corrected Treg therapy for the af-
fected children.Tregs can enforce dominant tolerance, suggesting that a relatively small number of
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corrected Tregs might restore immune homeostasis to affected children. In the future, there may
be more opportunities to tailor gene surgery approaches to specific cell populations that are im-
paired by a particular patient mutation. Ex vivo CRISPR gene correction is advancing rapidly
toward the clinic. As delivery strategies for CRISPR continue to advance, there may eventually
be opportunities for targeted in vivo editing of somatic cells to treat monogenic disease. These
fields continue to evolve and much validation remains to be done, but there are concerted efforts
to achieve safe and effective targeted genome surgery in immune cells.

MICROBIAL IMMUNITY

A primary function of the immune system is to recognize and eradicate pathogens.Understanding
the genetic factors that regulate how immune cells interact with pathogens could reveal critical
pathways co-opted by pathogens and open new therapeutic avenues. Almost 40 million people
around the world are infected with human immunodeficiency virus (HIV). This virus selectively
infects CD4+ T cells and causes life-threatening immunodeficiency. The virus is well known to
depend on host factors in human T cells at multiple stages of its life cycle. Several groups used
RNA interference (RNAi) knockdown approaches to search for these host dependency factors in
cell lines (171–173), but results were inconsistent. CRISPR, which tends to have fewer off-target
effects than RNAi and can generate complete knockout cells, has renewed hopes for systematic
identification of host factors that influence HIV infection.

Both pooled and arrayed CRISPR screens have been performed to identify host factors that
influence HIV infection. A genome-wide CRISPR screen was performed in a human T cell line
to identify genome modification that confers strong resistance to HIV (174). This unbiased ap-
proach identified a remarkably restricted set of factors, including known entry receptors, that
could be deleted to confer cell survival and resistance to infection upon challenge with HIV in
vitro. The function of a novel gene pathway that posttranslationally modifies the CCR5 corecep-
tor was validated by CRISPR modification of primary human T cells. Targeted arrayed screens
have also been piloted in primary human T cells. Several candidate host factors implicated by
protein-protein interaction studies (175) and the HIV literature were individually deleted with
CRISPR. Knockout primary human CD4+ T cells for each gene were generated using three dif-
ferent Cas9 RNPs and tested for HIV infection (176). This arrayed platform quantified rates of
HIV infection in each cell population with high-throughput flow cytometry and identified both
known and unknown host factors important forHIV infection.More broadly, this work established
an arrayed CRISPR platform to test effects of genetic perturbations in primary human immune
cells for studies of infectious diseases. Taken together, pooled and arrayed CRISPR screens are
providing clues to critical functional interactions between immune cells and pathogens that infect
them.

Various groups are considering how to translate CRISPR insights into HIV pathogenesis into
new strategies for an HIV cure. Deleting host factors in human CD4+ T cells or HSCs to limit
HIV infection is one gene therapy approach for HIV therapy. Ablation of the HIV coreceptors
CCR5 and CXCR4 can generate CD4+ T cells that are resistant to infection (177–179). As above,
CRISPR screens are identifying additional host factors that may also be modified to ensure viral
resistance. Direct CRISPR targeting of the HIV genome has also been explored, although ther-
apeutic delivery would be challenging. Recent work used gRNAs in the long terminal repeats of
HIV that flank the viral genome to excise the virus from human T cells (180, 181). In a similar
approach, conserved sequences of HIV were targeted by CRISPR-Cas9 to functionally ablate the
virus (182). In another approach pioneered with TALENs and meganucleases rather than Cas9,
genome engineering was performed to knock-in an anti-HIV chimeric antigen receptor (CAR)
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sequence into the CCR5 locus (81). Similar approaches could be extended to other pathogens to
understand the genetics of their interactions with the immune system in addition to designing
genome-engineering approaches for therapy (183–186).

CANCER IMMUNITY

Immunotherapy is offering new hope for previously untreatable cancers.Checkpoint inhibitors are
reversingT cell dysfunction and causing productive anticancer immune responses in some patients
(187). In addition, adoptive transfer of tumor-infiltrating lymphocytes and genetically engineered
T cells have demonstrated the potential for cellular therapies as a new drug class. Despite these
advances in immunotherapy, a large fraction of malignancies remain incurable. CRISPR is being
used to understand cancer immunity through unbiased genetic perturbation studies in immune
cells and cancer cells. Unbiased CRISPR screens are rapidly revealing the genetic underpinnings
of T cell responses and pointing toward new targets for pharmacological checkpoint blockade or
genetic engineering in cell therapies.

CRISPR-Cas9 pooled screens can be used to rapidly map gene circuits that regulate cancer
immunity.T cell exhaustion through activation of the PD-1/PD-L1 pathway is amajormechanism
by which cancer cells evade the immune system.Given the remarkable clinical success of drugging
this pathway, there has been great interest in understanding the regulation of these molecules.
Genome-wide CRISPR screens using a FACS-based sorting strategy for PD-1 in T cells (174)
or PD-L1 in cancer cells (188) identified factors that were critical for their expression. These
studies identified novel trans-factors and implicated specific cellular pathways in the regulation of
PD-1/PD-L1 expression. CRISPR has also helped to decode cis-regulatory circuitry of the PD-
1/PD-L1 pathway. Sen et al. (189) mapped chromatin accessible sites in acute and chronically
activated murine CD8+ T cells to identify putative exhaustion enhancers in the PD-1 locus. A
CRISPR-Cas9 pooled screening approach was used to saturate accessible sites with perturbations
confirming required cis-regulatory sequences for eight of these putative enhancers (189). Taken
together, CRISPR screens are a powerful platform to map coding and noncoding sequences that
regulate pathways for cancer immunotherapy.

Productive immune clearance of malignancies depends on genetic programs in cancer cells
and immune cells. In vitro CRISPR experiments with coculture systems have been used to iden-
tify mutations in cancer cells that affect their survival in the presence of antigen-specific CD8+

T cells (190). This work identified genes in antigen processing and presentation critical for T cell
killing (190, 191). In vivo CRISPR screens have also been used to study the interaction between
the immune system and transplantable tumors (192). Due to the limit in numbers of cells that can
be assayed in in vivo screens, this study focused on genes that represent key functional pathways.
Pools of edited cancer cells were transplanted into immunosufficient mice that were then given
immunotherapies to identify genes that were important for resistance or susceptibility to these
treatments. Immunodeficient animals were used to control for cancer cell–autonomous effects of
gene knockouts. TNF activation/NF-κB signaling, antigen processing and presentation, inhibi-
tion of kinase signaling, and ubiquitin proteasome pathway were all found to increase the efficacy
of immunotherapy. In addition, PTPN2 knockout was found to sensitize cancer cells and pro-
mote immunotherapy by increasing antigen presentation and IFN-γ signaling. CRISPR-based
functional studies in T cells can prioritize novel targets for immunotherapy drug development
and improve the design of genetically reprogrammed adoptive cellular immunotherapies. We re-
cently overcame challenges of genome-wide CRISPR screens in primary human immune cells to
identify regulators of T cell stimulation and immunosuppression responses (46). Together these
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approaches are revealing the complex network of genetic factors that mediate immune responses
to cancer immunotherapy.

ENGINEERING CELLULAR THERAPIES

Cellular therapies are an emerging treatment class for human diseases. The US Food and
Drug Administration has now approved two genetically modified T cell therapies for cancer
immunotherapy. These products rely on nontargeted viral integrations to insert CARs into
T cell genomes, programming the immune cells to recognize an antigen found on malignant
cells (Figure 3b). As cell therapies gain momentum, CRISPR provides countless opportunities
to modify endogenous immune cells’ genome sequences to enhance therapeutic properties. For
example, efforts are underway to engineer T cells to overcome the immunosuppressive tumor
microenvironment. For example, several groups have demonstrated PD-1 can be ablated in en-
gineered antigen-specific T cells (193). The first CRISPR-Cas9 clinical trials are now enrolling
patients for treatment with engineered TCR specificity (NY-ESO-1 TCR viral transduction with
CRISPR-mediated TRAC and TRBC gene deletion) plus CRISPR PD-1 deletion. Numerous aca-
demic and commercial groups are pursuing additional gene targets that can be deleted to enhance
anticancer efficacy of immune cells (194) or to make off-the-shelf allogeneic CAR T cells that
escape immune rejection (159).

The delivery of therapeutic transgenes to endogenous loci helps to prevent collateral damage
to other genes and preserves endogenous regulation of the transgene, which can be important
for engineered cellular function. For example, recent work with CRISPR editing plus AAV tem-
plates suggested that targeted site-specific integration of CARs can produce products with more
homogenous CAR expression and improved efficacy in preclinical models (83).We recently devel-
oped a strategy for nonviral integration of specific TCRα and TCRβ pairs into the endogenous
TCRα locus of polyclonal T cell populations to generate functional cells with a desired antigen
specificity (86) (Figure 3b). Thus, without the need for time-consuming virus-production steps,
newly identified TCRs can be rapidly engineered into T cells for immunotherapy. More broadly,
nonviral genome-targeting technology will enable us to delete, insert, or rewrite genetic sequences
to replace genes, tune regulatory programs, and rewire immune cells to obtain desired functions.

CRISPR has been widely adopted to decode the fundamental circuitry of the immune system,
as we have reviewed here. Beyond decoding, CRISPR also offers the opportunity to program new
biology into immune cells (Figure 3c). As discussed above, immune cell specificity can already be
written. Genome surgery will be attempted to correct pathogenic mutations that cause primary
immune dysregulation syndromes. Likewise,CRISPR editing has the potential to strengthenTreg
cell programs to suppress autoimmunity, graft-versus-host disease, and transplant rejection. In
time, we are likely to have new tools to rewrite how cells sense extracellular signals and how they
traffic, proliferate, and survive in the body, and to modify the effector programs they activate in
specific settings (195).

We have discussed how CRISPR is providing insight into coding and noncoding gene pro-
grams that shape how immune cells contribute to autoimmunity, interact with pathogens, and
participate in cancer immunotherapy. These CRISPR-generated functional maps will point us
to the genomic sites that can be modified to alter these codes. With improving technology to
rewrite nucleotides at those sites, synthetic biology approaches could be harnessed to confer com-
plex functional logic into cells and tune their therapeutic properties. As we think about the next
generation of engineered cellular therapies, it is important to consider how to manufacture these
cells safely and ensure their beneficial effects in the human body.
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CONCLUSIONS AND FUTURE DIRECTIONS

The past decades have seen a revolution in reading genome sequences. An ever increasing number
of patient genomes are being sequenced and analyzed. Common variants that modulate the risk of
immune dysregulation have been mapped, along with rare mutations that cause Mendelian forms
of immune dysregulation. However, major challenges remain to determine causal mutations, rel-
evant genes, and affected cellular pathways. Moreover, the critical challenge remains to translate
new genetic knowledge into new clinical interventions. These challenges require the ability to al-
ter genome sequences and not merely the ability to read them.CRISPR has now brought the next
revolution in writing genome sequences. In the post-CRISPR era, immunologists can query which
genome sequences control specific immune functions. As adoptive immune cell therapies continue
to advance, there are mounting opportunities to employ CRISPR-engineered cells for new tar-
geted treatments. This could transform how genetic diseases of the immune system are treated
in the future. CRISPR will help to validate causal mutations in affected cell types. As we develop
tools needed for safe and effective genome surgery, impaired immune cells or hematopoietic stem
cells could be corrected ex vivo and adoptively transferred into patients. Looking forward, de-
coding of immune cell programs with CRISPR will also enable more complex reprogramming of
immune cells to make them more flexible and effective cellular drugs for a wide range of human
diseases.

DISCLOSURE STATEMENT

A.M. is a cofounder of Spotlight Therapeutics, Sonoma Biotherapeutics, and Arsenal Biosciences,
serves as a scientific advisory board member to PACT Pharma, and was previously an advisor to
Juno Therapeutics. The Marson laboratory has received sponsored research support from Juno
Therapeutics, Epinomics, and Sanofi and a gift from Gilead. The Marson laboratory has received
funding from the Parker Institute for Cancer Immunotherapy,CZBiohub, and the InnovativeGe-
nomics Institute. The Marson laboratory has received reagents from Illumina. A.M. has had paid
or unpaid speaking and/or consulting engagements with Thermo Fisher, Bernstein, Merck, Ab-
bvie, Genentech, Illumina, Arcus, Jackson Laboratories, Nanostring Technologies, GLG, Lonza,
and Health Advances. The Marson laboratory at UCSF has filed patent applications related to
CRISPR-based modifications of immune cells. New companies may result from some of the work
described in this review. D.R.S. is a co-founder of Beeline Therapeutics.

ACKNOWLEDGMENTS

We thank Patrick Hsu, Jeffrey Bluestone, Abul Abbas,Chun Jimmie Ye, Andrew Levine andmem-
bers of theMarson laboratory for input and discussion.A.M. received a career award from the Bur-
roughs Wellcome Fund, funding from the Parker Institute for Cancer Immunotherapy (PICI),
gifts from Galen Hoskin and Jake Aronov, and funding from the Innovative Genome Institute
(IGI) and is a Chan Zuckerberg Biohub investigator.

LITERATURE CITED

1. Thomas KR, Folger KR, Capecchi MR. 1986. High frequency targeting of genes to specific sites in the
mammalian genome. Cell 44(3):419–28

2. Jasin M, Berg P. 1988. Homologous integration in mammalian cells without target gene selection.Genes
Dev. 2(11):1353–63

588 Simeonov • Marson



IY37CH23-Marson ARjats.cls March 20, 2019 12:44

3. Orr-Weaver TL, Szostak JW, Rothstein RJ. 1981. Yeast transformation: a model system for the study of
recombination. PNAS 78(10):6354–58

4. Rouet P, Smih F, Jasin M. 1994. Expression of a site-specific endonuclease stimulates homologous re-
combination in mammalian cells. PNAS 91(13):6064–68

5. Rouet P, Smih F, Jasin M. 1994. Introduction of double-strand breaks into the genome of mouse cells
by expression of a rare-cutting endonuclease.Mol. Cell. Biol. 14(12):8096–106

6. Urnov FD, Miller JC, Lee Y-L, Beausejour CM, Rock JM, et al. 2005. Highly efficient endogenous
human gene correction using designed zinc-finger nucleases.Nature 435(7042):646–51

7. Bibikova M, Carroll D, Segal DJ, Trautman JK, Smith J, et al. 2001. Stimulation of homologous recom-
bination through targeted cleavage by chimeric nucleases.Mol. Cell. Biol. 21(1):289–97

8. Moscou MJ, Bogdanove AJ. 2009. A simple cipher governs DNA recognition by TAL effectors. Science
326(5959):1501

9. Ishino Y, Shinagawa H, Makino K, Amemura M, Nakata A. 1987. Nucleotide sequence of the iap gene,
responsible for alkaline phosphatase isozyme conversion in Escherichia coli, and identification of the gene
product. J. Bacteriol. 169(12):5429–33

10. Jansen R, Embden JDAV,GaastraW, Schouls LM. 2002. Identification of genes that are associated with
DNA repeats in prokaryotes.Mol. Microbiol. 43(6):1565–75

11. Bolotin A, Quinquis B, Sorokin A, Ehrlich SD. 2005. Clustered regularly interspaced short palindrome
repeats (CRISPRs) have spacers of extrachromosomal origin.Microbiology 151(Part 8):2551–61

12. Mojica FJ, Díez-Villaseñor C, Soria E, Juez G. 2000. Biological significance of a family of regularly
spaced repeats in the genomes of Archaea, Bacteria and mitochondria.Mol. Microbiol. 36(1):244–46

13. Mojica FJM, Díez-Villaseñor C, García-Martínez J, Soria E. 2005. Intervening sequences of regularly
spaced prokaryotic repeats derive from foreign genetic elements. J. Mol. Evol. 60(2):174–82

14. Pourcel C, Salvignol G, Vergnaud G. 2005. CRISPR elements in Yersinia pestis acquire new repeats
by preferential uptake of bacteriophage DNA, and provide additional tools for evolutionary studies.
Microbiology 151(Part 3):653–63

15. Makarova KS, Grishin NV, Shabalina SA, Wolf YI, Koonin EV. 2006. A putative RNA-interference-
based immune system in prokaryotes: computational analysis of the predicted enzymatic machinery,
functional analogies with eukaryotic RNAi, and hypothetical mechanisms of action. Biol. Direct. 1(1):7

16. Barrangou R, Fremaux C, Deveau H, Richards M, Boyaval P, et al. 2007. CRISPR provides acquired
resistance against viruses in prokaryotes. Science 315(5819):1709–12

17. Hale C, Kleppe K, Terns RM, Terns MP. 2008. Prokaryotic silencing (psi)RNAs in Pyrococcus furiosus.
RNA. 14(12):2572–79

18. Garneau JE,Dupuis M-È, Villion M, Romero DA, Barrangou R, et al. 2010. The CRISPR/Cas bacterial
immune system cleaves bacteriophage and plasmid DNA.Nature 468(7320):67–71

19. Deltcheva E, Chylinski K, Sharma CM, Gonzales K, Chao Y, et al. 2011. CRISPR RNA maturation by
trans-encoded small RNA and host factor RNase III.Nature 471(7340):602–7

20. Anders C, Niewoehner O, Duerst A, Jinek M. 2014. Structural basis of PAM-dependent target DNA
recognition by the Cas9 endonuclease.Nature 513(7519):569–73

21. Szczelkun MD, Tikhomirova MS, Sinkunas T, Gasiunas G, Karvelis T, et al. 2014. Direct observation
of R-loop formation by single RNA-guided Cas9 and Cascade effector complexes. PNAS 111(27):9798–
803

22. Gasiunas G, Barrangou R, Horvath P, Siksnys V. 2012. Cas9-crRNA ribonucleoprotein complex medi-
ates specific DNA cleavage for adaptive immunity in bacteria. PNAS 109(39):E2579–86

23. Jinek M, Chylinski K, Fonfara I, Hauer M, Doudna JA, Charpentier E. 2012. A programmable dual-
RNA-guided DNA endonuclease in adaptive bacterial immunity. Science 337(6096):816–21

24. Jasin M, Haber JE. 2016. The democratization of gene editing: insights from site-specific cleavage and
double-strand break repair.DNA Repair 44:6–16

25. Cong L, Ran FA, Cox D, Lin S, Barretto R, et al. 2013. Multiplex genome engineering using
CRISPR/Cas systems. Science 339(6121):819–23

26. Jinek M, East A, Cheng A, Lin S, Ma E, Doudna J. 2013. RNA-programmed genome editing in human
cells. eLife 2:e00471

www.annualreviews.org • CRISPR-Based Tools 589



IY37CH23-Marson ARjats.cls March 20, 2019 12:44

27. Mali P, Yang L, Esvelt KM, Aach J, Guell M, et al. 2013. RNA-guided human genome engineering via
Cas9. Science 339(6121):823–26

28. Ran FA, Hsu PD, Wright J, Agarwala V, Scott DA, Zhang F. 2013. Genome engineering using the
CRISPR-Cas9 system.Nat. Protoc. 8(11):2281–308

29. Vierstra J,Reik A,ChangK-H,Stehling-Sun S,ZhouY, et al. 2015.Functional footprinting of regulatory
DNA.Nat. Methods 12(10):927–30

30. Esvelt KM, Mali P, Braff JL, Moosburner M, Yaung SJ, Church GM. 2013. Orthogonal Cas9 proteins
for RNA-guided gene regulation and editing.Nat. Methods 10(11):1116–21

31. Shmakov S, Abudayyeh OO, Makarova KS, Wolf YI, Gootenberg JS, et al. 2015. Discovery and func-
tional characterization of diverse class 2 CRISPR-Cas systems.Mol. Cell. 60(3):385–97

32. Chylinski K, Makarova KS, Charpentier E, Koonin EV. 2014. Classification and evolution of type II
CRISPR-Cas systems.Nucleic Acids Res. 42(10):6091–105

33. Nishimasu H, Ran FA, Hsu PD, Konermann S, Shehata SI, et al. 2014. Crystal structure of Cas9 in
complex with guide RNA and target DNA. Cell 156(5):935–49

34. Slaymaker IM, Gao L, Zetsche B, Scott DA, Yan WX, Zhang F. 2016. Rationally engineered Cas9 nu-
cleases with improved specificity. Science 351(6268):84–88

35. Kleinstiver BP, Pattanayak V, PrewMS, Tsai SQ,Nguyen NT, et al. 2016. High-fidelity CRISPR-Cas9
nucleases with no detectable genome-wide off-target effects.Nature 529(7587):490–95

36. Chen JS,Dagdas YS,Kleinstiver BP,WelchMM, Sousa AA, et al. 2017. Enhanced proofreading governs
CRISPR-Cas9 targeting accuracy.Nature 550(7676):407–10

37. Kleinstiver BP, PrewMS,Tsai SQ,Nguyen NT,Topkar VV, et al. 2015. Broadening the targeting range
of Staphylococcus aureus CRISPR-Cas9 by modifying PAM recognition. Nat. Biotechnol. 33(12):1293–
98

38. Kleinstiver BP, Prew MS, Tsai SQ, Topkar VV, Nguyen NT, et al. 2015. Engineered CRISPR-Cas9
nucleases with altered PAM specificities.Nature 523(7561):481–85

39. Casini A, Olivieri M, Petris G,Montagna C, Reginato G, et al. 2018. A highly specific SpCas9 variant is
identified by in vivo screening in yeast.Nat. Biotechnol. 36(3):265–71

40. Koike-Yusa H, Li Y, Tan E-P, Velasco-Herrera MDC, Yusa K. 2014. Genome-wide recessive genetic
screening in mammalian cells with a lentiviral CRISPR-guide RNA library.Nat. Biotechnol. 32(3):267–73

41. Shalem O, Sanjana NE,Hartenian E, Shi X, Scott DA, et al. 2014. Genome-scale CRISPR-Cas9 knock-
out screening in human cells. Science 343(6166):84–87

42. WangT,Wei JJ, Sabatini DM,Lander ES. 2014.Genetic screens in human cells using theCRISPR-Cas9
System. Science 343(6166):80–84

43. Schmid-Burgk JL, Chauhan D, Schmidt T, Ebert TS, Reinhardt J, et al. 2016. A genome-wide CRISPR
(Clustered Regularly Interspaced Short Palindromic Repeats) screen identifies NEK7 as an essential
component of NLRP3 inflammasome activation. J. Biol. Chem. 291(1):103–9

44. Parnas O, Jovanovic M, Eisenhaure TM, Herbst RH, Dixit A, et al. 2015. A genome-wide CRISPR
screen in primary immune cells to dissect regulatory networks. Cell 162(3):675–86

45. Platt RJ, Chen S, Zhou Y, Yim MJ, Swiech L, et al. 2014. CRISPR-Cas9 knockin mice for genome
editing and cancer modeling. Cell 159(2):440–55

46. Shifrut E, Carnevale J, Tobin V, Roth TL, Woo JM, et al. 2018. Genome-wide CRISPR screens in
primary human T cells reveal key regulators of immune function. Cell 175(7):P1958–71

47. Ting PY, Parker AE, Lee JS, Trussell C, Sharif O, et al. 2018. Guide Swap enables genome-scale pooled
CRISPR-Cas9 screening in human primary cells.Nat. Methods 15(11):941–46

48. Agrotis A, Ketteler R. 2015. A new age in functional genomics using CRISPR/Cas9 in arrayed library
screening. Front. Genet. 6(e51942):300

49. Hsu PD, Scott DA,Weinstein JA, Ran FA,Konermann S, et al. 2013.DNA targeting specificity of RNA-
guided Cas9 nucleases.Nat. Biotechnol. 31(9):827–32

50. Doench JG, Fusi N, Sullender M, Hegde M, Vaimberg EW, et al. 2016. Optimized sgRNA design to
maximize activity and minimize off-target effects of CRISPR-Cas9.Nat. Biotechnol. 34(2):184–91

51. Horlbeck MA,Witkowsky LB,Guglielmi B, Replogle JM,Gilbert LA, et al. 2016.Nucleosomes impede
Cas9 access to DNA in vivo and in vitro. eLife 5:2767

590 Simeonov • Marson



IY37CH23-Marson ARjats.cls March 20, 2019 12:44

52. Isaac RS, Jiang F, Doudna JA, Lim WA, Narlikar GJ, Almeida R. 2016. Nucleosome breathing and
remodeling constrain CRISPR-Cas9 function. eLife 5:1

53. Knight SC, Xie L, Deng W, Guglielmi B, Witkowsky LB, et al. 2015. Dynamics of CRISPR-Cas9
genome interrogation in living cells. Science 350(6262):823–26

54. Shin HY,Wang C,Lee HK,Yoo KH,Zeng X, et al. 2017.CRISPR/Cas9 targeting events cause complex
deletions and insertions at 17 sites in the mouse genome.Nat. Commun. 8:15464

55. Li J, Shou J, Guo Y, Tang Y, Wu Y, et al. 2015. Efficient inversions and duplications of mammalian
regulatory DNA elements and gene clusters by CRISPR/Cas9. J. Mol. Cell Biol. 7(4):284–98

56. Kosicki M, Tomberg K, Bradley A. 2018. Repair of double-strand breaks induced by CRISPR-Cas9
leads to large deletions and complex rearrangements. Nat. Biotechnol. 36:765–71. Erratum. 2018. Nat.
Biotechnol. 36:899

57. Tsai SQ,Nguyen NT,Malagon-Lopez J, Topkar VV, Aryee MJ, Joung JK. 2017. CIRCLE-seq: a highly
sensitive in vitro screen for genome-wide CRISPR-Cas9 nuclease off-targets.Nat.Methods 14(6):607–14

58. Tsai SQ, Zheng Z, Nguyen NT, Liebers M, Topkar VV, et al. 2015. GUIDE-seq enables genome-wide
profiling of off-target cleavage by CRISPR-Cas nucleases.Nat. Biotechnol. 33(2):187–97

59. Chailleux C, Aymard F, Caron P, Daburon V, Courilleau C, et al. 2014. Quantifying DNA double-
strand breaks induced by site-specific endonucleases in living cells by ligation-mediated purification.
Nat. Protoc. 9(3):517–28

60. Giannoukos G, Ciulla DM, Marco E, Abdulkerim HS, Barrera LA, et al. 2018. UDiTaSTM, a genome
editing detection method for indels and genome rearrangements. BMC Genom. 19(1):212

61. Crosetto N, Mitra A, Silva MJ, Bienko M, Dojer N, et al. 2013. Nucleotide-resolution DNA double-
strand break mapping by next-generation sequencing.Nat. Methods 10(4):361–65

62. Guilinger JP, Thompson DB, Liu DR. 2014. Fusion of catalytically inactive Cas9 to FokI nuclease im-
proves the specificity of genome modification.Nat. Biotechnol. 32(6):577–82

63. Kim S, Kim D,Cho SW,Kim J, Kim J-S. 2014.Highly efficient RNA-guided genome editing in human
cells via delivery of purified Cas9 ribonucleoproteins.Genome Res. 24(6):1012–19

64. Fu Y, Sander JD, Reyon D, Cascio VM, Joung JK. 2014. Improving CRISPR-Cas nuclease specificity
using truncated guide RNAs.Nat. Biotechnol. 32(3):279–84

65. Liang X, Potter J, Kumar S, Zou Y, Quintanilla R, et al. 2015. Rapid and highly efficient mammalian
cell engineering via Cas9 protein transfection. J. Biotechnol. 208:44–53

66. Yin H, Song C-Q, Dorkin JR, Zhu LJ, Li Y, et al. 2016. Therapeutic genome editing by combined viral
and non-viral delivery of CRISPR system components in vivo.Nat. Biotechnol. 34(3):328–33

67. Petris G, Casini A, Montagna C, Lorenzin F, Prandi D, et al. 2017. Hit and go CAS9 delivered through
a lentiviral based self-limiting circuit.Nat. Commun. 8:15334

68. Davis KM, Pattanayak V, Thompson DB, Zuris JA, Liu DR. 2015. Small molecule-triggered Cas9 pro-
tein with improved genome-editing specificity.Nat. Chem. Biol. 11(5):316–18

69. Polstein LR, Gersbach CA. 2015. A light-inducible CRISPR-Cas9 system for control of endogenous
gene activation.Nat. Chem. Biol. 11(3):198–200

70. Nihongaki Y, Yamamoto S, Kawano F, Suzuki H, Sato M. 2015. CRISPR-Cas9-based photoactivatable
transcription system. Chem. Biol. 22(2):169–74

71. Truong D-JJ, Kühner K, Kühn R, Werfel S, Engelhardt S, et al. 2015. Development of an intein-
mediated split-Cas9 system for gene therapy.Nucleic Acids Res. 43(13):6450–58

72. Zetsche B, Volz SE, Zhang F. 2015. A split-Cas9 architecture for inducible genome editing and tran-
scription modulation.Nat. Biotechnol. 33(2):139–42

73. Harrington LB, Doxzen KW, Ma E, Liu J-J, Knott GJ, et al. 2017. A broad-spectrum inhibitor of
CRISPR-Cas9. Cell 170(6):1224–33.e15

74. Moehle EA, Rock JM, Lee Y-L, Jouvenot Y, DeKelver RC, et al. 2007. Targeted gene addition into a
specified location in the human genome using designed zinc finger nucleases. PNAS 104(9):3055–60

75. Campbell CR, Keown W, Lowe L, Kirschling D, Kucherlapati R. 1989. Homologous recombination
involving small single-stranded oligonucleotides in human cells.New Biol. 1(2):223–27

76. Chen F, Pruett-Miller SM, Huang Y, Gjoka M, Duda K, et al. 2011. High-frequency genome editing
using ssDNA oligonucleotides with zinc-finger nucleases.Nat. Methods 8(9):753–55

www.annualreviews.org • CRISPR-Based Tools 591



IY37CH23-Marson ARjats.cls March 20, 2019 12:44

77. Schumann K, Lin S, Boyer E, Simeonov DR, Subramaniam M, et al. 2015. Generation of knock-in
primary human T cells using Cas9 ribonucleoproteins. PNAS 112(33):10437–42

78. Richardson CD, Ray GJ, DeWitt MA, Curie GL, Corn JE. 2016. Enhancing homology-directed
genome editing by catalytically active and inactive CRISPR-Cas9 using asymmetric donor DNA. Nat.
Biotechnol. 34:339–44

79. Dever DP, Bak RO, Reinisch A, Camarena J, Washington G, et al. 2016. CRISPR/Cas9 β-globin gene
targeting in human haematopoietic stem cells.Nature 539(7629):384–89

80. Wang J, Exline CM, DeClercq JJ, Llewellyn GN, Hayward SB, et al. 2015. Homology-driven genome
editing in hematopoietic stem and progenitor cells using ZFNmRNA and AAV6 donors.Nat. Biotechnol.
33(12):1256–63

81. Sather BD, Romano Ibarra GS, Sommer K, Curinga G, Hale M, et al. 2015. Efficient modification of
CCR5 in primary human hematopoietic cells using a megaTAL nuclease and AAV donor template. Sci.
Transl. Med. 7(307):307ra156

82. Wang J,DeClercq JJ,Hayward SB, Li PW-L, Shivak DA, et al. 2016.Highly efficient homology-driven
genome editing in human T cells by combining zinc-finger nuclease mRNA and AAV6 donor delivery.
Nucleic Acids Res. 44(3):e30

83. Eyquem J, Mansilla-Soto J, Giavridis T, van der Stegen SJC, Hamieh M, et al. 2017. Targeting a CAR
to the TRAC locus with CRISPR/Cas9 enhances tumour rejection.Nature 543(7643):113–17

84. Hung KL,Meitlis I,Hale M,Chen C-Y, Singh S, et al. 2018. Engineering protein-secreting plasma cells
by homology-directed repair in primary human B cells.Mol. Ther. 26(2):456–67

85. Leonetti MD, Sekine S, Kamiyama D, Weissman JS, Huang B. 2016. A scalable strategy for high-
throughput GFP tagging of endogenous human proteins. PNAS 113(25):E3501–8

86. Roth TL, Puig-Saus C, Yu R, Shifrut E, Carnevale J, et al. 2018. Reprogramming human T cell function
and specificity with non-viral genome targeting.Nature 559(7714):405–9

87. Li H, Beckman KA, Pessino V, Huang B, Weissman JS, Leonetti MD. 2017. Design and specificity of
long ssDNA donors for CRISPR-based knock-in. bioRxiv 178905

88. Suzuki K, Tsunekawa Y, Hernandez-Benitez R, Wu J, Zhu J, et al. 2016. In vivo genome editing via
CRISPR/Cas9 mediated homology-independent targeted integration.Nature 540(7631):144–49

89. Nakade S, Tsubota T, Sakane Y, Kume S, Sakamoto N, et al. 2014. Microhomology-mediated end-
joining-dependent integration of donor DNA in cells and animals using TALENs and CRISPR/Cas9.
Nat. Commun. 5(1):5560

90. Capecchi MR. 2005. Gene targeting in mice: functional analysis of the mammalian genome for the
twenty-first century.Nat. Rev. Genet. 6(6):507–12

91. Pelletier S, Gingras S, Green DR. 2015. Mouse genome engineering via CRISPR-Cas9 for study of
immune function. Immunity. 42(1):18–27

92. Yang H,Wang H, Shivalila CS, Cheng AW, Shi L, Jaenisch R. 2013.One-step generation of mice carry-
ing reporter and conditional alleles by CRISPR/Cas-mediated genome engineering. Cell 154(6):1370–
79

93. Wang H, Yang H, Shivalila CS, Dawlaty MM, Cheng AW, et al. 2013. One-step generation of mice
carrying mutations in multiple genes by CRISPR/Cas-mediated genome engineering. Cell 153(4):910–
18

94. Li F,Cowley DO,Banner D,Holle E,Zhang L, Su L. 2014.Efficient genetic manipulation of theNOD-
Rag1-/-IL2RgammaC-nullmouse by combining in vitro fertilization and CRISPR/Cas9 technology. Sci.
Rep. 4(1):5290

95. Miyasaka Y, Uno Y, Yoshimi K, Kunihiro Y, Yoshimura T, et al. 2018. CLICK: one-step generation of
conditional knockout mice. BMC Genom. 19(1):318

96. Modzelewski AJ, Chen S, Willis BJ, Lloyd KCK,Wood JA, He L. 2018. Efficient mouse genome engi-
neering by CRISPR-EZ technology.Nat. Protoc. 13(6):1253–74

97. Chen S, Lee B, Lee AY-F, Modzelewski AJ, He L. 2016. Highly efficient mouse genome editing by
CRISPR ribonucleoprotein electroporation of zygotes. J. Biol. Chem. 291(28):14457–67

98. Chen J, Du Y, He X, Huang X, Shi YS. 2017. A convenient Cas9-based conditional knockout strategy
for simultaneously targeting multiple genes in mouse. Sci. Rep. 7(1):517

592 Simeonov • Marson



IY37CH23-Marson ARjats.cls March 20, 2019 12:44

99. Katigbak A, Robert F, Paquet M, Pelletier J. 2018. Inducible genome editing with conditional
CRISPR/Cas9 mice.G3 8(5):1627–35

100. Seki A, Rutz S. 2018. Optimized RNP transfection for highly efficient CRISPR/Cas9-mediated gene
knockout in primary T cells. J. Exp. Med. 215(3):985–97

101. Qi LS, Larson MH, Gilbert LA, Doudna JA, Weissman JS, et al. 2013. Repurposing CRISPR as an
RNA-guided platform for sequence-specific control of gene expression. Cell 152(5):1173–83

102. Gilbert LA, Larson MH, Morsut L, Liu Z, Brar GA, et al. 2013. CRISPR-mediated modular RNA-
guided regulation of transcription in eukaryotes. Cell 154(2):442–51

103. Maeder ML, Linder SJ, Cascio VM, Fu Y, Ho QH, Joung JK. 2013. CRISPR RNA-guided activation
of endogenous human genes.Nat. Methods 10(10):977–79

104. Perez-Pinera P,KocakDD,VockleyCM,Adler AF,Kabadi AM,et al. 2013.RNA-guided gene activation
by CRISPR-Cas9-based transcription factors.Nat. Methods 10(10):973–76

105. Cheng AW, Wang H, Yang H, Shi L, Katz Y, et al. 2013. Multiplexed activation of endogenous genes
by CRISPR-on, an RNA-guided transcriptional activator system. Cell Res. 23(10):1163–71

106. Konermann S, Brigham MD, Trevino A, Hsu PD, Heidenreich M, et al. 2013. Optical control of mam-
malian endogenous transcription and epigenetic states.Nature 500(7463):472–76

107. Mali P, Aach J, Stranges PB, Esvelt KM, Moosburner M, et al. 2013. CAS9 transcriptional activators
for target specificity screening and paired nickases for cooperative genome engineering.Nat. Biotechnol.
31(9):833–38

108. Hu J, Lei Y,WongW-K, Liu S, Lee K-C, et al. 2014. Direct activation of human and mouse Oct4 genes
using engineered TALE and Cas9 transcription factors.Nucleic Acids Res. 42(7):4375–90

109. Tanenbaum ME, Gilbert LA, Qi LS,Weissman JS, Vale RD. 2014. A protein-tagging system for signal
amplification in gene expression and fluorescence imaging. Cell 159(3):635–46

110. Chavez A, Scheiman J, Vora S, Pruitt BW, Tuttle M, et al. 2015. Highly efficient Cas9-mediated tran-
scriptional programming.Nat. Methods 12(4):326–28

111. Konermann S, Brigham MD, Trevino AE, Joung J, Abudayyeh OO, et al. 2015. Genome-scale tran-
scriptional activation by an engineered CRISPR-Cas9 complex.Nature 517(7536):583–88

112. Yeo NC, Chavez A, Lance-Byrne A, Chan Y, Menn D, et al. 2018. An enhanced CRISPR repressor for
targeted mammalian gene regulation.Nat. Methods 15(8):611–16

113. Gilbert LA, Horlbeck MA, Adamson B, Villalta JE, Chen Y, et al. 2014. Genome-scale CRISPR-
mediated control of gene repression and activation. Cell 159(3):647–61

114. Balboa D,Weltner J, Eurola S, Trokovic R,Wartiovaara K, Otonkoski T. 2015. Conditionally stabilized
dCas9 activator for controlling gene expression in human cell reprogramming and differentiation. Stem
Cell Rep. 5(3):448–59

115. Black JB, Adler AF, Wang H-G, D’Ippolito AM, Hutchinson HA, et al. 2016. Targeted epigenetic re-
modeling of endogenous loci by CRISPR/Cas9-based transcriptional activators directly converts fibrob-
lasts to neuronal cells. Cell Stem Cell. 19(3):406–14

116. Liu XS,WuH, Ji X, Stelzer Y,Wu X, et al. 2016. Editing DNAmethylation in the mammalian genome.
Cell 167(1):233–47.e17

117. Stepper P, Kungulovski G, Jurkowska RZ, Chandra T, Krueger F, et al. 2017. Efficient targeted DNA
methylation with chimeric dCas9-Dnmt3a-Dnmt3L methyltransferase.Nucleic Acids Res. 45(4):1703–13

118. Xu X,Tao Y,Gao X, Zhang L, Li X, et al. 2016. A CRISPR-based approach for targeted DNA demethy-
lation. Cell Discov. 2(1):16009

119. Choudhury SR, Cui Y, Lubecka K, Stefanska B, Irudayaraj J. 2016. CRISPR-dCas9 mediated TET1
targeting for selective DNA demethylation at BRCA1 promoter.Oncotarget 7(29):46545–56

120. Morita S,Noguchi H,Horii T,Nakabayashi K, Kimura M, et al. 2016. Targeted DNA demethylation in
vivo using dCas9-peptide repeat and scFv-TET1 catalytic domain fusions.Nat. Biotechnol. 34(10):1060–
65

121. Kearns NA, Pham H, Tabak B, Genga RM, Silverstein NJ, et al. 2015. Functional annotation of native
enhancers with a Cas9-histone demethylase fusion.Nat. Methods 12(5):401–3

122. Kim J-M, Kim K, Schmidt T, Punj V, Tucker H, et al. 2015. Cooperation between SMYD3 and PC4
drives a distinct transcriptional program in cancer cells.Nucleic Acids Res. 43(18):8868–83

www.annualreviews.org • CRISPR-Based Tools 593



IY37CH23-Marson ARjats.cls March 20, 2019 12:44

123. Cano-Rodriguez D, Gjaltema RAF, Jilderda LJ, Jellema P, Dokter-Fokkens J, et al. 2016. Writing of
H3K4Me3 overcomes epigenetic silencing in a sustained but context-dependent manner.Nat. Commun.
7:12284

124. Kwon DY, Zhao Y-T, Lamonica JM, Zhou Z. 2017. Locus-specific histone deacetylation using a syn-
thetic CRISPR-Cas9-based HDAC.Nat. Commun. 8:15315

125. Hilton IB, D’Ippolito AM, Vockley CM, Thakore PI, Crawford GE, et al. 2015. Epigenome editing by
a CRISPR-Cas9-based acetyltransferase activates genes from promoters and enhancers.Nat. Biotechnol.
33:510–17

126. KlannTS,Black JB,ChellappanM,Safi A, Song L, et al. 2017.CRISPR-Cas9 epigenome editing enables
high-throughput screening for functional regulatory elements in the human genome. Nat. Biotechnol.
35(6):561–68

127. Amabile A, Migliara A, Capasso P, Biffi M, Cittaro D, et al. 2016. Inheritable silencing of endogenous
genes by hit-and-run targeted epigenetic editing. Cell 167(1):219–32.e14

128. Fujita T, Asano Y, Ohtsuka J, Takada Y, Saito K, et al. 2013. Identification of telomere-associated
molecules by engineered DNA-binding molecule-mediated chromatin immunoprecipitation (enChIP).
Sci. Rep. 3(1):3171

129. Liu X, Zhang Y, Chen Y, Li M, Zhou F, et al. 2017. In situ capture of chromatin interactions by biotiny-
lated dCas9. Cell 170(5):1028–43.e19

130. Chen B, Gilbert LA, Cimini BA, Schnitzbauer J, Zhang W, et al. 2013. Dynamic imaging of genomic
loci in living human cells by an optimized CRISPR/Cas system. Cell 155(7):1479–91

131. Lackner DH, Carré A, Guzzardo PM, Banning C, Mangena R, et al. 2015. A generic strategy for
CRISPR-Cas9-mediated gene tagging.Nat. Commun. 6(1):10237

132. Dalvai M, Loehr J, Jacquet K, Huard CC, Roques C, et al. 2015. A scalable genome-editing-based ap-
proach for mapping multiprotein complexes in human cells. Cell Rep. 13(3):621–33

133. Komor AC, Kim YB, Packer MS, Zuris JA, Liu DR. 2016. Programmable editing of a target base in
genomic DNA without double-stranded DNA cleavage.Nature 533(7603):420–24

134. Kuscu C, Parlak M, Tufan T, Yang J, Szlachta K, et al. 2017. CRISPR-STOP: gene silencing through
base-editing-induced nonsense mutations.Nat. Methods 14(7):710–12

135. Nishida K, Arazoe T, Yachie N, Banno S, Kakimoto M, et al. 2016. Targeted nucleotide editing using
hybrid prokaryotic and vertebrate adaptive immune systems. Science 353(6305):aaf8729

136. Komor AC, Zhao KT, Packer MS, Gaudelli NM, Waterbury AL, et al. 2017. Improved base excision
repair inhibition and bacteriophage Mu Gam protein yields C:G-to-T:A base editors with higher effi-
ciency and product purity. Sci. Adv. 3(8):eaao4774

137. Hess GT,Frésard L,Han K,Lee CH,Li A, et al. 2016.Directed evolution using dCas9-targeted somatic
hypermutation in mammalian cells.Nat. Methods 13(12):1036–42

138. Ma Y, Zhang J, Yin W, Zhang Z, Song Y, Chang X. 2016. Targeted AID-mediated mutagenesis (TAM)
enables efficient genomic diversification in mammalian cells.Nat. Methods 13(12):1029–35

139. Abudayyeh OO, Gootenberg JS, Essletzbichler P, Han S, Joung J, et al. 2017. RNA targeting with
CRISPR-Cas13.Nature 550(7675):280–84

140. Dixit A, Parnas O, Li B, Chen J, Fulco CP, et al. 2016. Perturb-seq: dissecting molecular circuits with
scalable single-cell RNA profiling of pooled genetic screens. Cell 167(7):1853–66.e17

141. Jaitin DA,Weiner A, Yofe I, Lara-Astiaso D, Keren-Shaul H, et al. 2016. Dissecting immune circuits by
linking CRISPR-pooled screens with single-cell RNA-seq. Cell 167(7):1883–1896.e15

142. Adamson B, Norman TM, Jost M, Cho MY, Nuñez JK, et al. 2016. A multiplexed single-cell CRISPR
screening platform enables systematic dissection of the unfolded protein response. Cell 167(7):1867–
82.e21

143. Datlinger P, Rendeiro AF, Schmidl C, Krausgruber T, Traxler P, et al. 2017. Pooled CRISPR screening
with single-cell transcriptome readout.Nat. Methods 14(3):297–301

144. Farh KK-H, Marson A, Zhu J, Kleinewietfeld M, Housley WJ, et al. 2015. Genetic and epigenetic fine
mapping of causal autoimmune disease variants.Nature 518(7539):337–43

145. Mouse ENCODE Consort., Stamatoyannopoulos JA, Snyder M, Hardison R, Ren B, et al. 2012. An
encyclopedia of mouse DNA elements (Mouse ENCODE).Genome Biol. 13(8):418

594 Simeonov • Marson



IY37CH23-Marson ARjats.cls March 20, 2019 12:44

146. Roadmap Epigenomics Consort., Kundaje A, Meuleman W, Ernst J, Bilenky M, et al. 2015. Integrative
analysis of 111 reference human epigenomes.Nature 518(7539):317–30

147. Hendel A, Bak RO, Clark JT, Kennedy AB, Ryan DE, et al. 2015. Chemically modified guide RNAs
enhance CRISPR-Cas genome editing in human primary cells.Nat. Biotechnol. 33:985–89

148. Sanjana NE,Wright J, Zheng K, Shalem O, Fontanillas P, et al. 2016. High-resolution interrogation of
functional elements in the noncoding genome. Science 353(6307):1545–49

149. Bauer DE, Kamran SC, Lessard S, Xu J, Fujiwara Y, et al. 2013. An erythroid enhancer of BCL11A
subject to genetic variation determines fetal hemoglobin level. Science 342(6155):253–57

150. Fulco CP, Munschauer M, Anyoha R, Munson G, Grossman SR, et al. 2016. Systematic mapping of
functional enhancer-promoter connections with CRISPR interference. Science 354(6313):769–73

151. Simeonov DR,Gowen BG, Boontanrart M,Roth TL,Gagnon JD, et al. 2017.Discovery of stimulation-
responsive immune enhancers with CRISPR activation. Nature 549(7670):111–15. Correction. 2018.
Nature 559:E13

152. Canver MC, Smith EC, Sher F, Pinello L, Sanjana NE, et al. 2015. BCL11A enhancer dissection by
Cas9-mediated in situ saturating mutagenesis.Nature 527(7577):192–97

153. Xie S, Duan J, Li B, Zhou P, Hon GC. 2017. Multiplexed engineering and analysis of combinatorial
enhancer activity in single cells.Mol. Cell. 66(2):285–99.e5
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