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Abstract

The explosion in genome editing technologies that has occurred in the past decade has
revolutionized cancer research and promises to improve cancer diagnosis and therapy. Ongoing
efforts include engineering of CAR-T cells using CRISPR to generate a safer, more effective
therapy with improved performance in immunologically “cold” tumors, as well as clever
adaptations of CRISPR enzymes to allow fast, simple, and sensitive detection of specific
nucleotide sequences. While still in their infancy, CRISPR-based cancer therapeutics and
diagnostics are developing at an impressive speed and it is likely they will soon impact clinical
practice. Here we summarize their history and the most recent developments.

At the core of the CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats)
system lie a series of RNA-guided programmable nucleases identified in a wide range of
bacteria, where they provide adaptive immunity against viral infection?. In recent years,
these systems have been co-opted by researchers across the globe to manipulate the
mammalian genome in ways that would have sounded like science fiction until just a few
years ago. Currently available CRISPR-based applications include methods for gene
inactivation and site-specific mutagenesis?3, chromosome engineering*-%, gene tagging”8,
regulation of gene expression (both gene activation and gene repression)?19, site specific
epigenetic modifications11:12, gene visualizationl3, molecular recording4, targeted RNA
degradation®, and detection of specific DNA sequences for diagnostic purposes?®.

Such versatility has not escaped the attention of cancer researchers, who quickly took
advantage of the potential of genome editing to modify endogenous genes to generate
improved models of human cancers. Some of the earliest applications took advantage of the
ability of the CRISPR-Cas9 system to generate true gene knockouts as an effective
alternative to RNAI for genetic screening purposes, and the use of CRISPR screens in cancer
has been previously summarized1’-19. The use of CRISPR for the creation of new and more
accurate tumor models is also well established and has been reviewed elsewhere20-22,
However, CRISPR has the potential to be much more than a research tool and CRISPR
technologies are increasingly moving away from the bench and toward the clinic. Recent
developments have highlighted the ability of CRISPR-based genome editing to improve
cancer immunotherapies based on adoptive cell transfer, and have introduced novel,
CRISPR-based, detection tools for DNA and RNA, with implications for tumor diagnosis
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and genotyping. Here, we summarize these emerging applications, starting with a brief
overview of the basic molecular biology of CRISPR systems.

A (very) brief overview of CRISPR systems

All CRISPR-Cas systems share a general principle: to prevent phage infection, a nuclease
effector complex (targeting either RNA or DNA) uses short RNA molecules with homology
to the infecting viral genome to directly bind and cut invading nucleic acid sequences?3:24,
Based on effector protein organization, CRISPR-Cas systems are grouped into two major
classes: class 1 and class 2, with each class further divided into various types and
subtypes25-27, Class 1 systems are characterized by having multi-protein effector complexes,
while class 2 CRISPR-Cas system have the appealing feature of utilizing a single protein
effector that, coupled to the guide RNA, acts on the target nucleic acid.

Over the past few years, several class 2 systems have been adapted for use in eukaryotic
cells and whole organisms. The most commonly used is the Cas9 enzyme from
Streptococcus pyogenes (SpCas9), which utilizes a short crRNA in target recognition and a
tracrRNA for structural assembly of the RNA-protein complex?8. When delivered together
with a hybrid synthetic guide RNA (gRNA) combining the crRNA and tracrRNA sequences,
SpCas9 can be used to induce DNA double strand breaks (DSBs) in mammalian cells /n
vitre?3:29 and in vivosO. SpCas9 recognizes a 20nt sequence with direct homology to the
associated guide RNA (gRNA) that must be followed, in the genomic DNA, by a 3nt NGG
protospacer adjacent motif (PAM) sequence. Repair of the DSB through the non-
homologous end joining (NHEJ) pathway3132 commonly results in the formation of small
insertions and deletions (indels) that, when introduced into a protein coding sequence, can
inactivate the gene by generating a frameshift33. Less frequently, the cell will repair the DSB
via the homology directed repair (HDR) pathway, which uses the sister chromatid as a
template to perfectly repair the break. HDR can be co-opted to introduce more specific
mutations — including single nucleotide changes and the introduction of tags or loxP sites —
by providing an exogenous ‘repair template’ (either single or double stranded) containing
homology arms flanking the targeting site33.

Correcting cancer-driving mutations

The ability to directly edit the cellular genomes using CRISPR holds great promise for the
field of gene therapy. Correcting oncogenic mutations in somatic tissues after they have
arisen or editing the germline to correct cancer predisposition mutations in genetic diseases
such as Nijmegen Breakage Syndrome3* or Ataxia—telangiectasia3® would represent
breakthroughs in gene therapy for cancer. However, CRISPR technology in its current form
is far from achieving these goals. Existing vehicles for the delivery of the CRISPR
machinery have limited ability to reach most organs in the human body, and methods to
efficiently transduce cancer cells /n vivo are not yet available. Furthermore, the efficiency
with which specific targeted mutations can be corrected using homology directed repair
remains low, far below the efficiencies that would be needed to be effective in cancer
treatment or prevention. Finally, the potential risk associated with off target activity by the
SpCas9 nuclease and the generation of unwanted mutations, as well as the potential for
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SpCas9 activity to select for cells that have inactivated key tumor suppressor pathways36-37,
need to be carefully considered when thinking about clinical applications.

Despite these caveats, /in vivo editing of somatic cells has been proposed as a therapeutic
approach in the context of cellular infection by human papillomavirus (HPV), an integrating
DNA virus that is responsible for the vast majority of cervical cancers and a subset of other
urogenital and head and neck cancers38. Expression of the viral proteins E6 and E7 by
infected cells can promote cellular transformation by inactivation of the TP53 and Rb tumor
suppressors, respectively3940, and their repression using RNA interference can restore tumor
suppressor activity and induce senescence or apoptosis of cervical cancer cells*1-43, These
viral oncogenes are attractive targets for CRISPR-based gene knockout, as they are tumor-
specific with no endogenous mammalian homologue. Several groups have demonstrated that
gRNAs targeting the viral E6 and E7 genes can induce apoptosis and growth inhibition in
cancer cells infected with the relevant HPV subtype based on plasmid transfection with
SpCas94445, Based on these results, a clinical trial is currently planned in China using a
topical gel containing plasmids expressing SpCas9 and the relevant E6/E7 gRNAS
(NCT03057912). The gel will be applied directly to the cervix of HPV infected women
twice weekly for 4 weeks, with patients evaluated for safety and efficacy based on changes
in HPV DNA titers and cervical cytology. It remains to be seen whether this approach can
edit a sufficient number of HPV-infected cells to effectively reduce the risk of cervical
cancer progression.

cell therapies with CRISPR

Another potential application of CRISPR-Cas genome editing is the editing of primary cells
ex vivo for adoptive cell transfer applications. Modification of patient effector immune cells
to target and eliminate cancer cells has recently emerged as an exciting therapeutic strategy,
particularly in the context of hematologic cancers*647. The vast majority of human tumors
display a frustrating propensity to avoid detection and clearance by the adaptive immune
system, which ideally would identify these mutant cells as “non-self” and eliminate them
based on the expression of neo-antigens. By a variety of mechanisms, including
downregulation of the major histocompatibility class I complex (MHC-1)*8, growing tumors
actively avoid immune detection and suppress immune cell activity. One proposed solution
is the retraining of effector T-Cells using synthetic receptors engineered to recognize tumor
cells. The generation of chimeric antigen receptor (CAR) T-Cells was first reported 25 years
ago*®. CAR-T cells utilize an artificial, specifically designed hybrid T-Cell receptor (TCR)
recognizing a tumor-cell specific antigen®C. In the current generation of CARs, a single-
chain variable fragment (scFv) derived from a monoclonal antibody is linked through a
transmembrane domain to an intracellular CD3-C domain from a conventional TCR and
multiple co-stimulatory domains in a single polypeptide chain*647. T-cells engineered to
express these synthetic receptors are able to bind cell surface peptides on tumor cells without
these peptides being presented in the context of the MHC-I, as demonstrated by the
development of CAR-T cells targeting non-peptide glycosyl modifications®!. Although the
utility of CAR-T cells is dependent on the presence of a suitable, targetable antigen
expressed on the surface of tumor cells, early clinical applications of CAR-T cells targeting
the B-cell antigen CD19 have shown remarkable efficacy in treating a variety of
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hematological cancers®2-24, culminating with the FDA approval of CAR-T therapies for
diffuse large B-cell lymphoma (Yescarta™, Kite Pharma) and pediatric B-cell acute
lymphoblastic leukemia (Kymriah™, Novartis). A variety of other CARs are currently being
developed and evaluated for safety and efficacy in different tumor settings, although the
majority of solid tumors have as yet proven refractory to CAR-T based therapy.

While CAR-T cells show great promise, there are issues impinging on their efficacy and
safety related in part to the methods by which they are generated. Typically, primary T-Cells
are harvested from the patient’s peripheral blood and transduced with recombinant retrovirus
carrying the CAR expression cassette>®. One limitation of this strategy is that the random
integration of the viral genome leads to the generation of non-uniform CAR-T cell
populations with heterogeneous CAR expression and with the added risk of activating
oncogenes at the integration site. Furthermore, to avoid rejection by the patient’s immune
system and graft-versus-host disease (GVHD), CAR-T cells have only existed to date as an
autologous therapy, with each patient generating their own cells for subsequent re-
implantation. This increases the cost of this therapy, as well as the time required to develop a
unique treatment for each patient. Autologous T-Cells also continue to express a variety of
genes that can decrease their therapeutic efficacy in specific contexts. For patients diagnosed
with acquired immune deficiency syndrome (AIDS), re-administered cells can be targeted
and eliminated by the Human Immunodeficiency Virus (HIV) by virtue of continued
expression of viral co-receptors, including CXCR4 and CCR5%%. This presents a significant
issue for the use of CAR-T cells in the treatment of HIV-associated cancers such as Kaposi
sarcoma, B-cell non-Hodgkin lymphoma, and cervical cancer®’. As will be discussed in
more detail below, many cancers actively inhibit T-Cell function by engaging immune-
inhibitory receptors on the T-Cell surface. These receptors, including PD-1 and CTLA4,
comprise an immune checkpoint that has been a major therapeutic focus in recent years.
Continued expression of immune checkpoint genes in CAR-T cells may significantly reduce
their efficacy in immunologically “cold” solid tumors. Finally, despite its efficacy, CAR-T
cell therapy is not devoid of safety concerns. Anti-tumor activity is frequently correlated
with a severe and potentially fatal systemic immune response known as cytokine release
syndrome, which must be managed using anti-inflammatory agents®2:58.59,

Improving CAR-T function

Generation of HIV-resistant T-Cells with homogenous CAR expression.

Gene editing approaches have been recently proposed, and in some cases proven effective, to
address these major limitations of cellular therapies based on CAR T cells (Figure 1). The
first efforts to apply genome editing technology to CAR-T cell generation utilized
transcription activator-like effector nuclease (TALEN) technology to insert a CD19 CAR
expression cassette into the CCR5 locus, with the goal of generating a uniform population of
CAR-expressing T-cells that were negative for CCR5 and thus resistant to HIV infection.
Work from David Rawlings and Andrew Scharnberg’s labs showed that directly inserting the
chimeric receptor in the CCR5 locus using gene editing can address two problems at the
same time: preventing killing of engineered cells by HIV and ensuring uniform expression
of the chimeric receptor. They demonstrated this approach by using either a conventional
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TALEN, or a hybrid TALE DNA binding factor combined with a meganuclease with limited
target site specificity, referred to as a megaTALSC. In order to introduce new information at
the CCR locus, an HDR template was constructed as an adeno-associated virus (AAV)
harboring the CAR expression cassette flanked by 1.3kb homology arms matching the
endogenous CCR5 sequence immediately around the cut site. The CAR expression cassette
was efficiently knocked-in the CCR5 locus with over 80% of edited cells displaying biallelic
targeting. While this technology is powerful, the generation and qualification of specific
zinc-finger nucleases can be challenging and time consuming. CRISPR technology, in
contrast, can be used to rapidly test a variety of different genomic loci for potential CAR
insertion. The initial challenge was developing a strategy for effectively delivering CRISPR
machinery to primary T-Cells.

Some of the earliest efforts to apply CRISPR genome editing in primary human T cells used
plasmids expressing SpCas9 and gRNAs targeting specific genes that were delivered to
primary T-Cells by nucleofection. The observed knockout efficiency was negligible with
single gRNAs (1-5%) targeting each gene, and was only somewhat improved when specific
gRNA pairs were employed to induce genomic deletions®L. This work demonstrated that
plasmid-based delivery of the SpCas9 nuclease and associated gRNAs was an inefficient
system for editing of primary T-cells, and spurred exploration of alternate approaches. One
issue with plasmid based delivery of CRISPR components is the prolonged presence of
SpCas9 nuclease, which may lead to increased off-target activity, as well as the reported
ability of primary T-cells to recognize cytosolic DNA and prompt anti-viral or apoptotic
responses®2. High levels of cellular toxicity have been associated with DNA plasmid
delivery to primary human T-cells®3, and are probably a major contributor to the low editing
efficiency observed following plasmid nucleofection. This led to the investigation of non-
DNA based systems for transient exposure of T-cells to SpCas9, similar to what had been
previously demonstrated as effective using TALEN and megaTAL nucleases.

Substantially greater efficiency was obtained when purified SpCas9 ribonucleoparticles
(RNPs — SpCas9 complexed with a specific gRNA7:64.65) were delivered to primary T
cells®6:67 Using a gRNA targeting the CXCR4 HIV co-receptor, a frequency of gene
inactivation greater than 50% was observed. Furthermore, it was shown that SpCas9 RNPs
could be combined with a single stranded oligonucleotide HDR donor template to introduce
new DNA sequence information at a specific target site in CXCR4 with efficiency of
approximately 25%. Equally encouraging results were obtained using an “all-RNA”
approach, in which purified Cas9 mRNA and gRNA transcripts were electroporated into
target T cells. This approach achieved high levels of gene knockout, particularly when the
gRNAs were delivered sequentially (88.7-95.7% CD3 negative cells), and was amenable to
multiplexed gRNA delivery for simultaneous knockout of multiple targets®8. Editing using
purified gRNA could be further improved by chemical modification of the gRNAs. 2’-O-
methyl or 2’-O-methyl 3’ thioPACE maodifications incorporated at both ends of the gRNA,
which are predicted in increase intracellular stability, resulted in marked increases in indel
frequency in primary T-cells when electroporated with purified Cas9 mRNA®, Finally,
improved strategies to insert large DNA fragments into primary human T cells by
electroporating SpCas9 RNPs and a long linear double or single stranded DNA repair
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templates have been recently developed and promise to further simplify and accelerate the
development of patient specific CAR-T cells?°.

The work discussed above demonstrated that CRISPR knock-in of the CD19-CAR into the
CCRS locus could generate a homogenous population of CAR-T cells with stable, uniform
expression of the CAR. CRISPR technology also provides a way to achieve CAR expression
levels much more closely matching those of endogenous TCRs, an approach pioneered by
the group of Michel Sadelain. Using a gRNA targeting the first exon of the endogenous
TCR-alpha TRAC locus, Eyquem and colleagues successfully knocked in the CD19-CAR to
this genomic region, simultaneously achieving physiologic expression of the CAR and
disruption of the endogenous TCR’1. The resulting cells were directly compared to CD19-
CAR-T cells generated via retroviral infection with or without concomitant loss of the TCR
receptor, both in vitro and in vivo. CAR-T cells generated by CRISPR knock-in strategy
clearly outperformed the traditionally generated CAR-T cells in an in vivo mouse model of
pre-B cell acute lymphoblastic leukemia. A dramatic improvement in overall survival was
accompanied by superior CAR-T retention and decreased signs of T-Cell exhaustion. These
studies also demonstrated that the level of expression associated with CARs expressed from
the endogenous TCR locus is associated with a receptor internalization and re-expression
cycle that is much more closely matched to the normal receptor, ultimately leading to a more
sustained and effective antitumor response. While these results are exciting, it will be
important to confirm that they are broadly applicable to other CARs in different tumor
contexts.

Generation of allogeneic CAR-T cells.

Generation of off-the-shelf CAR-T cells using CRISPR technology has the potential to
generate truly allogeneic T-Cells for therapeutic applications. As mentioned earlier, CAR-T
cells used to date are derived from T-cells that are purified from individual patients and
modified to express the desired CAR ex vivo, expanded, and then re-infused®®. However, in
addition to cost and time considerations, many candidate patients with refractory cancers
display compromised immune systems, and harvest of suitable T-Cells from these patients
can be challenging. An appealing alternative would be the generation of CAR-T cells
derived from healthy donors but engineered to avoid immune rejection or graft versus host
disease’273. Such an “off the shelf” CAR-T therapy has long been a goal for immuno-
oncology, and CRISPR may provide the key for making it a reality. As mentioned earlier,
however, the use of non-autologous T-Cells poses two major challenges: reactivity of the
transplanted cells toward normal tissues in the recipient patient (GVHD’4) and elimination
of the donor-derived cells by the patients own immune system (host versus graft). The
primary mediator of graft versus host reactivity is the endogenous T-cell receptor (TCR),
which is still present on conventional CAR-T cells. The TCR complex consists of two
polypeptide chains, TCR-alpha and TCR-beta, both of which feature variable and constant
regions. Multiple studies have shown that complete loss of TCR surface expression can be
achieved by zinc-finger nucleases’® or CRISPR®8.76.77 targeting of TCR-alpha or beta
subunits and T-Cells engineered to have lost TCR expression displayed reduced graft versus
host toxicity when implanted into immunodeficient mice’’.
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On the other hand, the host versus graft response is dependent on the recognition, by the
host immune system, of the MHC-1 complex on the infused T cells. Here, CRISPR-Cas
editing can be used to inactivate beta-2 microglobulin (B2M), a crucial subunit of MHC-
178,79, Generation of fully allogeneic T-Cells would require the simultaneous loss of both the
TCR and MHC-I complexes, highlighting the need to develop systems for efficient
multiplexed genome editing. Recombinant lentiviruses are a feasible means of delivering
CRISPR machinery into primary CD4+ T-cells®. One approach for multiplexed gRNA
expression in CAR-T cells involves generating a lentiviral construct expressing the CAR
along with multiple tandem gRNAs driven by distinct U6 promoters to prevent
recombination of tandem repeats. Infection of primary T cells with such a virus followed by
Cas9 mRNA electroporation was used to generate functional CD19-CAR-T cells with >70%
double knockout for the TRAC and B2M genes’’. While B2M knockout should block
elimination of transplanted CAR-T cells by endogenous CD8+ T-Cells, it is still possible
that natural killer (NK) cells, which have been shown to target MHC-I negative cells?,
could eliminate transplanted cells. Thus, further validation will be needed to confirm that
TCR/MHC-I1 double negative CAR-T cells are truly allogeneic.

Inhibition of immune checkpoint signaling.

An additional challenge in the application of CAR-T cells has to do with the propensity of
tumors to actively suppress T-Cell activity through the upregulation of inhibitory pathways.
Immune suppression, T-cell exhaustion, and tolerance are thought to be a major reason for
the limited clinical efficacy of CAR-T cells in solid tumors. In order to maintain immune
system homeostasis and prevent autoimmunity, a variety of inhibitory signaling factors are
expressed on the surface of T-Cells, the most well-characterized of which are CTLA-4,
PD-1, and LAG-382. After binding of the TCR to antigen-loaded MHC-II, a variety of co-
stimulatory signaling factors promote and reinforce downstream TCR signaling. Two of the
most important are CD80 and CD86, which are expressed on the surface of antigen
presenting cells and directly bind to CD28 on activated T-Cells. CTLA-4 directly competes
with CD28 to bind CD80/86, blocking co-stimulation and inhibiting the T-Cell activation in
lymphatic vessels83. PD-1 binds to the PD-L1 or PD-L2 cell surface receptors and
negatively regulates TCR signaling through a less well understood mechanism. PD-L1 and
PD-L2 have been shown to be upregulated in a variety of solid tumors as a means of
avoiding immune surveillance®485, LAG-3 is a homologue of CD4 that can directly bind to
MHC-II and inhibit TCR signaling, although, as with PD-1, the mechanism is not entirely
understood. These immune checkpoint factors have received a great deal of attention in
recent years due to their role in blocking immune targeting of cancer cells. This has
ultimately lead to the development of inhibitory antibody therapeutics targeting CTLA-4
(Ipilimumab, tremelimumab)®, PD-1 (nivolumab and pembrolizumab)8’, and PD-L1
(atezolizumab). These immune checkpoint inhibitors have become one of most important
new classes of cancer therapeutics, with FDA approval for CTLA-4 and PD-1 inhibitors
covering an expanding variety of cancers including melanoma, renal cell carcinoma, non-
small cell lung cancer, and urothelial cancer among others®. However, inhibition of
CTLA-4 or PD-1/PD-L1 is associated with significant incidence of immune-related adverse
events, and the combinatorial inhibition of both signaling pathways displayed significant
toxicity89. An appealing possibility for reducing this toxicity while still preserving
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checkpoint inhibition is CRISPR-based genetic engineering of CAR-T cells to block major
checkpoint pathways.

Because of the established role in PD1/PD-L1 signaling in suppressing T-Cell tumor
clearance, multiple efforts to deliver CRISPR machinery to primary T-Cells used gRNAs
designed to induce PD1 knockout as readouts for CRISPR efficacy®®77:90, These results
demonstrated the feasibility of generating PD1-null T-Cells using genome editing.
Additionally, Carl J. June’s and Yangbing Zhao’s groups showed that CRISPR-mediated
PD1 inactivation in T-Cells expressing a prostate stem cell antigen (PSCA) CAR resulted in
increased ex vivo and /n vivo activity toward human PC3 prostate cancer cells (which were
engineered to express high levels of PD-L1)58, Similar results were also observed using a
CD19 CAR in a Nalm6-leukemia model. Subsequently, work from Rupp and colleagues
showed that knockout of PD1 in CD19-CAR-T cells results in increased therapeutic efficacy
in a mouse xenograft model of myelogenous leukemia when tumor cells were induced to
overexpress PD-L192. Similarly, Zhang and colleagues reported that CRISPR-induced
LAG-3 knockout in human umbilical cord blood-derived primary T-Cells resulted in
increased efficacy in a mouse xenograft model of lymphoma®2. LAG-3 knockout CD19-
CAR-T cells provided a modest increase in overall survival relative to LAG-3 wild type
CD19-CAR-T in this model. While these qualification efforts are very preliminary and have
only been performed in immune-compromised mouse models, they suggest that further
engineering of CAR-T cells may improve their in vivo efficacy. Further information may
soon be forthcoming, as multiple clinical trials have been initiated in the United States and
China using CRISPR-edited CAR-T cells. A trial sponsored by the University of
Pennsylvania and aimed at multiple myeloma plans to use CAR-T cells where the TCR and
the PD-1 receptor have been deleted using CRISPR (NCT03399448)%.

Other applications of CRISPR to improve CAR-T therapies.

Currently, immuno-oncology therapeutic approaches involving engineered cell-based
therapy are poised for a revolution using CRISPR based approaches. Effective protocols for
delivering CRISPR machinery via electroporation of purified RNAs or pre-assembled Cas9-
gRNA RNPs have been established and the advantage of engineered expression of the
chimeric antigen receptor are clear. With these tools in hand, it seems likely that major
breakthroughs in CAR-T technology will be forthcoming. Specific combinations of CAR
knock-in and immune checkpoint factor knock-out may be the key for improving CAR-T
efficacy toward solid tumors, which have to date proven resistant to this form of therapy.
This may also be an excellent time to pursue more open-ended approaches. For example, a
CRISPR knockout screen in CAR-T cells to identify novel negative regulators of T-cell
activity, potentially using CAR-T retention in a solid tumor mouse model as a readout for
positive hits in the screen could identify previously unknown suppressors of T-Cell
infiltration. Along with knocking out inhibitory factors, there is also the possibility of
knocking in additional functionality to the CAR-T cell. Engineering the cells to secrete pro-
inflammatory mediators such as 1L-12 can potentially improve therapeutic efficacy toward
immunologically “cold” solid tumors that display substantial cellular heterogeneity%4. Using
retroviral approaches, these so-called “armored CARs” have been demonstrated to be less
susceptible to a immune-suppressive tumor microenvironment®. Introduction of an
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inducible caspase-9 construct to act as a suicide gene could also act as a safety measure?6.97,
allowing the elimination of transplanted CAR-T cells in the event of severe adverse effects
in the clinic. CRISPR-based knock-in of these expression constructs could help to generate a
more homogeneous CAR-T population, in a manner similar to early efforts to knock-in the
CAR expression construct itself. Additionally, these expression constructs could be
introduced into coding loci to be knocked-out, such as B2M or PD-1, achieving two editing
goals at once.

Reducing off-targets

The risk of introducing unwanted and potentially harmful mutations remains a major
obstacle to the translation of CRISPR-based genome editing to the clinic. Three possible
sources of off-targets need to be considered. First, a gRNA designed against a specific site
could have additional unknown perfect matches elsewhere in the genome. In principle, this
type of off target should be easy to avoid. After all, the sequence of the human genome is
known and gRNASs design algorithms that guarantee a single perfect match have been
developed®. In practice, however, the genetic variability between patients needs to be taken
into account and relying exclusively on the reference genome when designing the gRNAS is
dangerous.

A second source of off-target events comes from the ability of gRNAs to direct Cas9 to
cleave at sites with partial complementarity. Studies with SpCas9 showed that off-target sites
with as many as 5 mismatches can be cleaved, although cleavage is more likely when the
off-target site has three mismatches or fewer?®-101, Shortening the window during which
cells are exposed to Cas9/gRNA activity is one approach that can reduce off-target
activity102, This can be achieved using purified SpCas9 RNP complexes rather than
plasmids to generate transient, “burst-like” kinetics®465. Another approach involves using a
modified SpCas9 (“nickase”) that induces DNA single strand breaks paired with two gRNAs
designed to target nearby sites on the plus and minus DNA strands. This system greatly
reduces off-target activity since concomitant cleavage by both gRNAs is required to induce a
DSB103104 The obvious limitation in this case is that two gRNAs need to be designed to
generate a single mutation event, increasing the complexity of the experimental design and
reducing the number of genomic sites can be successfully targeted.

More promising approaches to reduce this type of off-target effect are aimed at improving
the specificity of the Cas9 enzyme by rational protein engineering. Based on the crystal
structure of SpCas9 in complex with gRNA and target DNA105.106 myltiple attempts have
been made to rationally design SpCas9 variants with higher on-target specificity. Under the
presumption that the affinity of SpCas9 for target DNA could be reduced without significant
reduction in on-target activity, Kleinstiver and colleagues selectively mutated a set of 4
residues that are predicted to directly interact with the target DNA backbone by hydrogen
bonding%7. Alanine substitution at all four positions resulted in an SpCas9 variant with a
similar ability to induce inactivating mutations as the wild type, but greatly reduced off-
target activity. Naming this variant SpCas9-HF1, the authors went on to show that its use
could dramatically reduce the number of off-target events, even for gRNASs previously
demonstrated to be highly promiscuous. Slaymaker and colleagues hypothesized that a
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positively charged non-target strand groove within spCas9 might mediate binding to the
opposite DNA strand and maintain strand separation, which is crucial for DSB
generation108, Mutation of key positively charged residues within this groove to alanine
generated variants (eSpCas9, eSpCas9(1.0), eSpCas9(1.1)) with greatly reduced off-target
activity but similar on-target activity relative to wild type SpCas?9.

The idea that these variants display increased specificity through reduced overall target
affinity has however been challenged by Jennifer Doudna’s group. Using single-molecule
Forster resonance energy transfer (FRET) experiments, they demonstrated SpCas9-HF1 and
eSpCas9(1.1) had similar on-target and off-target affinity as wild type SpCas91°. Instead,
they proposed that in these mutants the catalytic nuclease domain shifts from an inactive to
active conformation with much slower kinetics. The previously uncharacterized REC3
domain was proposed to act as the gatekeeper, facilitating the conformational shift of the
nuclease domain in response to on-target binding. Rational mutation of key residues within
REC3 produced a new variant, HypaCas9, with higher fidelity that either SpCas9-HF1 or
eSpCas9(1.1).

While the studies detailed above used a rational approach, mutating specific residues within
key SpCas9 functional domains, directed evolution approaches to change Cas9 specificity
have also proven successful. One such approach, phage-assisted continuous evolution
(PACE)110 was employed to generate SpCas9 variants with broadened PAM specificity in
order to expand the universe of targetable sites in the mammalian genome!11, By linking
viral propagation to SpCas9 PAM promiscuity, the authors generated a series of mutants,
dubbed “xCas9”, which could effectively recognize non-canonical PAM sites. Surprisingly,
these mutants also displayed far higher on-target specificity than wild type SpCas9,
indicating that target fidelity was selected along with broadened PAM recognition during
viral evolution. While the increased PAM usage for the xCas9 variants may increase the
difficulty of identifying truly unique 20nt target sequences, it should be possible to generate
new variants retaining increased on-target specificity, but having more restricted PAM usage.

It should be noted that in the four approaches listed above there is very little overlap in the
specific SpCas9 amino acids mutated to generate more accurate variants (Figure 2). Only
residues Q695 and M694 are common to more than one of the various SpCas9 high-fidelity
mutants reported so far, suggesting that there may be room for further improvements.

If the two sources of off-target activity described so far can be, at least in principle, fully
addressed by improving gRNA design and by increasing the specificity of Cas enzymes,
there is a third, often overlooked, source that is unfortunately much harder if not impossible
to avoid. The ease with which the simultaneous induction of multiple DSBs by CRISPR can
lead to structural rearrangements within or between chromosomes raises a disturbing
possibility: since an active on-target gRNA is expected to induce breaks in both alleles of a
target gene, there is a significant potential for two homologous chromosomes or, if the cell
has replicated its DNA, two sister chromatids to subsequently form a fused dicentric
chromosome12, The well-characterized breakage-fusion-bridge cycle that results from the
formation of such dicentric chromosomes can lead to a variety of unpredictable
consequences, including either apoptosis or cellular transformation (Figure 3).
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Novel CRISPR-based tools for cancer diagnostics

A multitude of different CRISPR systems are being identified in prokaryotes, and their study
is suggesting exciting new applications for this technology?>113. Among class 2 CRISPR
systems, three major types have been identified: Type II, Type V, and most recently Type VI.
Type VI systems are particularly interesting, as they are characterized by an effector
molecule (Cas13) that targets and single stranded RNA (ssRNA) rather than dsDNA as Type
Il and Type V1527 But Cas13 has another surprising feature: once activated by binding to
the target sequence recognized by the associated crRNA, Cas13 not only cleaves the target
strand, but also begins to degrade non-targeted ssRNAs it finds in its proximity, a
phenomenon aptly named “collateral RNA cleavage”1>114, How this activity is regulated in
bacteria and what role it plays in adaptive immunity is not fully clear, but the potential for
collateral RNA cleavage to be adapted as a highly sensitive nucleic acid detection
technology was quickly recognized and implemented by several groups16-114-116

SHERLOCK (Specific High-Sensitivity Enzymatic Reporter UnLOCKIing) was the first
nucleic acid detection system taking advantage of collateral RNA cleavagel6. The central
idea underlying SHERLOCK is the use of an RNA reporter consisting of ssRNA containing
a fluorophore and a quencher. In the first step of the detection process, the sample nucleic
acid is amplified isothermally and transcribed into RNA. The RNA pool is then incubated
with the reporter RNA, Cas13, and a crRNA designed to recognize the DNA species one
wants to detect. Binding of the Cas13a complex to its target sequence activates collateral
RNA degradation, cleaving the reporter and freeing the fluorophore from the quencher.
Using this technique ssRNA target sequences could be detected at concentrations as low as
~2aM (~2x10718 mol/L)1S.

Non-specific collateral nuclease activity is also a key feature of the CRISPR Type V effector
Cas12a/Cpfl, with the notable difference that the Cas12a/crRNA complex recognizes and
degrades DNA, not RNA. Cas12a is at the core of DETECTR (DNA Endonuclease Targeted
CRISPR Trans Reporter), an alternative nucleic acid detection system developed by Jennifer
Doudna and colleagues in 2018115, Rather than targeting ssSRNA, Cas12a’s collateral activity
is targeted toward ssDNA, abrogating the need for RNA transcription as part of the detection
system. Otherwise the protocols are similar, with amplified DNA being incubated with
Cas12a/gRNA complex in combination with a fluorescently labeled sSDNA reporter.

That this is a fertile area of investigation is reflected by the number of variations and
improvements that were quickly incorporated in the SHERLOCK-2 system!16. Cas13
enzymes from different bacterial species display divergent dinucleotide preferences for
collateral nuclease activity, and these differing preferences were used to develop a
multiplexed assay, mixing four different effector nucleases (PsmCas13b, LwaCas13a,
CcaCas13b, AsCas12a) with four different fluorescent reporter strands. Four different target
sequences could be simultaneously detected in a single reaction at sensitivity of comparable
to non-multiplexed SHERLOCK.

To increase the sensitivity of the SHERLOCK system, a two-step signal amplification
protocol was developed using two different CRISPR effectors. Collateral sSRNA degradation
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by the Type 111 RNAse effector Csm6 is activated by the production of key second
messengers117:118 that can be generated by the activity of Cas13. Using two different
fluorescent reporters in the same channel with specificity to Csm6 or Cas13a, the sensitivity
of SHERLOCK 2 could be further improved reaching nearly single molecule detection16.

One of the most appealing aspects of the SHERLOCK detection system is its versatility and
simplicity. The components of the detection reaction can be freeze-dried and paper-spotted
to generate lateral-flow test strips (analogous to those used in pregnancy tests sold in drug
stores across the country) that can be produced cheaply for use outside of a laboratory
setting with only a slight reduction in sensitivity (20aM versus 2aM)16:116,

Given their sensitivity and ease of use, the SHERLOCK and DETECTR systems could
prove useful in multiple settings in the context of cancer diagnosis and treatment. For
example, DETECTR was demonstrated to effectively detect specific strains Human
Papillomavirus associated with cervical cancer initiation (HPV16, HPV18) in human anal
swab DNA extracts. The systems could also be used to rapidly test for cancer-predisposing
germline mutations. The extreme sensitivity of these systems makes them amenable to
cancer genotyping approaches using cell-free DNA (cfDNA) fragments isolated from blood
samples. SHERLOCK was demonstrated to operate within the detection range necessary for
these types of approaches and was also used to detect specific mutations in liquid biopsy
samples from non-small cell lung cancer patients, effectively identifying specific tumor-
associated EGFR mutations. The extreme ease of use associated with lateral flow test strips,
along with the relatively low cost of production, could offer accurate cancer genotyping to
communities and markets that have been previously underserved the by the cancer genomics
revolution.

As CRISPR-based technologies continue to mature, it is becoming increasingly apparent
that the applications of this system in cancer research and therapy have by no means been
exhausted. Instead, this versatile and surprising tool is being modified, improved, and
applied in an ever-increasing number of novel and exciting ways that promise to reshape the
way that cancer is researched, treated, and diagnosed.
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Figure 1 —. Applications for CRISPR genome editing in CAR-T cells
CRISPR can be used for the introduction of genetic knock-outs by disrupting the coding

sequence of specific genes (by non-homologous end joining (NHEJ) repair following DSB
induction), or for the generation of knock-ins by introducing novel genetic information at
specific loci (by homology-directed repair (HDR) following DSB induction). Gene knock-
out can be applied to CAR-T cells to generate allogeneic cells that would not need to be
donor matched by targeting crucial components of the major histocompatibility type-I
complex (MHC-1) or of the endogenous T-Cell receptor (TCR). CRISPR knock out can also
to generate cells with reduced sensitivity to immune checkpoint pathways by targeting key
receptors including PD-1, CTLA4, and LAG-3. Genetic knock-in can be used to introduce
the CAR expression cassette into a defined locus, leading to more stable and homogenous
expression of the receptor while avoiding potential mutational events associated with
randomly integrating vectors. Alternately, the CAR coding sequence (CDS) can ben knocked
into the TCR-alpha constant (TRAC) locus, disrupting the endogenous TCR while also
producing a CAR with expression matched to endogenous receptor. Similarly, CRISPR
knock-in can also be used to introduce novel effectors into CAR-T cells at defined loci.
Potential effectors include those for IL-12 secretion, which can improve CAR-T function in
immunologically suppressed or “cold” tumors, or for inducible Caspase-9 activity (iCasp9),
allowing for selective ablation of CAR-T cells as an added safety measure.
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Figure 2 —. Relative positions of SpCas9 mutations generating improved specificity.
SpCas9 contains two domains essential for nuclease activity, HNH and RuvC. Additionally,

the REC lobe mediates binding to gRNA-target DNA heteroduplex and the PAM interacting
domain (PID) makes contact with the NGG PAM sequence. Directed and unbiased efforts to
generate SpCas9 mutants with lower off-target activity have generated a series of mutant
proteins with surprisingly little overlap in target amino acid mutation. Representative
mutants from the four major published studies are highlighted, with the position of the
individual mutations relative to the SpCas9 domain structure indicated by color. While the
majority of targeted amino acids are localized to the REC lobe, only residues Q695 and
M694 are common between multiple mutants.
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Figure 3 —. Sources of SpCas9 off-target activity
The activity of SpCas9 in human cells can produce off-target consequences through three

mechanisms, based on the gRNA being used. (1) If the 20nt gRNA target sequence is not
unique in the human genome, SpCas9 will induce a DNA double strand break (DSB) at each
locus containing a perfect match, resulting in the formation of non-targeted indels or
structural rearrangements. This can be avoided through the use of gRNA selection
algorithms specifically designed to avoid non-unique sequences, such as GuideScan. (2)
SpCas9 can also induce DSBs at highly similar sequences containing 3 or fewer mismatches
to the gRNA. These off-target breaks can result in non-targeted indels and structural
rearrangements either alone or in combination with on-target SpCas9 activity. The
propensity for SpCas9 to cut at mismatched target sites can be reduced through the use of
reported high-fidelity SpCas9 variants, including SpCas9-HF1, eSpCas9, and HypaCas9. (3)
Even completely on-target activity from a single gRNA has the potential to introduce off-
target structural rearrangements through simultaneous cutting of the same locus on
homologous chromosomes or sister chromatids. Chromosome head-to-head fusion is one
potential outcome of this event, resulting in the formation of dicentric chromosome. No
solution for this type of off-target event has yet been proposed.
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