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ABSTRACT

The advent of engineered T cells as a form of immunotherapy marks the beginning of a new era in
medicine, providing a transformative way to combat complex diseases such as cancer. Following FDA
approval of CAR T cells directed against the CD19 protein for the treatment of acute lymphoblastic
leukemia and diffuse large B cell lymphoma, CAR T cells are poised to enter mainstream oncology.
Despite this success, a number of patients are unable to receive this therapy due to inadequate T cell
numbers or rapid disease progression. Furthermore, lack of response to CAR T cell treatment is due in
some cases to intrinsic autologous T cell defects and/or the inability of these cells to function optimally
in a strongly immunosuppressive tumor microenvironment. We describe recent efforts to overcome
these limitations using CRISPR/Cas9 technology, with the goal of enhancing potency and increasing the
availability of CAR-based therapies. We further discuss issues related to the efficiency/scalability of
CRISPR/Cas9-mediated genome editing in CAR T cells and safety considerations. By combining the
tools of synthetic biology such as CARs and CRISPR/Cas9, we have an unprecedented opportunity to
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optimally program T cells and improve adoptive immunotherapy for most, if not all future patients.

Striking results from multiple centers have demonstrated that
adoptive transfer of genetically-engineered T cells can induce
durable, complete remissions in patients with a variety of hema-
tologic cancers. In the CAR approach, genes encoding synthetic
antigen receptors are introduced into T cells, which endows these
lymphocytes with the ability to bind pre-defined surface antigens
on tumors'”. The antibody-derived extracellular domain of
a CAR allows T cells to recognize intact proteins independently
of antigen processing and presentation. This antigen-binding
molecule is tandemly linked to an intracellular signaling moiety
that mediates T cell activation and cytolytic activity. Thus, T cells
can be programmed with CARs to detect and kill antigen-
expressing cells (reviewed in *). Clinical data since 2010 indicates
that CAR T cells have the potential to be curative in advanced
leukemia patients™®, with unprecedented complete response rates
of >80-90% in adults and children with relapsed/refractory
ALL”. In chronic lymphocytic leukemia (CLL), we have observed
durable remissions beyond 5 years, accompanied by complete
eradication of minimum residual disease from the bone
marrow'’. As a result of these clinical findings and concordant
results from multicenter trials, a CAR directed against the CD19
protein that was developed at the University of Pennsylvania was
recently approved by the FDA'' to treat acute lymphoblastic
leukemia (ALL)"® and diffuse large B cell lymphoma
(DLBCL)"*". CAR T cells are also beginning to demonstrate
robust anti-tumor activity in patients with multiple myeloma'**®,

Despite the clinical efficacy of CAR T cell therapy in liquid
tumor indications, there are several barriers that limit

successful treatment for many patients. CAR T cells do not
expand and persist in some individuals, including the major-
ity of subjects with CLL'>"”. A certain degree of CAR T cell
proliferation, engraftment and persistence appears essential
for clinical benefit”®>'®'”, We have recently demonstrated
that lack of response to CAR therapy may be due to intrinsic
autologous T cell defects, which often prevent the attainment
of therapeutic levels of in vivo CAR T cell expansion'’. In
some cancers (e.g., ALL), patients have rapidly progressive
disease that precludes therapy with genetically-engineered
T lymphocytes due to the time required to generate an auto-
logous CAR T cell infusion product. Additionally, it is some-
times not practical to collect sufficient numbers of T cells for
CAR'T cell manufacturing due to lymphopenia from recent or
prior therapy and/or underlying disease'®. In other cases, the
proliferative capacity of T cells during large-scale culture is
poor, leading to a failure in meeting clinical dose at the
completion of the CAR T cell production process'*?’.
Finally, although CAR T cells are revolutionizing therapy of
hematologic malignancies, the field awaits a clear demonstra-
tion of clinical efficacy for solid tumors. A major barrier to
the success of CAR T cell therapy of these much more com-
mon non-hematopoietic cancers is determining how to opti-
mally enhance the function and persistence of these cells in
toxic tumor microenvironments (reviewed in 2'2%). With the
emergence of easily multiplexable precision genome editing
using CRISPR/Cas9?’, there is an opportunity to overcome
many of these obstacles to CAR T cell therapy and accelerate
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generalization of this treatment approach to standard medical
management of a variety of cancers.

CRISPR/Cas9 technology originates from the type IT acquired
immune system in bacteria and archaea. This type II system
provides protection against invading viruses (ie., bacterio-
phages), plasmids and other types of foreign nucleic acids**>®.
Upon activation of this system, short fragments are cleaved from
invading DNA and incorporated at the CRISPR locus between
repeat sequences that are encoded as arrays within the prokar-
yotic host genome (reviewed in *’). CRISPR arrays consist of
“protospacers” that are short pieces of DNA derived from and
matching the corresponding parts of invading (e.g., viral) DNA.
These elements allow the bacterium or archaeon to form “mem-
ory” so that if the same or a similar invader is subsequently
encountered, the prokaryotic host can generate RNA segments
from the CRISPR arrays to target the foreign DNA for destruc-
tion. In this process, transcripts from the CRISPR repeat arrays
are processed into CRISPR RNAs (crRNAs), which hybridize
with a second transactivating CRISPR RNA (tracrRNA)™.
Following maturation of pre-ctRNA, the crRNA/tracrRNA
duplex recruits the Cas9 DNA endonuclease, resulting in the
formation of a ribonucleoprotein complex'. The encoded por-
tion of the crRNA corresponding to the protospacer then guides
the nuclease protein to a complementary target DNA and cleaves
it, provided that it is adjacent to a short sequence known as
a protospacer adjacent motif (PAM). Although the PAM
sequence is recognized by the CRISPR/Cas9 ribonucleoprotein
complex, it does not become integrated into the host genome
with the protospacer sequence’>>>. CRISPR/Cas-mediated
mutagenesis may result in amino acid deletions, insertions or
frameshift alterations that introduce pre-mature stop codons
within the open reading frame of the targeted gene. This can
lead to translation of functionally impaired proteins that are
essential to the foreign invader. Excision of particular target
sequences would result in severe damage of the template used
for replication of the pathogenic genome.

Jinek and colleagues demonstrated that Cas9 protein isolated
from Streptococcus pyogenes (SpCas9) can associate with
a crRNA/tracrRNA duplex to induce double-strand breaks
(DSB) at a target DNA sequence’’. This binding occurs via
Watson-Crick base pairing of crRNA to target DNA.
Importantly, it was shown that SpCas9 endonuclease could be
programmed to bind and cleave a DNA sequence without RNA
complex formation®'. Cas9 protein can therefore be directed to
a desired genomic locus by a single guide RNA (sgRNA) to
create a DSB. These DSBs are typically repaired through an
error prone non-homologous end joining (NHE]) or
a homology-directed repair (HDR) mechanism. DSBs are cor-
rected, but the open reading frame of the gene is disrupted by
small insertion/deletion (indels) mutations at the break site.
Genetic knock-outs can be created through the targeting of
Cas9 to create indels within protein-coding exons
(Figure 1). If the encoded protein domain is functionally essen-
tial, CRISPR/Cas9-induced indels produce a high frequency of
null mutations’®. Following publication of two seminal reports
showing feasibility of site-specific human genome engineering
with the CRISPR/Cas9 system®”**, the field of gene editing was
revitalized. In comparison to other programmable nucleases
such as zinc finger nucleases (ZFNs) and transcription activator-
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like effector nucleases (T ALENSs), the CRISPR/Cas9 system pos-
sesses the advantages of ease, flexibility and the potential for
multiplex gene editing (reviewed in *°). Thus, in the setting of
CAR T cell therapy, it is now possible to simultaneously target
multiple genes and accomplish loss of function of virtually any
genetic or epigenetic target using CRISPR/Cas9.

Because too many patients are unable to receive engineered
autologous T cells due to the aforementioned intrinsic defects or
inadequate numbers of lymphocytes available for manufactur-
ing, development of “universal,” healthy donor-derived infusion
products using CRISPR/Cas9 genome editing would rapidly
expand application of CAR T cell-based therapies for cancer
(Figure 2). The main concerns with using such “off-the-shelf”
CART cell products are potential induction of graft-versus-host
disease (GVHD) by ex vivo activated allogeneic T cells and rapid
rejection by the host. To minimize the risks associated with
administering universal CAR T cells, CRISPR/Cas9 technology
can be used to knock-out endogenous ap T cell receptors (TCRs)
on adoptively-transferred donor lymphocytes that can recognize
alloantigens in an unrelated recipient, which would result in
GVHD. In addition, elimination of beta-2-microglobulin (B,
M), an essential subunit of human leukocyte antigen class
I (HLA-I) proteins, would prevent rapid elimination of allo-
geneic cells expressing foreign HLA-I molecules. Pre-clinical
data indicate that multiplex CRISPR/Cas9 gene-editing technol-
ogy can be highly effective at simultaneously knocking-out the
endogenous TCR as well as B,M to produce universal CD19-
directed CAR T cells. These cells exhibited robust anti-tumor
activity and did not induce xenogeneic GVHD in mice engrafted
with leukemia®. However, the susceptibility of allogeneic
CRISPR/Cas9-modified anti-CD19 CAR T cells to rejection
in vivo by natural killer (NK) cells due to the absence of HLA-I
or elevated levels of HLA class II following T cell activation was
not assessed in the above studies. The issue of NK cell-mediated
host-versus-graft rejection may be circumvented in the clinic
through CRISPR/Cas9-mediated knock-out of stimulatory NK
cell ligands, overexpression of non-classical HLA class
I molecules on allogeneic T cells (e.g., HLA-E*') (Figure 2),
administration of chemotherapy and/or infusion of NK cell-
specific monoclonal antibodies to deplete NK cells*’.

Overexpression of negative checkpoint regulators in con-
junction with up-regulation of cognate inhibitory ligands in
the tumor microenvironment may also limit CAR T cell per-
sistence as well as function, and this will be associated with lack
of clinical benefit. We and others have shown that modulation
of the programmed death-ligand 1/programmed cell death
protein 1 (PD-L1/PD-1) axis may enhance the anti-tumor
activity of endogenous or genetically-redirected T cells**™°.
However, it is becoming increasingly clear that T cell dysfunc-
tion is regulated in part by co-expression of multiple negative
checkpoint regulators, including PD-1. High levels of other
inhibitory receptors such as T cell membrane protein-3
(TIM-3), lymphocyte-activation protein-3 (LAG-3), T cell Ig
and ITIM domain (TIGIT), cytotoxic T lymphocyte-associated
antigen 4 (CTLA-4) are also observed following persistent
tumor antigen encounter (reviewed in °“?). The inhibitory
functions of these receptors are thought to be non-redundant,
but it is now recognized that they may synergize to cause
immune cell exhaustion®*.  Although  concurrent
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Figure 1. Application of the CRISPR/Cas9 System in precision genome editing. The mechanism of CRISPR/Cas9-mediated targeted mutagenesis is shown. The single
guide RNA (sgRNA) forms a ribonucleoprotein complex with the Cas9 endonuclease and directs the enzyme to the target DNA. Following cleavage of the sequence,
repair mechanisms (i.e., homology directed repair, HDR; non-homologous end joining, NHEJ) are activated to mend the DNA damage. This often results in the
insertion or deletion (indel) of nucleotides, which may alter the reading frame of the gene through the introduction of pre-mature stop codons. If the encoded
protein domain is functionally essential, these indels generate a high proportion of null mutations.

administration of checkpoint inhibitors with CAR T cells may
reinvigorate these lymphocytes in the setting of an immuno-
suppressive tumor microenvironement, systemic delivery of
checkpoint-blocking antibodies is associated with severe
immune-related adverse events in some patients™. One way
to overcome this limitation is by taking advantage of the flex-
ibility of CRISPR/Cas9-based genome editing to disrupt single-
4939 or multiple genes encoding inhibitory receptors (Figure 2).
The feasibility of generating universal, allogeneic T cells with
multiple negative regulators (i.e.,, PD-1 and CD95/Fas death

receptor) knocked-out has been demonstrated®. In addition to
inhibitory receptors, CRISPR/Cas9-mediated ablation of other
modulators of CAR T cell signaling such as diacylglycerol
kinase may render these cells resistant to soluble immunosup-
pressive factors like TGFp and prostaglandin E2 present in the
tumor microenvironment*, Finally, the CRISPR/Cas9 system
in combination with viral or non-viral transgene delivery meth-
ods can be used to direct CARs and/or other potency-
enhancing T cell modulators into specific genomic loci (e.g.,
TRAC encoding the endogenous T cell receptor constant alpha
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Figure 2. Creation of Universal CAR T cells. A strategy for generating an “off-the-shelf,” allogeneic CAR T cell product is depicted. CRISPR/Cas9 technology is used to
knock-out the endogenous TCR as well as HLA class | molecules to prevent graft-versus-host disease and host-versus-graft rejection of adoptively-transferred CAR
T cells. Multiplexed CRISPR/Cas9-mediated genome editing can also be applied to simultaneously ablate inhibitory receptors such as PD-1. Overexpression of non-
classical HLA class | molecules (e.g., HLA-E) may further prevent rejection of allogeneic CAR T cells and thus potentiate the persistence of these lymphocytes in

patients.

chain and/or inhibitory receptor genes)***’. This new powerful
technology has the potential to revolutionize CAR T cell-based
therapies for cancer.

Although CRISPR/Cas9-based gene editing can be used to
overcome several barriers present in conventional CAR T cell
therapy, there are a number of challenges to clinical translation
that must be addressed. Successful production of clinical grade
cell and RNA products requires detailed process planning prior
to execution, compliance with GMP regulations and FDA gui-
dance, and operation in the context of reliable infrastructure
guided by a pre-defined quality plan. For human trials, large-
scale protocols for CRISPR/Cas9-mediated target ablation in
mature T cells must be established. These approaches need to
facilitate the transfer of sgRNA, Cas9 as well as a gene encoding
the CAR, preserve cell viability, and permit robust in vitro
expansion of engineered T cells following genetic manipulation.
These methods may include transduction of CRISPR/Cas9 com-
ponents and CAR transgenes using retroviruses or

lentiviruses®®® or with non-integrating viruses, such as adeno-

viruses and adenovirus-associated viruses (AAV)®*6!,
Alternatively, CRISPR/Cas9 delivery may be accomplished by
using sgRNA complexed with Cas9 in the form of ribonucleo-
proteins (RNP)®?, which have demonstrated effective gene
knock-out when electroporated into human T cells®***
A major advantage of this approach is the potential to achieve
a high degree of transfection/editing efficiency and modification
of multiple genes using a single electroporation step, without the
toxicity associated with other methods such as DNA nucleofec-
tion in T cells*”®. Electrotransfer of RNP complexes also has the
potential for generating high frequencies of gene-edited CAR
T cells and avoiding constitutive CRISPR/Cas9-sgRNA expres-
sion, which may be a regulatory concern related to the use of
certain viral delivery protocols. While production of CRISPR/
Cas9-edited CAR T cells is feasible using large-scale transfection
systems, a potential challenge is reaching target infusion doses at
the time of cell harvest due to a decrease in lymphocyte viability
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following electroporation, and genome manipulation which
increases genetic instability. Furthermore, in the context of
creating “off-the-shelf” allogeneic CAR T cells, it is no longer
possible to stimulate T cells for expansion using pan-TCR acti-
vation (e.g., using anti-CD3 agonistic antibodies) following dele-
tion of the endogenous TCR. The addition of exogenous
cytokines such as IL-7 and IL-15 to cultures following electro-
poration with CRISPR reagents and/or adding CAR-specific
targets may potentiate the generation of sufficient numbers of
gene-edited CAR T cells for therapeutic applications®*.

Another obstacle to clinical translation of CRISPR/Cas9-
edited CAR T cells is the potential for Cas9-sgRNA binding
and cleavage of sequences that are highly similar to the target
DNA sequence. This may lead to mutations at undesired sites
in the genome®®®’, chromosomal rearrangements such as
inversions and translocations (i.e., due to re-ligation between
breaks on different chromosomes occurs)®””", or large dele-
tions and complex rearrangements due to repair of CRISPR/
Cas9-induced double-strand DNA breaks (Nat Biotechnol.
2018 Sep;36(8):765-771. doi: 10.1038/nbt.4192. Epub 2018
Jul 16.). Off-target editing of critical genes such as those
encoding transcription factors would be predicted to have
wide-ranging ramifications. Approaches to diminish off-
target CRISPR/Cas9 editing include altering the Cas9 endo-
nuclease with novel PAM specificities’?, introducing muta-
tions in one of the two nuclease domains of Cas9 so that it
nicks one strand of the target DNA*""7>, use of high-fidelity
Cas9 variants”* and employing truncated sgRNAs”” (reviewed
in 7®77). Systematic evaluations of off-target editing in CAR-
engineered T cells using a combination of cytogenetics, in
silico prediction methods, whole-exome sequencing, or other
analysis techniques will be critical for cell infusion product
release and may minimize the likelihood of genotoxicity fol-
lowing adoptive transfer into patients.

As the first FDA-approved engineered T cell therapy to come
to market, CAR T cells have the potential to transform treatment
strategies for a multitude of incurable cancers. The central limita-
tions in the current of CAR T cells for hematopoietic and non-
hematopoietic tumors include lack of sufficient numbers of
a patient’s own T cells for manufacturing in the face of progressive
disease or following multiple rounds of chemotherapy, limited
in vivo efficacy of these autologous lymphocytes due to intrinsic T
cell defects, and the susceptibility of CAR T cells to strongly
immunosuppressive microenvironments. The use of CRISPR/
Cas9-enhanced immune-gene cell therapy to overcome many of
these challenges is now a reality, and our center is currently
conducting the first-in-human trial of CRISPR/Cas9 technology
using multiplexing with sgRNAs to enhance the efficacy of engi-
neered T cells in cancer (ClinicalTrials.gov Identifier:
NCT0339944). Thus, CRISPR/Cas9-mediated genome editing
provides the promise of further streamlining immunotherapy,
perhaps through the creation of universal, “off-the-shelf” cellular
products or engineering these cells to overcome resistance in the
setting of hematopoietic as well as non-hematopoietic malignan-
cies. Although several challenges remain regarding the safety,
efficiency and scalability of this approach, CRISPR/Cas9 technol-
ogy will undoubtedly reign in a new era of CAR T cell-based
therapies for cancer.
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