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ABSTRACT OF THE DISSERTATION

Engineering Progressively Deimmunized and Redosable CRISPR-Cas Gene Therapies

Nathan David Palmer

Doctor of Philosophy in Biology
University of California San Diego, 2022

Professor Prashant G. Mali, Chair
Professor Justin R. Meyer, Co-Chair

The advent of genomic editing technology offers the tantalizing promise of precisely
treating a variety of disease states at the genetic level. CRISPR-Cas has democratized this
capability in laboratory settings across the world. However, developing these exciting tools into
therapies appropriate for clinical use involves several challenges including the potential
recognition of foreign components such as the Cas effector proteins by the adaptive immune

system which may limit the effectiveness of gene therapy. Here I approach this problem by first

xiil



characterizing the immune response to AAV-delivered CRISPR-Cas in a mouse model
targeting the PCSK9 protein, known to play a major role in atherosclerotic disease. Next, |
propose and test a method to enable redosing by leveraging immune orthogonal components of
AAV-CRISPR-Cas therapeutics, systematically defining the capability of this approach to
avoid immune-mediated inhibition of therapeutic efficacy. Finally, in an effort towards building
a single deimmunized Cas9 protein usable across diverse contexts while circumventing pre-
existing immunity, I develop a scalable and portable long-range multiplexed protein
engineering platform to progressively de-immunize target proteins by abolishing the most
immunogenic MHC-restricted epitopes without disrupting protein function. By applying this
technique to Cas9, I identify a Cas9 variant with 7 simultaneously deimmunized epitopes that
retains near wild-type functionality for both direct editing and gene activation/repression. Taken
together, this work represents a meaningful step towards unlocking the potential to precisely

edit genomes and gene expression in the clinical setting.
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CHAPTER | — THE STATE OF CRISPR-CAS GENE THERAPY

Gene therapy holds the promise of treating genetic, epigenetic, and transcriptomic diseases
at their roots. The first several decades of research and development in this field were met
alternatingly with eager exploration and substantial setbacks.! Even so, persistence has finally
begun to pay off with the first generation of gene therapies which replace missing or defective
genes in conditions such as transfusion-dependent B-thalassemia, spinal muscular atrophy and
inherited retinal disease.>*#9/1/22 12:28:00 PMFortuitously, the long-awaited emergence of these
drugs coincides with the recent advent of genome and transcriptome engineering tools based on
the clustered regularly interspaced short palindromic repeats (CRISPR)-CRISPR-associated (Cas)
RNA-guided nuclease systems that have transformed our ability to precisely manipulate nucleic
acids. CRISPR-Cas has expanded our toolkit, enabling precision alteration, replacement, and
regulation of genes to therapeutically target disease states and potentially confer disease resistance.
Beyond genetic diseases, CRISPR-Cas editing therapies have been used to target acquired diseases
such as cancer, cardiovascular disease, infectious disease, and chronic ailments such as
Alzheimer’s disease (AD) in animal models.>® The nexus of these two fields has created
extraordinary excitement for the potential of CRISPR-based gene therapies to revolutionize the
treatment of many of the most important ailments currently impacting human health.

While that potential has yet to be fully realized, pre-clinical studies of CRISPR-based
therapies have exploded in recent years, and pioneering CRISPR-Cas gene therapy clinical trials
have begun treating rare monogenic diseases and severe cancers. Still, broad application of
CRISPR Cas therapies has a long way to go and hinges on multiple factors including long term
studies to demonstrate safety without off-target activity that could potentially cause serious side

effects, advancement in precise and effective delivery systems, immune system interactions,



efficient and cheap manufacturing, and effective regulation to democratize access to these
therapies. In this review, we first broadly cover the steps necessary to take CRISPR-based gene
therapies from the idea, through drug design and pre-clinical testing, to clinical trials. This process
i1s complex and may be iterative with many decision points and important milestones along the
way. We then focus in on the most critical challenges facing the development of these therapies,
especially in delivery, administration, safety, design of appropriate pre-clinical studies, drug
manufacturing, and economic and regulatory issues, describing the obstacles they present and how
studies to date have approached these issues. We hope to offer both a window into the current state
of the field and a map to orient thought and resources towards solving the most significant

challenges that may impede the realization of the potential of CRISPR-based gene therapy.

1.1 THERAPEUTIC DEVELOPMENT CASCADE

Development of a gene therapeutic is a complex endeavor,’>® with the path towards
enabling a new therapy following a multifaceted development cascade (Figure 1). We briefly
summarize this process below.

First, is the selection of payload, which in turn is governed by the nature of the edit desired,
and considerations of enabling activity at the target locus while ensuring high specificity. In
addition, delivery constraints such as vehicle size capacity and interaction with native human
biology, such as immunity, availability of appropriate PAM sites, and the dynamic range of
therapeutic effect also affect this choice.

Second, is the selection of a vehicle for in vivo delivery. Adeno-Associated Viruses
(AAVs) are commonly used in this regard as they deliver the payload without insertion into the
host genome by maintaining the packaged DNA in an episome. AAVs work well in post-mitotic

cells and can be made tissue-specific via use of tissue-specific promoters or selection of



appropriate serotypes.'? Efforts have been made to enhance the safety profile of AAVs through
investigating how AAVs interact with and evade host immunity and engineering new capsids to
mitigate the immune response.!! And while cargo space of AAV limits the size of packaged
constructs to ~5kb, recent studies have uncovered Cas proteins that are considerably smaller than
Streptococcus pyogenes Cas9, some of which show similar functional promise.'*!* Notably,
CRISPR-Cas can also be delivered via non-viral vehicles, with purified ribonucleoproteins and
lipid nanoparticles showing promise for therapeutic translation.

Third, is determining the route of therapeutic delivery. Treatments delivered to the brain,
spinal cord, and eye benefit from their status as immune-privileged, and therefore are usually more
tolerant to foreign antigens used in gene therapies.'* For this reason and also relative ease of
delivery, some of the first clinical trials of CRISPR-Cas9 therapies have been initiated against ex
vivo hematopoietic cells, or ocular disorders where treatment is delivered via subretinal AAV
injection (NCT03872479). Nonetheless, it is important to note that this immune privilege can also
be breached when the blood-brain barrier is compromised in certain pathological states. The timing
of the administration is also key, as studies have shown that the earlier the treatment is given in
the course of disease progression, the higher the potential for efficacy.!’ Associated with this, are
also studies to assess the distribution, persistence and clearance of the delivery vector and the
expression of the therapy in the target tissues.'® A challenge to gene therapies can be the occurrence
of off-target tissue effects, where expression occurs in unintended tissues or organs (contrasted
with off-target genetic effects where edits occur at unintended genomic locations within the target
cells). This can be minimized when therapies are administered to confined spaces, such as the eye

or joints!” and through the incorporation of tissue specific promoters to drive gene expression.'®



Fourth, is the selection of an appropriate animal model to obtain clinically relevant insights
into the efficacy of the therapeutic. In this regard, there are a variety of challenges associated with
testing gene therapies in animal models, including replication of human diseases, response to
therapy, and differing immune reactions. However, as a result of advances in genome editing
technologies, many animal models with specific alterations able to replicate clinical phenotypes
have been generated.!® In addition, the use of human immune system mouse models has improved
the translatability of animal studies to the human setting.?°

Fifth, is the crafting of the overall study design. There are a number of factors that need to
be considered when planning a preclinical study, including appropriate controls, number of
animals per condition, testing across differing dosing and the time points at which samples are
taken.?! When utilizing viral vectors for delivery, gene expression can begin after one to two
weeks, and extend for a period of months, during which samples are assessed.?? Associated with
the above is the setting of endpoints and measurement of clinically relevant phenotypes in order
to assess the safety and efficacy of the treatment. To determine safety, toxicology studies are
performed to establish potential local and systemic toxicities, safety and feasibility of the delivery
system and procedure, immune response against the vector and delivered construct, and the
potential for reproductive toxicity. To examine efficacy, biodistribution studies are performed, and
clinical signs relevant to the disease measured.'¢

Finally, once preclinical experiments are run and analyzed, and safety and efficacy of the
therapy are demonstrated, an IND application is prepared. The IND application contains
information about the animal pharmacology and toxicology, manufacturing and clinical
components, and materials and protocols?', and is submitted to regulatory agencies as part of

advancing into clinical trials.



Selection of a Payload Setting the Route Crafting the Study
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Figure 1.1: Steps towards enabling a gene therapy via CRISPR-Cas. For a disease target, the
choice of Cas effector and corresponding guide-RNA (gRNA) is the first step. Next is to determine
CRISPR-Cas delivery options via viral or non-viral methods. Associated with delivery system is
also the route of administration. This typically depends on the organ or tissue of treatment and
ideally should be limited to that location. Studies are then performed to assess the distribution,
persistence and clearance of the vector and the expression of the therapy in target tissues. Relevant
clinical insight is also dependent on the selection of species for study and a preclinical study design
is crafted. Clinical endpoints are set based on safety and toxicology studies. Proof of safety and
efficacy in preclinical studies will then lead to an IND application.

Below we discuss CRISPR-Cas based gene therapeutics development in the context of this
cascade. We highlight the progress made so far, as well as pending challenges and discuss potential

approaches to address some of these.

1.2 DEVELOPING CRISPR-CAS THERAPEUTICS

1.2.1 Payload

Among the most likely candidates for translating CRISPR-Cas components into functional

therapeutics are the RNA-guided DNA nucleases Cas9 and Casl2a, the RNA-guided RNA



nucleases RCas9 and Cas13, and variants of these proteins. Different therapeutic modalities within
these Cas families unlock a wide variety of clinical applications. The native nuclease function of
Cas9 or Casl2a can be directly applied to genome editing in the form of gene knockouts or gene
replacement. The resultant double-stranded DNA break is repaired by native cellular machinery,

typically through the non-homologous end-joining (NHEJ) pathway?3-2

or homologous
recombination with an endogenous sequence or an exogenously provided sequence. Further
therapeutic approaches towards genome editing with Cas9 have been demonstrated with base-
editing and prime-editing, with the former currently demonstrated and more efficiently used for
single-base transitions while the latter demonstrated for a wider range of localized edits albeit with
lower efficiencies. Additionally, targeting diseases at RNA level can be appealing as it prevents
any permanent off-target effects, making it less risky for clinical applications. RNA-targeting
RCas9 and Cas13 have been used for RNA knockdown with similar or comparable efficiency to
RNAi.??8 Common RNA editing strategies rely on naturally occurring human adenosine
deaminase acting on RNA (ADAR) enzymes. Modification of ADAR?2 and fusing it to a catalytic
inactive Cas13 known as RNA Editing for Programmable A to I Replacement (REPAIR) was able
to recognize and correct disease mutations without any PAM sequence constraints.?*=! In recent
years there has been increased interest in developing Cas-mediated transcript editing into RNA
therapeutics with applications in treating viral infection or alleviating symptoms in neurological

disease. Together, these CRISPR-Cas modalities enable a broad spectrum of strategies towards

disease treatment (Figure 2).
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Figure 1.2: CRISPR-Cas therapeutic strategies towards disease-causing mutations.

1.2.2 Delivery

The CRISPR-Cas therapeutic cargo is important but not enough. Delivery represents one
of the greatest challenges in developing a clinically viable CRISPR-Cas therapy and hence is a
critical component of the therapeutic cascade. CRISPR-Cas systems can be delivered in three
cargo formats, via DNA modalities encoding both the Cas protein and gRNA (such as plasmids,
DNA viruses, nanoparticles), RNA modalities encoding the Cas and the gRNA (modified RNA,
RNA viruses, in vitro transcribed RNA, nanoparticles), or direct delivery of the purified Cas
protein complexed with the gRNA as a ribonucleoprotein (RNP) or nanoparticle. Each of these
cargo formats have been used ex vivo (in cells outside the body) and in vivo (locally within specific
tissues or systemically through the body) (Figure 2). Importantly, many of these delivery methods
are built upon the framework of traditional gene therapy and hence share much of the technological
underpinnings and desired properties. The ideal delivery system will likely encompass the
following attributes: (1) non-integrating: limiting unintended integration events in the genome; (2)

specific: achieving targeted tissue delivery; (3) low immunogenicity: enabling low toxicity



associated with administration and sustained therapeutic effect; (4) option to re-dose: allowing
repeated regimens; (5) biodistribution: compatible with target tissue type and tissue accessibility,
and (6) scalable: compatible with large-scale manufacturing for both common and orphan diseases.

We describe below how these different delivery modalities have been used for CRISPR-Cas and

how they might exhibit some of these ideal attributes.
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Figure 1.3: Delivery modalities for CRISPR-Cas therapeutics.

1.2.2.1 Ex vivo delivery modalities

Ex vivo gene-editing allows cell engineering and quality control regimes that would not be
feasible within the human body and is most compatible with blood disorders owing to the fact that
blood is much easier to safely remove, treat, and re-infuse than other tissues. A modality
successfully used for ex vivo gene editing is Cas proteins complexed with sgRNAs in vitro as
RNPs. Unlike DNA- or RNA- encoded CRISPR, RNPs do not rely on cell-driven expression and

hence have the fastest activity onset upon administration. In addition, RNPs are not further



expressed and degrade over time, with this transient exposure window limiting potential off-target
effects.>?> The most clinically advanced CRISPR-Cas editing strategy relies on ex vivo RNP-
mediated editing followed by re-administration of the cells back to the donor.

Advances in the isolation and propagation of hematopoietic stem cells (HSCs) and immune
cells has promoted cellular gene therapy as a viable option for the treatment of some monogenic
diseases and malignancies. Early successes were complicated by uncontrolled insertional
mutagenesis of the vector resulting in transcriptional activation of nearby proto-oncogenes,
chromosomal translocations, and eventual leukemogenesis.>®> Unlike traditional gene therapy
requiring sustained transgene expression, CRISPR-Cas systems can achieve therapeutic outcomes
by transient expression allowing for less integrative risk and potentially safer methods of delivery.
Current ex vivo CRISPR-Cas mediated clinical trials utilizes direct delivery of Cas9 RNP via
electroporation (NCT03399448, NCT04035434 and NCT03655678).

Curative approaches for f-hemoglobinopathies includes allogenic hematopoietic stem cell
transplant (HSCT) using HLA-matched stem cells derived from a donor or autologous
transplantation of the patient’s own HSCs after receiving the gene therapy ex vivo. Allogenic
transplant is challenging due to dependence on finding an immune-matched donor and mitigating
the effects of graft-versus-host response. Autologous transplantation with gene edited cells avoids
much of this immune barrier. Although many indications require varying levels of conditioning
treatment to reduce the population of native HSCs to create space for donor cells, autologous ex
vivo gene therapy may also allow for a reduced intensity of this process.** The current approach
towards HSC gene therapy uses electroporation of CRISPR-Cas mRNA or RNPs to edit HSC
genomes.> If homology directed repair is required, the template is simultaneously electroporated

or transduced by viral vectors.*® Following a similar concept, the first two patients with B-



thalassemia and sickle cell disease were treated last year using CRISPR-Cas9-edited HSCs and
autologous transplantation.

The RNP based approach has also been most successful in progressing towards clinical
trials. For instance, Cas9 RNPs were electroporated into HSCs to disrupt BCL11A, a silencer of
fetal hemoglobin, to generate CTX100 cells. Disruption of BCL11A de-represses fetal hemoglobin
expression and rescues sickle cell defects.?”3® A long-term follow-up study is underway to assess
safety and efficacy of the treatment. Another therapeutic candidate, CTX110, utilized the
multiplexing capability of CRISPR-Cas systems to optimize CAR-T cells at multiple levels. This
approach results in replacement of the native TCR with an anti-CD19 CAR as well as knockdown
of MHC I expression via targeting B2M (NCT04035434). Positioned as “off-the-shelf” therapy,
using allogenic donor T-cells could reduce the cost of single batch production. Another ambitious
study uses Cas9 RNPs to disrupt PDCD1, TRAC, and TRBC, and introduce transgenic NY-ESO-
1-specific T-cell receptor (TCR) to generate engineered T-cells for a clinical trial last year.’ The
controlled environment of cell engineering and quality control (QC) relative to in vivo
administration is the reason that ex vivo pipelines have been among the first to progress to the

clinic, and will inform the uptake of genome editing for in vivo use.

1.2.2.2 In vivo delivery modalities

1.2.2.2.1 AAVs

Viral vectors are the most common in vivo delivery vehicles for CRISPR-Cas. Viruses have
substantial differences in their safety profiles, with AAVs having one of the more favorable
profiles. The recently approved gene therapies Luxturna® and Zolgensma* both deliver their

therapeutic transgenes via AAVs. Soon after, the first in vivo CRISPR-Cas therapy entered clinical
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trial, in which AAV5-CRISPR-Cas9 was delivered into the eye for safety and efficacy evaluation
(NCTO03872479). These clinical and commercial successes would likely continue to make AAVs
attractive for upcoming therapeutic development pipelines.

AAVs are replication-defective viruses isolated from members of the Parvoviridae family
and naturally infect humans and non-human primates (NHPs). Following infection, the DNA
carried by AAVs achieves long-term episomal expression without genomic integration. AAVs are
endemically found and have several variants which exhibit different tropism for various tissue
types, such that a serotype can be selected to best target the tissue and disease indication of
interest.>® Significant work has been devoted to AAV capsid protein engineering. For example,
rational capsid engineering has been used to increase neuronal transduction by mutating surface
exposed tyrosine residues and phosphorylating threonine residues on the AAV2 capsid.*® Altering
vector capsids can also increase tropism towards tissues that are challenging to target, such as
microglia.*! Chimeras with new functions can be derived from peptide domain exchanges among
different serotypes, such as AAV?2.5 that has improved muscle transduction along with a different
immune profile from both parental AAV1 and AAV?2 serotypes, offering a potential strategy for
immune bypass and therapeutic re-dosing.*> More complex chimeric capsid libraries can be
generated by DNA shuffling of capsid sequences of multiple AAV serotypes to generate greater
variation and accelerate the evolutionary process.** Novel capsids have also been generated by
using PCR-based mutagenesis and subsequent selection for specific attributes.** For instance,
directed evolution has been an efficient approach to derive tissue tropisms in iPSCs* and human
ciliated airway epithelium.*®

Viral protein engineering has also been brought to bear on enabling safety of gene therapy

vectors. Even though infection with AAVs is only mildly immunogenic and not associated with
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disease, the remaining immunogenicity still represents a significant safety and efficacy challenge
to overcome. The effective use of AAV vectors can be compromised by a pre-existing immune
response from natural exposure to AAVs in early life or from prior AAV mediated therapy.”*8
Adaptive immune response to AAVs leads to production of neutralizing antibodies (NAbs) that
block transduction and clear the viruses. Adaptive cellular response to AAVs by CD8+ cytotoxic
T lymphocytes leads to eradication of the transduced cells and can attenuate treatment efficacy
and imposes safety risks. Various strategies have been developed to overcome these issues, one of
which involves engineering the AAV capsid epitopes to avoid antibody and T-cell recognition.
Immune reactive epitopes have been mapped for some serotypes and capsid mutagenesis can
reduce binding and neutralization effects.***° However, it is not always straightforward to engineer
epitopes while maintaining desired functionality. Often such modifications can be limited and
result in loss of function, as exemplified by another study where an AAV9-specific neutralizing
epitope was mapped to capsid residues conferring liver tropism, and mutation on this did not
provide a successful tradeoff in evasion from polyclonal antibodies.’!

In addition to induced or pre-existing adaptive immune responses, AAVs trigger a natural
innate immune response through recognition of pathogen-associated molecular patterns (PAMPs)
inherent to AAV biology.>> Multiple studies have elucidated some of the mechanisms of innate
immune activation by AAVs including binding by TLR9 of unmethylated CpG dinucleotides in
the AAV genome leading to activation of the MyD88/NF-kB pathway>*~>3, and recognition by
MDAS5 of long dsRNAs created by bidirectional transcription from the AAV episome.’® These
pro-inflammatory signals result in substantial transcriptional changes, inducing an anti-viral state
within the target cell, and expression of immune stimulating cytokines that allow for a robust

adaptive immune response.’’ In the clinic, patients’ cytokine levels are routinely monitored, and
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sometimes modulated with corticosteroids.’® In contrast to other viral vectors, AAVs have not
demonstrated a clinically dangerous level of innate immune activation in humans, albeit certain
cell types may be susceptible to damage reducing clinical efficacy.’® Nevertheless, minimizing
innate immune induction remains an important goal in AAV vector biology to maximize patient
safety and limit adaptive immune induction.

More recently, AAV engineering has ventured beyond protein engineering towards
chemical and biophysical means. Chemical modification introduces synthetic motifs to the surface
of AAVs. An early chemical approach masked exposed arginine residues by a naturally occurring
glycation reaction.®® Very recently, a site-specific approach was developed using unnatural amino
acids on AAV capsids to attach synthetic ligands onto these residues through highly specific and
biocompatible small molecule chemical reactions termed “click chemistry”. This strategy was used
to tether ligands on the AAV capsid to achieve tissue-specific targeting and protection against

61,62

antibodies. Another approach involves encasing the AAV in a membrane exosome allowing

for greater customization of the external layer of the drug. Exosome enveloped AAV vectors
achieved enhanced transduction and protection against pre-existing neutralization antibodies.®36¢
A recent study demonstrated the stabilizing effects of tetraspanin CD9 increasing exosome

production.®” While it is an attractive solution, manufacturing methods for scalable production of

exosomes will be challenging.

1.2.2.2.2 Nanoparticles

Non-viral modalities are also of significant potential. Various nanomaterials such as
polymers, lipids, proteins and metals have been explored for in vivo delivery. Extensive research
has been committed to lipid nanoparticles (LNPs) and there are currently more than ten FDA

approved uses of LNPs for drug delivery.®® Onpattro is a recently approved multi-dose gene
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therapy utilizing LNP to deliver siRNA for treatment of polyneuropathies. LNPs typically
comprise cationic lipids that facilitate endocytosis and release into cytoplasm and PEGylated lipids
that facilitate stabilization and prevent non-specific interaction.®” PEGylation also reduces
immunogenicity and increases circulation time.”” Recently, an LNP-based delivery system
incorporating helper lipid and PEG-DMG to encapsulate Cas9 mRNA and modified sgRNA was
able to effect durable editing of approximately 70% in the liver and benefited from a multiple
dosing regimen.”! Other earlier studies targeting the liver by LNPs showed robust knockdown’?
and a HDR editing rate of 6%.”* Outside of the liver, however, application might be more limited
as lipid particles are usually taken up and metabolized in the liver during systemic circulation,”*
thereby constraining the targetable tissue types for LNPs.

Another recent modality utilized gold nanoparticles, which can be used to bind Cas9 RNPs
and conjugate with 5’-thio sSDNA for further hybridization with DNA repair templates.”> The
nanoparticle is then coated with negatively charged silica for cationic polymer PAsp(DET)
encapsulation, following which cytoplasmic glutathione releases the contents from the gold
nanoparticle.”® Intramuscular injection of CRISPR Gold Cas9 RNP with template DNA was able
to correct 5.4% of dystrophin gene. Intracranial injection of CRISPR Gold Cas9 RNP resulted in
localized gene editing of 14.5% of the mGIluRS gene and effect 40-50% of the protein production
in the brain and multiple tissue types, rescuing the effects of ASD in diseased mice.”” The gold
nanoparticles are well tolerated in the neurons, however, the long-term accumulation and

elimination kinetics of these gold nanoparticles remain to be evaluated.

1.2.2.2.3 RNPs

Beyond use of delivery vehicles, established protocols for large-scale production of

proteins makes direct delivery of the Cas9 RNP complex attractive for clinical translation. Many
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polymers are being evaluated for coupling with the Cas9 RNP complex, which has a heterogeneous
charge distribution. A mix of cationic and anionic monomers with imidazole can fully encapsulate
the RNPs while facilitating endosomal escape. Glutathione cleavable link N,N'-
bis(acryloyl)cystamine (BACA) around the RNP enables cytosolic release in the presence of
glutathione, but in order to boost the efficacy of delivery and therefore editing, a further attachment
of tissue-specific ligands to one end of the PEG is necessary.”® While poly(aspartic) acid (PAsp)
based polyplexes are biocompatible with limited toxicity, modified PAsp(DET) bearing 1,2-
diaminoethane side chains showed significantly higher transfection efficiency.”” Recently,
PAsp(DET) assembled nanoparticles were able to effectively deliver Cas9 RNP complexes into
muscle and brain tissues.”>’” A screening effort was also able to identify poly(aspartic) acid

polymer (PAsp) analogs to efficiently deliver Cas12 RNP in mice muscle fibers.°

1.2.3 Administration

1.2.3.1 Manufacturing and scale-up challenges

In general, manufacturing of pharmaceutical agents must conform to current Good
Manufacturing Practice (cGMP). This often refers to a body of regulatory law set forth in US FDA
Code of Federal Regulations (CFR) title 21, though other countries and organizations, particularly
the WHO and EU have defined their own similar standards for cGMP. Although the application
of GMP may vary depending on the wide range of pharmaceutical agents and production methods,
generally it requires the use of dedicated clean production facilities, controlled starting materials
and cell lines, and multiple product purification steps with accurate testing at each step. cGMP
regulation is often focused on process controls and extensive documentation such that a wide

variety of issues, should they arise, can be easily detected and corrected. The components of a
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c¢GMP production system will vary depending on the agent being produced and must be evaluated

on a case-by-case basis.

1.2.3.1.1 Nucleic acid manufacturing

The foundational starting material for generating CRISPR therapeutics is nucleic acid,
either as synthetic gRNA, DNA template for gRNA transcription, plasmid encoding the Cas
effector protein, or plasmid encoding delivery vehicle components, e.g., viral vectors. The
manufacturing specifications required for these nucleic acids may differ depending on the use case
but will generally need to conform at minimum to High Quality (HQ) grade manufacturing for
vector plasmids and template DNA not used in the final therapeutic, and ideally to full cGMP
grade for direct applications. HQ grade DNA can be produced in dedicated facilities using strains
drawn from a research cell bank and utilizing two to three separate chromatography steps to
eliminate linear, open, and chromosomal DNA and remove LPS and other cellular contaminants.
The main differences when upgrading to cGMP production are the necessity of a GMP cell bank
starter, a dedicated GMP facility, a validated quality assurance (QA) system with in-process
control (IPC), and full documentation procedures. For a more thorough discussion of these
procedures and QC validation requirements see (3!).

Despite these stringent requirements, production of cGMP-compliant, therapeutic-grade
nucleic acid is substantially easier than recombinant protein due to the fewer purification steps
required as the reaction mixtures are much less complex than those involved in bacterial or
mammalian cell culture. Additionally, like protein therapeutics, production of DNA- and RNA-
based therapies have been under rapid development in the last two decades due to excitement
surrounding the potential for nucleic acid vaccines and RNAi drugs. Utilizing many of these same

facilities and procedures, multiple companies currently offer cGMP preparations of sgRNA for
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clinical and preclinical CRISPR research, as well as HQ and cGMP viral vector preparations. The
cost for these materials is manageable, except for a few cases requiring truly massive quantities of
DNA such as low-yield AAV vectors needed for systemic delivery. Nucleic acid production with
cGMP guidelines is a feasible and preferred option for more typical RNP and high-yield AAV

serotype delivery modalities.

1.2.3.1.2 Manufacturing of non-viral RNPs

The current non-viral formulations for CRISPR-Cas range from simple to difficult for
manufacturing, with each carrying its own particular set of manufacturing challenges for creating
therapeutic-quality products. The most clinically advanced non-viral delivery modality is also one
of the simplest to produce, with electroporated RNPs consisting of only two purified components,
namely a gRNA and a Cas protein. The in vitro transcription or de novo synthesis of gRNAs is
well-established. Cas proteins like Cas9, Casl2a, or engineered variants would be recombinantly
produced via scalable fermentation in pipelines similar to thousands of other protein therapeutics.
After production in fermentation vessels, the resultant product is run through multiple
chromatography steps to concentrate the active product and remove impurities.

Much of the initial recombinant protein production for pharmaceuticals was dominated by
classic producers such as Escherichia coli and Saccharomyces cerevisiae,® but since then most
biopharmaceutical production has been deployed using mammalian cell lines, especially Chinese
Hamster Ovary (CHO) cells or human cells, due to the superior protein-folding intracellular
environment and post-translational modifications.®* Still, microbial production retains an
important niche owing to its advantages in rapid growth, low nutritional requirements, and ease of
genetic manipulation.®* Indeed, Cas effector protein production seems to fit nicely into this niche

based on their bacterial origin and independence of complex folding cofactors or post-translational
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modifications. Process improvements in bacterial production such as the deployment of an
endotoxin-free E. coli strain®®, metabolic engineering efforts®®, and adaptive laboratory
evolution®’, will yield additional improvements directly applicable to CRISPR-based protein
therapeutics. Furthermore, new exploration of alternative manufacturing methods, such as co-
production of Cas9 protein and sgRNA in E. coli may open up new avenues of inexpensive drug
production.®

Nevertheless, current manufacturing methodologies are poised to implement recombinant
Cas proteins at scale. Commercial recombinant Cas9 preparations, such as Aldevron’s SpyFi™
Cas9 nuclease, have already been made available. Importantly, associated procedures should be
equally amenable to production of other Cas9 effectors including dCas9, Casl2a, and variants
thereof. Over the past decades, pharmaceutical companies have been under extreme incentives to
optimize scaled protein production environments®’, including moving to continuous flow, rather
than batch setups®, due to lucrative demand for protein therapies, especially monoclonal
antibodies (mAbs). Process advancements brought about by this economic landscape will translate
well to CRISPR-based protein drugs.

The RNA component of the CRISPR-Cas RNP can be comprised of a synthetic crRNA
and tracrRNA pair as in the native bacterial system’!, a synthetic combined sgRNA®?, or an in
vitro-transcribed sgRNA®. Single gRNA constructs are preferable due to simplicity and
elimination of the duplex formation step. Both synthetic and in vitro--transcribed gRNAs have
associated benefits and drawbacks. Chemically synthesized gRNAs are amenable to modification
of one or more of the nucleotide bases, which has been shown to provide advantages such as
increased stability®* and reduced immunogenicity®>. New modifications to further optimize these

parameters are currently being explored.”®®” The potential advantages of in vitro-transcribed
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gRNA production include simple and economical scale-up to large volumes, as generation of
template can be done with PCR. Both in vitro-transcribed and chemically synthesized gRNAs are

being evaluated in ongoing clinical trials.>

1.2.3.1.3 AAV manufacturing

AAVs are the prime viral delivery vehicle being explored for in vivo CRISPR therapies
due to several beneficial properties including low immunogenicity, non-integration, different
serotypes available for different tissue tropism, and a proven clinical record. Nonetheless, despite
decades of research and development into AAVs, manufacturing challenges still exist.

Typically, AAVs are produced using a triple transfection method in which plasmids
encoding 1) the recombinant genome to be delivered, 2) the viral packaging genes, and 3)
adenoviral helper genes are transfected into cells, most commonly human embryonic kidney
(HEK) 293 lines using chemical agents such as polyethylenimine (PEI). Many AAV products for
clinical trials have been produced using these methods (NCT02122952, NCT25322757,
NCT21031578, NCT27453480). Initially this was done using adherent HEK293 cells cultured in
2D on stacks of flasks. These formats can suit typical doses for early trial phases that range from
10" to 10'3 vector genomes (VG) per patient. However, achieving titers high enough for later
phases or larger doses would mean hundreds of flask stacks and many labor months.”® This
obstacle is most pressing for systemic disease targets such as Duchenne muscular dystrophy
(DMD), which require larger doses to achieve good efficacy. Current recommendations for clinical
doses are as high as 10'5, even 10'° vg per patient. The product volumes required for clinical trials,
especially critical Phase IlI trials with large patient cohorts, are simply impractical using traditional

cell culture plasticware.
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As a result, both academic and industrial facilities have also adopted more scalable
platforms to produce AAVs, particularly in fixed-bed bioreactors with adherent HEK293 cells!®
and bioreactors with suspension HEK293 cells'®!. Both have provided scalability without a
complete process overhaul. Still, yields using these methods have largely been unable to exceed
10" VG per liter, necessitating thousands of liters for larger clinical trials. Additionally, scaling
this process up requires non-trivial quantities of GMP-grade plasmids which, though easily
obtained in smaller quantities, also face scalability problems'%?. One approach to the transfection
scalability issue is to deliver the necessary genetic material using viral carriers, typically a herpes
virus or baculovirus, rather than by chemical transfection!®. This approach has led to a moderate
increase (2-5 fold) in yield'%*, and interestingly, also an increase in AAV product infectivity in the
case of herpes virus production, potentially due to superior genome loading into AAV capsids in
the presence of helper genes from the herpes virus.!%

This yield challenge has also prompted the use of baculovirus-infected insect Sf9 cells for
AAYV production, which provides a much higher yield than HEK293 and has since been used in
multiple clinical trials and production campaigns'%'1%, Nonetheless, a recent revelation that Sf9-
produced AAVs differ qualitatively from HEK293-produced AAVs potentially creates a roadblock
that needs to be further investigated'?.

Additional process developments, including continuous flow-based production methods,
and optimization of producer cell lines may further increase AAV yields. Still, all AAV production
methods require very significant downstream processing including multiple filtration steps, size
exclusion chromatography, ion exchange chromatography, and ultracentrifugation to achieve the

required purity and enrich for properly packaged, infectious vectors.'””-!'? Even applying the many
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technical advancements recently developed, scalability of AAV vector production remains a huge

challenge, especially for relatively common diseases requiring large effective doses such as DMD.

1.2.4 Pre-IND and pre-clinical development of CRISPR-Cas therapeutics

Successful gene therapies require preclinical validation in animal models. Different
preclinical models have been developed to collect data in three main areas: proof of concept for
efficacy, determining dose ranges for the chosen route of administration, and evaluating toxicity
and safety profiles. For AAV-CRISPR-Cas, four main organs have been most successfully and
commonly targeted. This first wave of success builds on the decades of understanding in gene

therapy and will itself guide future CRISPR therapeutic development.

1.2.4.1 Muscle

There is significant morbidity and mortality in hereditary disorders of the muscle, and gene
therapy offers promising outcomes for these unmet needs. Moreover, studies in the last few
decades have also demonstrated the effectiveness of using skeletal muscles as protein factories to
express transgene, contributing to the first gene therapy product to pass regulation and be
approved'!!,

DMD is one of the most common hereditary muscular disease in children and is caused by
mutations in dystrophin, the largest gene in the genome. Recently, progress in gene editing
technologies has raised hopes for successful restoration of the dystrophin gene. Conventional gene
therapy has been challenging due to the AAV packaging limit, hence efforts were focused on
truncated versions of dystrophin for gene replacement, such as microdystrophin. The therapeutic
strategy of AAV mediated gene therapy in muscles have shown to be safe in preclinical and clinical

studies but limited therapeutic effects have been shown for the treatment of DMD*?. Patients with
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large frameshift deletions also risk T-cell directed destruction against the new epitopes''>!!3. The
lack of long-term effects could also be due to constant muscle degeneration and regeneration,
diluting the expression of the non-integrated transgene overtime. Another approach in the
treatment of this lethal disease is the use of CRISPR-Cas gene editing to permanently restore
endogenous dystrophin expression. Diverse CRISPR-Cas gene editing strategies have been
employed to treat dystrophy mouse models, including exon skipping, exon deletion, adenine base
editors and HDR (Table 1.1)'4-117,

Because DMD affects muscle groups throughout the entire body, the challenge is to
develop a single injection sufficient for whole-body therapy. The approach to treat DMD
systemically via intravascular injection is advantageous as it allows targeting of all muscles groups

and has been shown to be less immunogenic!'®

. Durable levels of dystrophin were detected in
cardiac and skeletal muscles in systemically treated neonatal mdx mice with AAV-SaCas9'"°.
Moreover, systemic delivery of AAV9-spCas9 and AAV9-sgRNA corrected frame-shifted mutant
DMD restoring up to 90% dystrophin in a canine model of DMD!?°. However, intravascular
administration will require high doses of AAV to reach therapeutic levels of gene editing in clinics.
Current Sarepta Therapeutics clinical trial NCT03375164 efficacy dose is at 2x10'*vg/kg, where
a single treatment of a patient will require 10'> vg of AAV vectors. One approach to reduce AAV
dose is the use of self-complementary AAV (scAAV), which in one study has shown up to 20-fold

dose reduction'?!, although the large payload requirements with CRISPR-Cas raise limitations on

potential use of this strategy.

1.2.4.2 Eye

Gene therapy in the eye is attractive due to the anatomical compartmentalization allowing

targeting of specific cells with minimal exposure to other organs and the immune system. Specific
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cell types in the eyes such as retinal pigment epithelium, ganglion, and photoreceptors can be
effectively transduced by AAVs, and surgical processes can provide access to the various

structures in the eye'??

. Non-invasive methods have been established for evaluating therapeutic
effects, while the contralateral eye can be used as a control for evaluating the effects of the gene
therapy. Lastly, numerous genetic animal models have been generated for diseases in the retina,
paving way for gene therapy development!?3.

Leber congenital amaurosis (LCA) is a childhood-onset blindness caused by mutations in
at least one of 18 different genes. Type II is the most studied form with mutations in RPE65 gene.
Gene replacement of RPE65 in naturally occurring RPE-negative blind dogs demonstrated
improved vision through simple behavioral tests and more importantly the therapy demonstrated
cortex recovery and response to visual stimulation despite prolonged visual deprivation in RPE65
mutant dogs'?*!23, The results were indicative of the safety of AAV2 subretinal injection and some
level of restoration of vision when RPE65 was first introduced in LCA patients'?*!2%, Re-
administration of the therapy in the second eye was also successful in large animal studies despite
elevated serum NAb towards AAV2'?*130 and was predictive of the results in human clinical
trial’3!. AAV2 transfer of RPE65 showed therapeutic efficacy in phase III randomized trials and
has been marketed as Luxturna. Closely following the landmark success of Luxturna, the first in
vivo CRISPR-Cas gene editing human trial program was developed to treat LCA type 10. In this
case, subretinal injection of AAVS delivering SaCas9 is driven by a human rhodopsin kinase
(hGRK1) promoter to repair the splicing defect of CEP290. hGRK1 promoter is able to drive
robust transgene expression in both cones and rods in NHPs and mice!32134,

A wave of new treatments is being developed for inherited retinopathies. In particular, the

CRISPR-Cas editing approach is attractive for retinitis pigmentosa (RP) as 25-30% of the cases
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are due to autosomal dominant mutations'?3. CRISPR-Cas mediates allele specific editing by
recognizing the unique PAM derived from point mutations in dominant disorders such as RP and
Meesman epithelial corneal dystrophy!'*%!37. However, many disease mutations like RHO P23H
do not create a novel PAM. One study was able to improve allele discrimination in heterozygous
Rho P23H mice by placing a single base mutation in the spacer region of the sgRNA coupled with
the SpCas9 VRQR variant!3. Interestingly, another study reported that increasing wild-type to
mutant Rho expression was able to slow retinal degeneration'®. This implies that therapeutic
benefit can be attained despite incomplete mutant disruption and even with some levels of
indiscriminate WT downregulation.

Chronic eye diseases such as age-related macular degeneration (AMD), the leading cause
of blindness, have also emerged as a target for gene therapy. Current treatment requires regular
anti-VEGF intravitreal injections, but improvements were limited in patients with advanced
neovascular/wet age-related macular degeneration (Wet AMD). Previous clinical trials using
AAV2-sFLTO1, expressing soluble VEGF receptor in Wet AMD patients have reported variable
results'#’, therefore, other strategies have been developed to reduce angiogenesis. Currently
underway clinical trial NCTO03748784 uses intravitreal injection of AAV7 m8 expressing
aflibercept, anti-VEGF protein. In addition, a recent CRISPR-Cas approach targeting VEGF-A
using AAVS8-spCas9 was able to successfully suppress 31% of laser-induced choroidal
neovascularization (CNV) in mice''. Overall, the pathogenesis of AMD is complex when
compared to monogenic disorders and a multimodal approach enabled by CRISPR technologies
might be beneficial.

Successful gene therapy treatment is also dependent on effective administration at the

target tissue and the resultant immune response. Subretinal injection has been shown to be efficient
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for targeting photoreceptors and RPE while intravitreal (IVT) injections target cells in the inner

142

retina such as ganglion cells'**. While IVT administration of AAV provides a broader tissue

application in the retina, there is an increased likelithood of generating NAbs against the AAV

capsid and transgene as shown in NHPs'#

. In addition, T-cell responses against AAV2 capsid
were also detected during IVT injection in a NHP toxicology study'#4. Altogether, studies show
that IVT administration increases AAV exposure to the immune system!#. Another consideration
is the administration complexity and possible complications that can arise from it. IVT injection
is a routine procedure for drug delivery while subretinal injection is more invasive, increasing risk
of complications'*®. Therefore, multiple studies have tried targeting RPE using different AAV
serotypes via IVT administration. Considerable research has been done to improve AAV
transduction of photoreceptors by AAV capsid engineering or to reduce physical barriers by

surgical methods such as vitrectomy or by peeling of the internal limiting membrane!'47:143,

1.2.4.3 Liver

The liver is essential for many functions, one of which is to metabolize and synthesize
intracellular and secreted proteins. Defects in lipid and protein metabolism or detoxification due
to liver disease is often destructive to multiple organs causing complex disorders. Liver directed
gene therapy has emerged as an attractive option in the treatment of metabolic diseases,
demonstrating safety in acute intermittent porphyria (AIP) clinical studies as well as monogenic
diseases such as hemophilia B'#%!15° Hepatocyte directed gene transfer is further enabled by easy
access of the AAV vector through liver sinusoids as it is sufficiently small to pass through the
fenestrae'!.

In the treatment of monogenic diseases such as hemophilia, AAV vectors are preferred for

liver directed gene therapy as non-viral and retroviral delivery methods led to only transient
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expression'>>133, The earliest in vivo AAV vector used was AAV2 which has broad tissue tropism
including hepatocytes. Subsequently, AAVE8 was shown to be 10-100 fold more efficient in
transducing hepatocytes'>*!3¢, Furthermore, humans have lower prevalence of NAb against AAVS
and AAVS as compared to AAV2'57:158 Hence there was a shift in preference to use AAVS8 and
AAVS5 serotypes for liver directed gene therapies. Liver gene therapy clinical trials have been
tested for a small number of diseases with Hemophilia B studies taking the center stage'°.
Ultimately, hemophilia patients need to maintain at least 1% plasma circulation for
effective hemostasis in their lifetime. AAV mediated transfer of FIX or FIIIV in liver especially
in pediatric patients will result in dilution of the transgene as hepatocytes divide. This problem can
be mitigated by site-directed genomic integration. A gene replacement strategy using CRISPR-
Cas to integrate the transgene into the albumin locus downstream of the endogenous albumin
promoter produced sustained FIX and FIITV expression in hemophilia mouse models!®%16!, AAVS-
Cas9 mediated integration of human FIX-padua exon 2-8 in exon 2 of mFIX and a codon-
optimized FIIIV into intron 13 of albumin, developed persistent FIX or FIIIV levels for 7-8 months
with no complications. A similar strategy was efficacious for the treatment of ornithine
transcarbamylase (OTC) deficiency an X-linked urea cycle disorder, where a codon-optimized
human OTC was inserted into the intron 4 of mOTC using AAV8-SaCas9'%2. Conversely, Cas9
mediated HDR to correct the mutation had resulted in large deletions and affected endogenous

OTC expression in the spf/ash heterozygous OTC mice!®

. Cas9 integration of OTC demonstrated
both rapid and prolonged gene expression when compared with conventional gene replacement
therapy'®2.

Preclinical studies have shown efficacy in liver directed gene transfer for lysosomal storage

diseases (LSD) such as Gaucher disease, Fabry disease, glycogen storage disease type Ib and 11'%-
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166 LSDs are mostly monogenic and include over 40 different metabolic diseases. The spectrum
of disease severity also spans from disorders in the central nervous system (CNS) to systemic
multi-organ pathology as the enzymes are ubiquitously expressed'®’. Current treatments such as
enzyme replacement therapy (ERT) and HSCT have limited efficacy especially for those with CNS
disease!®%19_ Prolonged ERT is associated with poorer quality of life, and intravenous ERT has
been insufficient to remedy neurological manifestations'’®, while HSCT is associated with
transplant-related morbidity and mortality rates of 10%'7'-173,

Interestingly, recent studies in LSDs were able to affect some neurological benefit using
liver directed gene editing. The effects in CNS were likely due to enzymes crossing the BBB rather
than gene editing in the brain as editing was driven by a liver specific promoter. This was
demonstrated in AAV-SaCas9 mediated transgene integration into the albumin safe harbor locus
in Sandhoff mice!”*. In addition, Sangamo Therapeutics, in a promising preclinical study, used an
AAV2/8 ZFN editing strategy to insert a-L-iduronidase (IDUA) into the albumin locus and
resulted in cognitive improvements in mice with Hurler syndrome, the most severe form of MPS
['73. In-vivo correction of autosomal recessive Mucopolysacchraidosis type I (MPS 1) has been
explored by using CRISPR-Cas to insert the /dua gene in a murine safe harbor locus via HDR!76.
IDUA activity was detected in multiple tissues, including heart, lung, liver, kidney, and spleen
with the use of cationic liposomes, but could not cross the blood-brain barrier (BBB). However,

the BBB can be crossed with the use of specific AAV serotypes!”’.

1.2.4.4 Central nervous system (CNS)

Neurological disorders are difficult to treat due to the complexity of the central nervous
system (CNS). While conventional therapy has limited access to the brain, specific AAV serotypes

are able to cross the BBB due to their unique tissue tropism!”’. Non-invasive mode of delivery by
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intravenous injection of AAV9 is able to transduce the spinal cord including motor neurons and
astrocytes in mice, large animals and NHP!7%!7°, Intra-cerebrospinal fluid (CSF) delivery is also
able to provide widespread distribution in the CNS and reduce transduction of periphery
organs'8%181 The third approach is to directly deliver to target regions, limiting therapy to the site
of administration hence broader delivery will require multiple injections and surgery'82.

Zolgensma the approved CNS targeting gene therapy for spinal muscular atrophy (SMA)
delivers scAAV9-SMNI1 systemically to target motor neurons extending from the brain, spinal
cord to muscles*. However, the high vector dose resulted in liver toxicity and increased cost of
therapy. Alternatively, the payload can be reduced with intra-CSF administration by
intracerebroventricular and intrathecal injections. Gene transfer in a severe SMA mouse model
was able to reduce the dose by 10 times with intra-CSF administration to improve survival'®3, Safe
and robust widespread transduction in the motor neurons of the spinal cord was also demonstrated
by intrathecal injection of AAVY in pigs'84. As a result, intrathecal administration of sScAAV9-
SMNI is currently being evaluated in clinical trials in SMA type 2 patients (NCT03381729).

Amyotrophic lateral sclerosis (ALS), similar to SMA, is characterized by motor neuron
loss in multiple regions in the CNS'3>13¢ Dominant SOD1 mutations are most common in familial
ALS and CRISPR-Cas editing of mutant SOD1 using AAV9-SaCas9 improved locomotor
functions and survival when administered intravenously or via intracerebroventricular
injection'3”-138 More recently, CSF administered Cas9-cytidine base editor was able disrupt mutant
SODI in adult ALS transgenic mice and improve survival'®’.

Localized administration of CRISPR-Cas therapies in the brain is also essential for
neurodegenerative diseases with neuronal loss in specific areas of the brain such as the striatum in

HD, limiting potential off-target effects in other tissues. Intracranial delivery of AAV1-SaCas9
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targeting the 5° end of exon 1 reduced mutant H77 expression in HD mouse model was able to
improve motor function and benefit survival'”’. CRISPR-Cas gene editing therapy was also
demonstrated in common progressive neurodegenerative disorders such AD. Intracranial delivery
of Cas9 nanocomplex to disrupt beta-secretase 1 Bacel in AD mouse models reduced amyloid
plaque accumulation and cognitive deficits’. Dominant familial AD caused by mutations in
amyloid precursor protein (APP) the site of beta-secretase 1 cleavage, results in accumulation of
amyloid plaques. AAV9-Cas9 treatment via hippocampus injection specifically disrupted mutant

APP gene, reducing amyloid-p levels'!

. However, a possible limitation of the current treatment
strategy is the lack of widespread targeting as neurons in multiple area of the brains are
progressively affected in AD. Cas expression in the CNS can be driven by neuron specific

promoters while leveraging AAV tropism to increase target cell specificity!'®'.

1.2.4.5 Animal Models

Several mouse models harboring particular disease-causing mutations have been generated
for the study of CRISPR-Cas mediated gene editing (Table 1.0). Knock-out mouse models have
been essential in the study of inherited genetic diseases including those affecting the CNS!'9%193,
Similarly, transgenic models bearing sporadic mutations have been generated for AD and
Parkinson’s disease (PD)!**. Mouse models enable testing of the editing strategy, but often do not
fully recapitulate the extent of the disease. Mdx mice commonly used for example, have a much
slower disease progression, shortened life span of 25% as compared to 75% in DMD patients, and
cardiomyopathy is only present in older mice'®>. Likewise, in AD mice while the main pathology
of the disease AP aggregation is detected, overt neurodegeneration is not captured nor the early

symptoms which are often cognitive and behavioral'®®. In addition, it is harder to extrapolate
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results of widespread AAV delivery in mice organs such as the brain to humans due to difference

in distribution!8?

and possibly the large disparity in sizes.
Overall, advanced human diseases are better recapitulated in large animal models. DMD
pig model, for example, embodies severe disease progression such as premature death and

197

cardiomyopathy'”’. Large transgenic animal models of HD also display severe phenotypes and

early death when compared to rodent models'*®

. Larger species such as canines have a more similar
brain disease profile to humans and develop naturally occurring LSDs!'?>?%, In addition, large
species are more suitable for surgical manipulations especially for neurodegenerative diseases®°!.

Complexity can arise in the choice of animal species when progressing from small to large
animal studies. For instance, vector tropism can differ between animal models as shown in the
successful transduction of AAVS5 in the mouse brain but not in cat?’?. In addition, while AAV-
PHP.B has an enhanced ability to cross the BBB and increase CNS transduction in mice, this was
not replicated in NHPs?%. Extending preclinical studies to larger animals has been essential in
better understanding immune responses towards gene therapy. Canine models have been essential
in uncovering possible severe immune response against muscle-directed transgene®** and cellular
response towards AAV2 and AAV6 capsid®®. Importantly, large animal studies can also inform
immunosuppressive regimen for better therapy outcomes?. Interestingly naturally AAV-infected
rhesus macaques were unable to induce similar T cell responses to AAV capsids upon re-exposure

during treatment regimen despite the close phylogenetic relationship to humans??7-208,

Table 1.1: In vivo CRISPR-Cas strategies developed for functional rescue in animal models.

Editing

Human Disease Disease model Administration Ref
strategy

Retinitis Pigmentosa, Pde6b Y347X, SpCas9, sgRNA, RecA-MS2

. SpCas9/ RecA ) )
Eye autosomal recessive, ) nonsense mutation Plasmid and ssDNA donor, 209

mediated HDR ) ) )

PDE6B mutation mice subretinal & electroporation
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Table 1.1: In vivo CRISPR-Cas strategies developed for functional rescue in animal
models... (Continued)

Editing
Human Disease Disease model Administration Ref
strategy
Knockdown Rho-P23H transgenic | Cas9-sgRNA plasmids, 210
Rho mice subretinal & electroporation
SpCas9-VRQR plasmid &
Rho-P23H P Q - pasme
. sgRNA plasmid, subretinal 138
Knockdown heterozygous mice )
Retinitis Pigmentosa, & electroporation
] mutant Rho -
autosomal dominant Cas9-sgRNA plasmid,
} Rho S334ter rat . ) 136
* P23H mutation (class 2) subretinal & electroporation
* Class 1 Knockdown of
transcription
Rho-/-, Rd10, RHO- | AAV8-RK-spCas9, AAV-
factor Neural . . 211
S P3478S mice sgRNA, subretinal
Leucine zipper
(Nrl)
Leber Congenital Humanised CEP290
) AAVS5-sgRNA-GRK1-
Eye amaurosis, autosomal 1VS26 knock-in . 212
saCas9, subretinal
recessive mice, NHP
NHEJ in-frame
» Type 10, IVS26 )
o indels or HR AAV9-EFS-spCas9, AAVO9-
mutation in CEP20 Rpe65 nonsense
sgRNA-Rpe65-donor, 213
* Type 2, RPE6S mutation rd12 mice )
. subretinal
mutation
Meesman epithelial Knockdown,
KRTI12-L132P )
corneal dystrophy, allele specific, SpCas9 & sgRNA plasmids,
humanized 137
dominant negative, Deplete mutant ] Intrastromal ocular
heterozygous mice
KRTI2 mutation KRTI2
Knockdown, Laser-induced AAVS-CMV-spCas9, ”
Neovascular age-related | NHEJ mediated | choroidal AAVSE-sgRNA, subretinal
macular degeneration disruption of neovascularization in | AAV9-EFS-LbCpfl-crRNA, s
Vegfa or Hifla mouse eyes intravitreal
HD140Q-knock-in
mice, human HTT
Huntington's disease, .
Knockdown exon 1 with 140 AAV-MECP2-Cas9, AAV-
autosomal dominant, _ ] 25
HTT CAG repeats gRNA, intracranial
Neurological | polyQ (CAG
(homozygous &
trinucelotide) expansion
heterozygous)
mutant HT1T i -
Knockdown R6/2 mice, transgenic | AAV1hSyn--SaCas9- 100
mutant HTT mice, human HTT sgRNA, intracranial
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Table 1.1: In vivo CRISPR-Cas strategies developed for functional rescue in

models... (Continued)

animal

Editing
Human Disease Disease model Administration Ref
strategy
exon 1 with 115-150
CAG repeats
AAV9-CMV-SaCas9-
Knockdown ; 187.1
sgRNA, intravenous or
Amyotrophic lateral human SOD1 Transgenic human . . 88
intracerebroventricular
sclerosis, autosomal SODI G93A
) AAV9-CAG-N-Int-CBE-
dominant, SOD] mutation ALS
BE3 disruption ) U6-sgRNA, AAV9-CAG-C-
mutations neonatal mice 189
of SOD1 Int-CBE-U6-sgRNA,
intrathecal
CRISPR Gold nanoparticle
Knockdown Fmrl KO mice, FXS
Fragile X syndrome Cas9 RNP & donor DNA, 7
mGIluR5 mice model ) )
intracranial
Five familial
Alzheimer's disease Amphiphilic R7L10 peptide
Knockdown o
Alzheimer's disease Bacel transgenic mice, APP | nanocomplex Cas9 RNP, 7
ace
knock-in Alzheimer's | intracranial
disease mice
dCas9-Vp64
Dravet Syndrome, )
) ) mediated Scnla | Scnla heterozygous AAV9-dCas9-VP64, AAVO9-
haploinsufficiency, o
] gene activation | Dravet Syndrome sgRNA, 216
SCN1A loss of function ) ) )
. (both WT & mice intracerebroventricular
mutation
mutant)
. dCas9-Vp64
Severe obesity, ) AAVDJ-CMV-dCas9-Vp64,
mediated gene Sim1/ Mc4r
haploinsufficiency, SIM1 o ' AAVDJ-sgRNA, 27
activation of heterozygous mice )
or MC4R hypothalamic
Siml
HDR, insert
hFIX-padua AAV8-Cas9, AAVS-
FIX Knockout mice 160
exon2-8 in sgRNA-Donor DNA
Hemophilia B, X-linked mFIX exon 2
Liver .
recessive HDR, insert into
mFIX into R333Q Hemophilia Ad5-Cas9-gRNA, Ad5- -
murine ROSA26 | mice EF1a-mFIX, intravenous

safe harbor
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Table 1.1: In vivo CRISPR-Cas strategies developed for functional rescue in animal
models... (Continued)

Editing
Human Disease Disease model Administration Ref
strategy
- Naked DNA, spCas9,
Hemophilia B, Y371D Y381D Hemophilia
HDR ssODN-HDR Donor, 219
mutation in FIX B mice )
intravenous
Insert human B-
domain deleted
Hemophilia A, X-linked | FVIII in intron AAVS8-saCas9-sgRNA,
FVIII Knockout mice 161
recessive 13 of liver- AAVS8-donor DNA
specific albumin
locus
AAVS8-TBG-saCas9, AAV8-
HDR, correct
sgRNA-donor DNA, 163
point mutation ]
Ornithine intravenous
transcarbamylase HDR, insert spf/ash heterozygous

deficiency, X-linked

codon-optimized

OTC neonate mice

AAVS8-TBG-saCas9, AAV8-

162

recessive human OTC into sgRNA-TBG-hOTCco,
intron 4 of intravenous injection
mOTC locus
BE3, disruption
Ad-BE3-sgRNA, retro-
of mouse W159 | WT C57BL/6 mice ) 220
orbital
Pcsk9
BE3, disruption
Hypercholesteolemia of human W159
Ad5-Cas9-sgRNA or
PCSK10 or Humanized PCSK9
Ad5-BE3-sgRNA, 21
NHEJ-mediated | knock-in mice
) ) Intravenous
disruption of
PCSK10
Atherogenic

dyslipidemia,

BE3, disruption

hyperlipidemic Ldlr-

Ad-BE3-sgRNA

220

homozygous familial of Q135 Angpti3 | knockout mice
hypercholesterolemia

Homozygous point

mutation in Pah- AAVS8.N-int-BE3 &
Phenylketonuria,

BE3 F263S, AAV8.C-int-BE3, 22

autosomal recessive ) )

hyperphenylalaninem | intravenous

ia mice
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Table 1.1: In vivo CRISPR-Cas strategies developed for functional rescue in animal
models... (Continued)

Editing
Human Disease Disease model Administration Ref
strategy
Fah homozygous spCas9 mRNA by LNP &
HDR mutation in exon 8 AAVS8-sgRNA-donor 73
mice template, intravenous
. ) ) ] Homozygous 10-bp
Hereditary tyrosinemia HDR with Ad-nCas9 & Adv-donor
deletion in exon 2 of ) 223
type I, autosomal nCas9 template, intravenous
Fah in rat HTI model
recessive, FAH loss of
) . Base editing,
function mutation
ABE®6.3, tRNA Fah homozygous Plasmid by hydrodynamic
nCas9- mutation in exon 8 injection or mRNA/sgRNA 24
adenosine mice by LNP, Intravenous
deaminase
Hereditary tyrosinemia compound
type I, autosomal Allelic exchange | heterozygous exon 5
i ) ) ) AAV9-SpCas9 & ScAAVS-
recessive, compound by targeting insertion/ exon 8 ] 225
. . o sgRNA, intravenous
heterozygous mutations intron 7, NHEJ mutation in Fah, HTI
in FAH moue model
AAV9-CK8-spCas9 &
AEx50 C57/BL6J
. AAV9-sgRNA-51, 226
Duchenne muscular mice )
) Reframing or Intraperitoneal
dystrophy, mutation o
) Exon skipping AAV9-CK8-spCas9 &
hotspot in exon 50
AEx50 dogs AAV9-sgRNA-51, 120
Intravenous
AAV9-CK8-spCas9 &
Duchenne muscular AAV9-sgRNA, 227
) Reframing or AEx44 C57BL/6 .
dystrophy, mutation o ) Intraperitoneal
] Exon skipping mice
Muscle hotspot in exon 44 AAV9-CK8-spCas9 .
& scAAV-sgRNA
Duchenne muscular AAV6-CK8-spCas9 &
) ) mdx*¥ mice,
dystrophy, mutation Excise exon 52 AAV6-sgRNA or AAV6-
) nonsense mutation in 1s
hotspot region (exon 45- | & 53 CKS8-saCas9-sgRNA, retro-
exon 53
55) orbital
AAV9-CMV-saCas9 &
Duchenne muscular 14
. Mdx mice, pt AAV9-sgRNA
dystrophy, nonsense Excise exon 23 53

mutation in exon 23

mutation in exon 23

AAVE8-CMV-saCas9 &
AAV8-sgRNA, Intravenous

28
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Table 1.1: In vivo CRISPR-Cas strategies developed for functional rescue in animal
models... (Continued)

Human Disease

Editing
strategy

Disease model

Administration

Ref

Excise exon 21-
23

HDR

AAV9-CMV-saCas9 &
AAV9-sgRNA, Intravenous

229

AAV9-miniCMV-spCas9 &
AAV9-sgRNA,

Intraperitoneal

230

Ad-Cas9-sgRNA

231

CRISPR Gold nanoparticle
Cas9 RNP & donor DNA,

intramuscular

75

NHE]J, indels to

DMD KO C57/BL6J | AAV9-Spc5-12-CjCas9-
result in 232
mice, AEx23 sgRNA, Intramuscular
reframing
Wolff-Parkinson-White Heart specific HS30R

syndrome, autosomal

Disrupt mutant

transgenic mice,

AAV9-Cas9, scAAV9-

dominant inherited el Heterogenous H530R | sgRNA, intravenous or 8
allele
disease, H530R mutation PRKAG?2 knock-in intraventricular
in PRKAG?2 mice
Beethoven mice, Cas9-sgRNA RNP, cationic
Dominant progressive o ) 233
) Knockdown heterozygous lipid complex, inner ear
Ear hearing loss (DFN36), ) o
mutant Tmcl missense mutation in | Anc80L65-CMV-SaCas9-
TMC]I . 234
Tmcl sgRNA, inner ear
o HDR, insert PrecisionX CRISPR/Cas9
Mucopolysaccharidosis ) )
Idua into murine | Idua-knock-out MPS | SmartNuclease ™, IDUA
Multiorgan type I, autosomal ) o 176
ROSA26 safe I mice donor vector, Cationic
recessive )
harbor liposomes, Intravenous

1.2.5 Challenges

1.2.5.1 Immunogenicity of the payload and vehicle

One of the most critical barriers to successful therapeutic translation is immune interaction.

Most significantly, there are concerns that the adaptive immune response could inhibit the efficacy
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of CRISPR-based gene therapies. This could occur through the action of neutralizing antibodies
against either the Cas effector protein or the delivery vehicle, or through cytotoxic T-cell responses
leading to specific killing of treated cells. Antibodies towards AAV-CRISPR-Cas9 have been
shown to neutralize and negate editing efficacy in mice with just one prior exposure to the
therapeutics?3. This is particularly pertinent for clinical application because multiple studies have
now identified pre-existing immunity in the human population towards the commonly used Cas9

orthologs from S. pyogenes and S. aureus¢2¥

, understandably since both are species that
frequently colonize the human microbiome and may cause disease. Identification of circulating
antibodies reacting to Cas9 could pose a large hurdle towards RNPs, since these purified Cas9
protein complexes could be recognized and neutralized within the bloodstream. Other Cas-
encoding DNA and RNA modalities might generally be less inhibited by this obstacle, since the
Cas9 protein will be expressed intracellularly and remain less accessible to antibodies from the
circulation.

A more substantial risk in this case, however, is the potential for cytotoxic T-lymphocytes
to recognize Cas-expressing cells through the Cas-derived peptides presented at the cell surface
via the MHC class I pathway. Given the appropriate costimulatory milieu generated by innate
immune signaling in the CTL, the target cell, and the surrounding tissue, this can lead to killing of
target cells expressing the Cas proteins. Two in vivo mouse studies have highlighted the potential
for anti-Cas9 immunity to inhibit efficacy of CRISPR-based drugs. In one, a single dose of AAV-
delivered Cas9 was shown to be sufficient to generate anti-Cas9 T-cells in mice and to induce their
killing potential>®>. Another study showed that pre-stimulated anti-Cas9 cytotoxic T-cells

completely negated the therapeutic effect of Cas9 gene editing within 12 weeks?*?. Although no

human studies have shown an inhibitory effect of the immune system as of yet, Cas9-reactive T-
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cells have been shown by multiple groups to exist in significant fractions of the population?3%-238,

The interaction of the immune system with CRIPSR-based therapies has only just begun to be
investigated, but preliminary data suggests it could become an obstacle to in vivo CRISPR-Cas
therapies and may signal that transient immunosuppression or transient transgene expression or

Cas engineering would be necessary to maintain patient safety and efficacy?*!.

1.2.5.2 Readout challenges

Designing animal studies to provide an early readout for efficacy and potency is
challenging, as shown in the preclinical study of EDIT 101. Editas Medicine used both a disease
mouse model and NHP to measure desired physiological response. Well-established tissues in the
eye allow for specific isolation, such as the cultivation of the neural retina of adult cadavers into
retinal explant cultures for demonstration of editing efficacy in mature human photoreceptors 2'°.
Neural retinas from the knock-in mouse model of LCA10 were isolated to assess dosing to achieve
functional rescue for clinical outcome. However, as photoreceptors in mice are predominantly
rods, quantitative assessment of the editing rates in foveal cones were validated in a primate model.
Surrogate guide RNAs had to be designed for NHPs due its genetic divergence between humans.
Total productive editing of the therapy was subsequently extrapolated from the editing frequency
of the tissue sample. This extrapolation and in some instances relying on phenotypic versus
genotypic outcomes becomes particularly critical as obtaining human tissues (e.g., retina) may not
always be feasible. On the other hand, diseases entailing systemic correction such as DMD as
opposed to localized editing in the eye will require multi-site sampling to quantify total editing.
One of the drawbacks when using surrogate guides would be how representative the editing results
will be in determining the correct dose for therapeutic efficacy. Greater confidence can be drawn

by comparing with an additional model as shown in this study. For instance, EDIT 101 in
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humanized mouse model when compared with surrogate guides in NHP showed similar editing
rates in response to increasing dose.

In contrast, the manufacturing of autologous products will vary due to the material received
from the donor, but the final product can be well-characterized before administration. In the study
by Stadtmauer ef al., unique CRISPR-Cas9 engineered T-cells were quantified for the frequency
of edits using a PCR based assay and assessed for cytotoxic effects against tumor cells with an in
vitro potency assay °. Unlike in vivo targeting, the editing efficiency required to effect clinical
benefit was not established for the targets. Whole blood samples and biopsy of the bone marrow
and tumor site in patients provided a direct post infusion readout of the therapeutic product.

An additional readout challenge is the careful characterization of the off-target genomic
and transcriptomic effects of CRISPR-based therapies. In the last few years, several sensitive
methodologies for assaying off-target effects have been developed.?’!->%” Even so, the assaying of
clinically-relevant off-target effects remains difficult because depending on the genomic context
and cell type, some off-targets may be completely benign, while others could have serious
consequences. This is a well-recognized issue in the field and many efforts to manage this are
underway, particularly engineering of the CRISPR payload at both the protein and gRNA level
and management of the window of active exposure to the functional RNP complex. For more in-

depth reviews on this aspect of CRISPR-based therapies see.?38-26!

1.2.5.3 Regulatory concerns and n-of-1 trials

CRISPR-based therapeutics face a host of unique regulatory challenges when compared
with other therapeutic methods such as small-molecule drugs or antibodies that typically act at the
protein level. There are two layers of information abstraction when moving from DNA to RNA to

protein, and often this information may have important implications for therapeutic development.
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One such example is the fact that even a single genetic disease caused by knockout of a singular
gene may have multiple underlying mutations in different patients. Often a single mutation, such
as the delta5S08F for cystic fibrosis, the deletion of chromosomal region 15q11-13 on the maternal
allele in Angelman syndrome, and the 1278insTATC mutation in the HEXA gene in Tay-Sachs
disease, accounts for a majority of cases, but in each of these diseases, tens to hundreds of other
mutations affecting the same genes have also been shown to cause the disease. Correction of these
mutations by CRISPR-Cas genome editing would likely require different gRNA constructs, or
even different Cas effector modalities, even with the same delivery mechanism. These different
gRNAs would naturally have different safety and efficacy profiles as a result of the varying
functional activities, off-target effects, etc. of distinct gRNAs. Under currently standard regulatory
frameworks, this would seem to require many individual therapies based on the same platform to
treat the same disease to undergo their own arduous and expensive approval studies.
Oligonucleotide-based drugs, particularly antisense oligos (ASOs), though ripe with
therapeutic potential, face a similar regulatory problem. To address this, companies such as lonis
Therapeutics have pioneered n-of-1 trials with personalized ASOs for patient specific mutations
causing a variety of diseases including ALS, Batten disease, and cystic fibrosis>*>244, Despite the
success of several of these trials, it is an arduous process for which the FDA is not streamlined.
These trials to date have relied on right-to-try clauses, expanded access INDs, and perhaps most
critically, heroic fundraising efforts on the part of the patients. Despite personalization being a
conspicuous goal of therapeutic science for years, there remains no clear regulatory path for these
kinds of personalized medicines to be tested at scale. However, due to the trailblazing of ASO
therapies and the promise of CRISPR-based drugs, the FDA and other global regulatory agencies

are acutely aware of this problem and may well deploy new guidelines to mitigate it*43-246,
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Clearly, safety and efficacy must be demonstrated, even for n-of-1 trials and personalized
therapies?*’. However, the process by which that can be accomplished must be simplified and
streamlined for drugs that have an established platform. Many aspects of safety testing can be
ported between similar drugs which may use the same delivery and mechanism, but with different
underlying nucleic acid targets. Additionally, inexpensive, fast, and robust efficacy testing
platforms must be developed, which fortunately is an area of significant research interest. Although
the landscape of current drug development models is not designed for the dynamic, personalized
potential of the future of therapeutic breakthroughs including CRISPR-based drugs, deft regulatory

work and new guidelines can address this problem and pave the way to unlock that potential.

1.3 LOOKING FORWARD

In this work, I primarily focus on the immunity issue, as it is both of critical importance
and potentially solvable through technological innovations. To this end I take an approach
informed by previous de-immunization efforts, evolutionary and structural attributes of the
proteins involved, technical advancements such as long-read single molecule sequencing, and
merging of computational and experimental design and screening methodologies to enable
meaningful strides towards safer and more efficacious therapies with regard to immune
interactions. Beginning with a characterization of exactly what immune barriers are faced by
AAV-delivered CRISPR-Cas, I then branch out into possible solutions to these issues both by
leveraging existing immune orthogonal orthologs of the therapeutic proteins, and by engineering
new variants of these proteins with superior immunological attributes. Finally, I discuss how this
work fits into the broader field of CRISPR-Cas gene therapy, and how the advancements
developed here can be applied in other contexts to facilitate both scientific discovery and the

resultant clinical applications.
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CHAPTER 2 - THE ADAPTIVE IMMUNE RESPONSE TO AAV-CRISPR-CAS

Protein therapeutics, including protein-based gene therapy, have several advantages over
small-molecule drugs. They generally serve complex, specific functions, and have minimal off-
target interference with normal biological processes. However, one of the fundamental challenges
to any protein-based therapeutic is the interaction with the adaptive immune system. Neutralization
by circulating antibodies through B-cell activation and clearance of treated cells by CD8+
cytotoxic T-lymphocytes (CTLs) create a substantial barrier to effective protein therapies®*323!,
Although for some applications the delay in the adaptive immune response to novel proteins may
allow sufficient time for the initial dose to work, subsequent doses face faster and stronger
secondary immune responses due to the presence of memory T- and B- cells. In addition, gene
transfer studies have shown that host immune responses against the delivery vector and/or
therapeutic transgene can eliminate treated cells, thus limiting the efficacy of the treatment?32-2%8,

Furthermore, protein therapies often require repeated treatments due to degradation of the
protein, turnover of treated cells, or, in the case of gene therapy, reduced expression of the
transgene®>*2%°, This provides an even greater challenge as repeated exposure to the same antigen
can elicit a more robust secondary immune response®!, which may completely inhibit subsequent
dosage or even sensitize the immune system to antigens remaining from the initial exposure.

An additional important consideration is the immunogenicity of the delivery vehicle or
administration route for the Cas9 and associated guide RNA (gRNA). In this regard, adeno-
associated viruses (AAVs) have emerged as a highly preferred vehicle for gene delivery, as they

255,256

are associated with low immunogenicity and toxicity , which promotes transgene

expression?0>26% and treatment efficacy. Despite the relatively low immunogenicity of AAV

vectors, antibodies against both the capsid and transgene may still be elicited?>7:264-270,
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Additionally, the prevalence of neutralizing antibodies (NAB) against AAVs in the human

! and cross-reactivity between serotypes?’?> remains a hurdle for efficacious AAV

population?’
therapy. Although AAVs were initially considered non-immunogenic due to their poor
transduction of antigen-presenting cells (APCs)?”, it is now known that they can transduce
dendritic cells (DCs)*™* and trigger innate immune responses through Toll-like receptor (TLR)
signaling pathways?’>. The ability to transduce DCs is dependent on AAV serotype and genome,
and may be predictive of overall immunogenicity?’®. A previous study exploring the utility of the
AAV-Cas9 system observed a humoral immune response to both AAV and Cas9, as well as an
expansion of myeloid and T-cells in response to Cas9?’, highlighting the need to confront this
issue when further developing gene therapies.

To assess the degree to which the immune response poses a barrier to AAV-delivered
CRISPR-Cas, and to determine what features of the immune response constitute the critical levers
governing the success of the therapy, we characterized an experimental model in which we treat
mice with AAV-delivered CRISPR-Cas targeting the PCKS9 gene, primarily expressed in
hepatocytes. Inhibition of this gene is known to be protective against atherosclerotic disease via
the reduction of circulating low density lipoprotein levels. Additionally, the therapeutic effect is
easily measured on a continuous basis through the measurement of PCSK9 in sera. In addition to
demonstrating efficacy of AAV-delivered CRISPR-Cas in knocking out PCSK9, measured at both
the protein and DNA level, we assayed treated mice for induction of protein-targeting antibodies

and of T-cell-mediated cytotoxicity against AAV and Cas9 proteins.

2.1 RESULTS

2.1.1 Immune response to AAV and Cas9
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One of the major obstacles for sequential gene therapy treatments is the presence of
neutralizing antibodies against the delivery vehicle and transgene cargo induced by the first
administration of the therapy (Figure 2.1a). To determine the humoral immune response kinetics
to AAV-CRISPR therapeutics (Figure 2.1b), focusing as an exemplar on the AAV8 capsid and
the Cas9 transgene, we first injected C57BL/6J mice retro-orbitally with 10'? vg of AAV8-SaCas9
targeting proprotein convertase subtilisin/kexin type 9 (PCSK9), a promising gene target that when
disrupted can reduce LDL levels and protect against cardiovascular disease. Consistent with a
previous study?’’, mice had reduced PCSK9 serum levels as early as one week post-injection due
to successful SaCas9 mediated gene-editing, which was sustained for the entire duration of the
experiment (4 weeks) (Figure 2.1c). We noted that a subset of the mice developed IgG1 antibodies
against the SaCas9 protein (Figure 2.1d). Additionally, mice developed humoral immunity to the

AAVS capsid within one-week post-injection (Figure 2.1e).
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Figure 2.1: Treatment efficacy and humoral response. (a) Proteins have substantial therapeutic
potential, but a major drawback is the immune response to both the therapeutic protein and its
delivery vehicle. (b) As a case study, we studied the CRISPR—Cas9 systems and corresponding
delivery vehicles based on AAVs. (¢) Mice were injected retro-orbitally with 1 x 10'> VG per
mouse of AAV8-SaCas9 targeting the Pcsk9 gene or a non-targeting control (empty vector). A
decrease in PCSK9 serum levels—owing to successful gene targeting—was observed in mice that
received the Pcsk9-targeting AAV-SaCas9 virus (n = 6 mice for each group). Each line represents
an individual mouse. (d) Immune responses of mice treated with AAV8-SaCas9 to the cargo
(Cas9) were detected using ELISAs for the SaCas9 protein (n =12 mice). Each line represents an
individual mouse. (e¢) Immune responses of mice treated with AAV8-SaCas9 to the delivery
vehicle (AAV) were detected using ELISAs for the AAVS8 virus capsid (n= 12 mice). Each line
represents an individual mouse.

In addition to the antibody-mediated response, we also observed cell-mediated responses
to AAVS and SaCas9 in treated mice using an IFN-y ELISPOT assay. In this assay, antigenic
components are presented to T-cells isolated from treated mice by activated antigen-presenting

cells. T-cells that can recognize the antigen will receive signals to proliferate and to secrete
cytokines such as IFN-y, which can be measured using an ELISA-style colorimetric assay, such
that an activated T-cell will create a visual spot on the plate. The number of spots roughly

corresponds to the number of T-cells able to respond to the antigen being tested. We tested a set
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of MHCll-restricted epitopes predicted to be strongly immunogenic from both AAVE and SaCas9.
A subset of these epitopes showed significant CD4+ T-cell responses indicating that cell-mediated
immunity against both the delivery vehicle and transgene payload is induced upon receipt of a

gene therapy dose. (Figure 2.2).

Capsid : AAVS
Cargo : SaCas9 MHCII IFN-y ELISPOT

Harvest: 6 weeks
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Figure 2.2: Experimental validation of a MHCII peptide predictions via IFN-y ELISPOT.
Mice were injected retro-orbitally with 1x10'?> vg/mouse of AAV8-SaCas9 targeting the Pcsk9
gene and were sacrificed after 6 weeks. Purified CD4+ T-cells from splenocytes were seeded at
2x10° cells per well (results are technical triplicates of n=6 pooled mice and are shown as mean +
s.e.m.). 1x10° lipopolysaccharide-activated antigen presenting cells (APCs) from control mice
were added to each well. Cells were incubated with highly immunogenic MHC-II predicted
peptides for 20h. Spots were developed with biotinylated anti-IFN-y. A one-way ANOVA with
post hoc Dunnett's test was performed to determine statistical differences with DMSO for all
peptides (left panel) (TPFQYLSSSDSKISY, p=0.004; SEEEFSAALLHLAKR, p=0.0339;
RTPFQYLSSSDSKIS, p=0.0001; KIKYYGNKLNAHLDI, p=0.0339; YQLPYVLGSAHQGCL,
p=0.0015). Data for the significant peptides are plotted (right panel).
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Although these experiments demonstrated that AAV-CRISPR-Cas specific T-cells are
induced to recognize antigenic components of the therapy, we set out to measure what the
physiological effects those T-cells may have on cells successfully transduced by AAV and
expressing the Cas9 payload. This was especially important to address given that we were not able
to detect a strong CD8+ T-cell response to our predicted MHClI-restricted epitopes via IFN-y
ELISPOT, and it represents the most appropriate experiment to assess what effect cell-mediated
immunity may have on therapeutic efficacy. To this end, we immunized mice against Cas9 by
injecting whole Cas9 protein in combination with Complete Freund’s Adjuvant (CFA). After
immunization we challenged these mice by injecting fluorescently labeled splenocytes which had
been pulsed with Cas9 epitopes. We observed 39% specific clearance of Cas9-pulsed cells 3.5
weeks after immunization, but no clearance 1 week after immunization, demonstrating that anti-

Cas9 T-cells can specifically recognize and kill cells presenting Cas9 epitopes in vivo (Figure 2.3).
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Figure 2.3: Cas9-specific splenocyte clearance in vivo. (a) Mice were immunized with CFA +
SpCas9 protein. Splenocytes from naive mice were prepared by labeling with the fluorescent dye
CTV or CFSE and pulsing with either a pool of immunogenic Cas9 epitopes (SpCas9 or SaCas9)
or DMSO. A 1:1 mixture of these cells was injected retro-orbitally into immunized mice at a total
of 6 x 10 7 cells per mouse. After 18 hours, splenocytes from these mice were analyzed by flow
cytometry to assay for specific clearance of Cas9 epitope pulsed cells. (b) Ratio of pulsed/unpulsed
splenocyte clearance at 3.5 weeks post-immunization. SpCas9-pulsed splenocytes are specifically
cleared. Results are shown as mean + s.e.m. Each data point represents an individual mouse with
n=4 mice per group. A one-way ANOVA with post hoc Dunnett’s test was performed, p<0.0001.

2.1.2 Immune barriers to effective gene editing

Having demonstrated that AAV-Cas9s elicit a significant immune response in the mouse
model, we next performed a two-step dosing experiment to test whether these immune responses
inhibit the efficacy of multi-dose gene editing. For this experiment, we used another mouse strain,

BALB}/c, in order to verify and characterize the immune response in two independent strains. The
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first round of dosing contained no gRNA and served to immunize the mice against the second
dose, which contained an active AAV8-SaCas9 with gRNA targeting PCSK9, allowing us to
directly measure genome editing efficiency by sequencing, as well as serum PCSKO9 levels as a
phenotypic readout for therapeutic efficacy (Figure 2.4a). Additionally, we measured IgG
responses to all AAV and Cas9 used in the experiment. As expected from previous preclinical
work on AAV therapies, prior exposure and humoral immunity to AAVE (AAV8-mCherry)
abolished the effectiveness of subsequent gene editing when using AAVS as the delivery vector
(AAV8-SaCas9). Importantly, this effect was not seen with previous exposure to AAVS (AAVS5-
mCherry), and subsequent dosing with AAV8-SaCas9 resulted in strong genome editing and
PCSK9 knockdown similar to the effects of AAV8-SaCas9 dosing in naive mice (Figures 2.4b,

2.4c).
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Figure 2.4: Redosing in immunized mice. (a) Mice were initially immunized with saline, AAVS-
mCherry, AAV5-mCherry, AAV5-SaCas9 or AAV5-SpCas9 with no gRNA. After 4 weeks, the
mice were given a second dose of saline or AAV8-SaCas9 with a gRNA targeting Pcsk9. Serum
was collected before the first injection and again during each subsequent week for 8 weeks. Mice
were exposed to antigens by retro-orbital injections at 1 x 10'> VG per mouse. (b) Genome editing
rates—quantified by sequencing—are entirely abolished when mice are immunized against AAVE
and moderately inhibited when immunized against SaCas9. No effect is seen when mice are
immunized against AAVS or SpCas9. Data are mean+s.e.m. A one-way analysis of variance
(ANOVA) with post hoc Tukey’s test was performed to determine statistical differences.
¥ P=0.0033; ***P=0.0004; NS, not significant. Each data point represents an individual mouse
(n =6 for all panels). (¢) Final PCSK9 serum levels (week 8), the phenotypic result of gene editing,
decrease sharply after an active second dose of AAV8-SaCas9 with gRNA. This effect is abolished
when mice are first immunized against AAVS8, but not when mice are first immunized against
AAVS5. Previous immunization with AAVS5-SaCas9 reduces but does not eliminate editing,
whereas previous dosing with AAV5-SpCas9 has no effect on editing. Data of the full time-course
for each week are shown. Data are mean +s.e.m. Each data point represents an individual mouse
(n==6 for all panels). (d) Mice were immunized with both CFA and 5 pg Cas9 1 week before
injections with active AAV-SaCas9. (e) At week 3, mice immunized with SaCas9 show a reduced
editing rate compared with mice injected with both CFA and PBS. No change in editing rate is
seen when immunized with SpCas9. Data are mean +s.e.m. A one-way ANOVA with post hoc
Dunnett’s test was performed to determine statistical differences. ***P =0.0002; **P=0.0015;
NS, not significant. Each data point represents an individual mouse (n =8). (f) The reduction in
serum PCSKDO is partially inhibited when mice are immunized with both CFA and SaCas9, but not
with CFA and PBS, or CFA and SpCas9. Data are mean + s.e.m. Each data point represents an
individual mouse (n = 8).
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Although we do not necessarily expect this observed orthogonality between AAV8 and
AAVS5 to carry over into the human setting, here it allowed us to specifically test the effects of the
immune response to the Cas9 payload with minimal interference from the AAV delivery vector.
Mice first immunized against SaCas9 using AAVS showed a 35% reduced level of editing, a 38%
reduction in PCSK9 decrease, and a wider variation between mice. This may reflect a weak
immune response to SaCas9 in our mouse model, and/or a domination of private (individual) T-
cell responses to SaCas9. IgG ELISAs revealed that only a subset of mice immunized with AAV5-
SaCas9 developed an antibody response. We correlated the level of serum antibodies induced upon
SaCas9 immunization with the efficiency of PCSK9 editing after the second dose, finding that
mice with a stronger antibody response showed lower editing efficiency.

To replicate these results in a different context, and to verify that immunity to Cas9
specifically can create a barrier to effective gene therapy, we conducted a slightly modified
immunization experiment. Here we used a Cas9 protein vaccine combined in emulsion CFA as the
initial dose, thereby immunizing a Cas9-specific primary response independently of AAV (Figure
2.4d). Subsequent dosing with AAV8-SaCas9 targeting PCSK9 recapitulated the results of AAV-
based immunization, showing that prior exposure to the SaCas9 protein, but not SpCas9,
significantly reduced the effectiveness of SaCas9-based gene editing by 42% and PCSK9 protein
reduction by 51% (Figure 2.4e, 2.4f). Taken together, anti-AAV and anti-Cas9 immunity

represents a significant obstacle to therapeutic efficacy.

2.2 DISCUSSION

The use of protein therapeutics requires ways to evade the host’s immune response. Cas9,
as an example, has prokaryotic origins and can evoke a long-lived T-cell response?’%2’8, which

may lead to clearance of transduced cells. In addition, circulating antibodies can neutralize the
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AAV vector and prevent efficient transduction upon repeated doses. Immunosuppressive drugs
could mitigate some of these aspects, but not without significant side-effects, and are not
applicable to patients in poor health?’”=2%2, Similar to what has been done in cancer antibody
therapeutics?®®, the SpCas9 protein could be de-immunized by swapping high-immunogenicity
domains. This is a promising approach; however, it will be complex and laborious as we anticipate
tens of mutations to achieve stealth, which might often result in a reduction in activity and an
overall less effective therapy.

Another consideration is that various applications of the CRISPR system will have
significantly different immune consequences. For example, contrast genome editing applications,
in which only transient expression of Cas9 is needed, to cases of gene regulation (CRISPRi or
CRISPRa), in which continuous Cas9 expression is required. While ongoing expression
applications will have to continuously contend with T-cell surveillance, genome editing with
transient expression may not be compromised by a primary T-cell response if Cas9 expression is
lost before CTL activation and clonal expansion. Building on this advantage, we note that
promising new techniques may achieve stable gene regulation via transient i.e. hit-and-run
approaches using epigenome editing?®*. Despite this, efficacious single-dose therapies may require
high titers, especially in cases such as Duchenne muscular dystrophy where systemic delivery is
needed. Such high doses may lead to toxicity issues, as demonstrated in a recent study of high-
dose AAV9 delivery in rhesus macaques®®’. Multiple lower, non-toxic doses delivered sequentially
have the potential to achieve high transduction efficiency but must contend with the stronger and
faster secondary adaptive immune response mediated by memory T- and B-cells.

Although we characterize the adaptive immune response to both the AAV VP1 and Cas9

proteins, it is not expected that these will induce the same type nor kinetics of response due to the
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differing nature of the antigens. The mice receive VP1 protein in the form of a viral capsid, as
contrasted with Cas9 in the form of DNA. The delivery of AAV capsids is expected to produce a
strong antibody response through the canonical MHC class II pathway. It may also induce a CTL
response through MHC class I presentation via transduction of APCs or cross-presentation of
endocytosed viral proteins.

Alternatively, the Cas9 transgene is expressed as protein only once inside a transduced cell,
and therefore could be expected to induce both an antibody and CTL response through two separate
but non-mutually exclusive mechanisms. One potential avenue is that a subset of AAVs transduce
APCs, an event that has been previously observed to occur?’*. After expression, Cas9 may be
presented on class | MHC molecules through the canonical pathway, or presented on class Il MHC
molecules after being encapsulated in autophagosomes (a substantial fraction of MHCII-bound
peptides is derived from internal proteins through autophagy)?®. Another potential mechanism
involves transduced non-APCs expressing Cas9 and subsequently undergoing apoptosis or
necrosis. APCs then scavenge these dying cells, presenting the Cas9 proteins found within on class
IT MHC molecules through the canonical pathway, or on class I MHC molecules through cross-
presentation, a process important for anti-viral immune responses.

We also note some limitations to our work. Mainly, we have used as our model two inbred
mice strains, C57BL/6J and BALB/c, which have limited MHC diversity?®’, and might not
recapitulate other human immunological features, such as differences in antigen processing and
presentation. Our use of highly conservative models of potential human immunity suggests that
any immune barriers to gene editing we observe here could be significantly magnified in the human
setting. This seems to be corroborated by recent studies of pre-existing immunity to Sp- and

SaCas9 in humans'627828 that showed measurable effector and regulatory T-cell responses.
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One promising approach to avoid immune mediated inhibition of gene therapy is to harness
the ability of Treg cells to promote a more tolerogenic immune response to therapeutic proteins®’s.
Additionally, B-cell epitopes can also be predicted and incorporated into immune orthogonality
analysis. However, since B-cell epitopes may be both linear and conformational, these are more
difficult to predict. Advances and further validation of these in silico models will allow for better

predictions in the future?$°-2%3

. In our study, initial immunization doses were not delivered with a
gRNA, therefore Cas9 produced inside the cell or delivered as a protein will be in the apo-Cas9
conformation. This could result in different B-cell epitopes compared to the gRNA-bound Cas9
complex, as the 3D conformations are substantially different. Note that this should not affect
MHC-presented peptides however, and thus not affect T-cell responses.

Here we demonstrated in multiple contexts that 1) AAV-CRISPR-Cas application can
induce both a humoral and cell-mediated response to both the delivery vehicle and transgene
payload, 2) this response, given enough time, activates T-cells sufficient to specifically clear cells
expressing Cas9 epitopes, and 3) these effects combined can lead to complete negation of
therapeutic effect in the case of immunity to AAV, and significant reduction of efficacy in the case
of immunity to Cas9. Special care will need to be given to addressing these potential pitfalls in the

course of developing any gene therapeutic that makes use of AAV delivery or CRISPR-Cas gene

editing.

2.3 METHODS

2.3.1 Computational Methods

2.3.1.1 MHC Binding Predictions

55



Immunologically informed comparison was done in a similar fashion, but using only those
k-mers predicted to bind to at least one of 81 HLA-1 alleles using netMHC 4.02%* for class I (alleles

can be found at http://www.cbs.dtu.dk/services/NetMHC/MHC allele names.txt), and at least one

of 5,620 possible MHC II molecules based on 936 HLA-2 alleles using netMHCIIpan 3.12%° for

class II (alleles can be found at http://www.cbs.dtu.dk/services/NetMHClIIpan-

3.1/alleles_name.list). We compared the use of netMHC to alternative immune epitope prediction

platforms such as the Immune Epitope Database (iedb.org)?*® and found very strong agreement
across software. Ultimately, we chose netMHC because of the larger number of HLA alleles it
supports. Sequences were defined as binding if the predicted affinity ranked in the top 2% of a test

library of 400,000 random peptides as suggested in the software guidelines.

2.3.1.2 Statistics

PCSK9 ELISA data from immunization experiments (Figures 3, S7), were normalized per
mouse to the average of the first 4 weeks of the experiment (during which time no active dose was
given), and then analyzed using a two-way repeated measures ANOVA to account for both time
and group membership as independent variables. Post hoc Tukey tests were used to compare across

groups at each timepoint as shown in Figure 3C.

2.3.2 Experimental Methods

2.3.2.1 Vector design and construction

Split-SpCas9 AAV vectors were constructed by sequential assembly of corresponding gene
blocks (IDT) into a custom synthesized rAAV2 vector backbone?*”-?*8, The first AAV contains a

gRNA driven by a human RNA polymerase III promoter, U6, and a N-terminal Cas9 (NCas9)
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fused to an N-intein driven by a CMV promoter, as well as a polyadenylation (polyA) signal
(Truong et al., Moreno et al.) The second AAV cassette contains a CMV driven C-terminal Cas9
(CCas9) fused to a C-intein as well as a polyA signal. gRNA sequences were inserted into NCas9
plasmids by cloning oligonucleotides (IDT) encoding spacers into Agel cloning sites via Gibson
assembly. pX601-AAV-CMV::NLS-SaCas9-NLS-3xHA-bGHpA;U6::Bsal-sgRNA was a gift

from Feng Zhang (Addgene plasmid # 61591)

2.3.2.2 AAV Production

AAV2/8, AAV2/2, AAV2/5, AAV2/D] virus particles were produced using HEK293T
cells via the triple transfection method and purified via an iodixanol gradient*”. Confluency at
transfection was between 80% and 90%. Media was replaced with pre-warmed media 2 hours
before transfection. Each virus was produced in 5 x 15 cm plates, where each plate was transfected
with 7.5 pg of pXR-capsid (pXR-8, pXR-2, pXR-5, pXR-DJ), 7.5 of ug recombinant transfer
vector, and 22.5 pg of pAdS5 helper vector using PEI (1pg/ul linear PEI in 1x DPBS pH 4.5, using
HCI) at a PEI:DNA mass ratio of 4:1. The mixture was incubated for 10 minutes at RT and then
applied dropwise onto the media. The virus was harvested after 72 hours and purified using an
1odixanol density gradient ultracentrifugation method. The virus was then dialyzed with 1x PBS
(pH 7.2) supplemented with 50 mM NaCl and 0.0001% of Pluronic F68 (Thermo Fisher) using
100kDA filters (Millipore), to a final volume of ~1 ml and quantified by qPCR using primers
specific to the ITR region, against a standard (ATCC VR-1616).

AAV-ITR-F: 5’-CGGCCTCAGTGAGCGA-3" and

AAV-ITR-R: 5-GGAACCCCTAGTGATGGAGTT-3".

2.3.2.3 Animal studies
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All animal procedures were performed in accordance with protocols approved by the
Institutional Animal Care and Use Committee (IACUC) of the University of California, San Diego.
All mice were acquired from Jackson labs. AAV injections were done in adult male C57BL/6J or

BALB/c mice (10 weeks) through retro-orbital injections using 1x10'? vg/mouse.

2.3.2.4 CFA immunizations

CFA immunizations were prepared by mixing CFA (Sigma-Aldrich) with 5 pg Cas9
protein or PBS at a 1:1 ratio using two syringes connected by an elbow joint to create an even

emulsion. 200 uL of CFA emulsion was injected subcutaneously into the flanks of adult mice.

2.3.2.5 ELISA

PCSK9: Levels of serum PCSK9 were measured using the Mouse Proprotein Convertase
9/PCSK9 Quantikine ELISA kit (R&D Systems) according to manufacturer’s guidelines. Briefly,
serum samples were diluted 1:200 in Calibrator diluent and allowed to bind for 2 h onto microplate
wells that were precoated with the capture antibody. Samples were then sequentially incubated
with PCSK9 conjugate followed by the PCSK9 substrate solution with extensive intermittent
washes between each step. The amount of PCSK9 in serum was estimated colorimetrically using
a standard microplate reader (BioRad iMark).

Cas9 and AAV: Recombinant SpCas9 protein (PNA Bio, cat. no. CP01), or SaCas9 protein
(ABM good, cat no. K144), was diluted in 1x coating buffer (Bethyl), and 0.5 pg was used to coat
each well of 96-well Nunc MaxiSorp Plates (ab210903) overnight at 4 °C. For AAV experiments,
10° vg of AAV-2, -5, -8 or -DJ in 1x coating buffer was used to coat each well of 96-well Nuc
MaxiSorp Plates. Plates were washed three times for 5 min with 350 pl of 1x Wash Buffer (Bethyl)

and blocked with 300 pul of 1x BSA Blocking Solution (Bethyl) for 2 hours at RT. The wash
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procedure was repeated. Serum samples were added at 1:40 dilution, and plates were incubated for
5 hours at 4 °C with shaking. Wells were washed three times for 5 min, and 100 pl of HRP-labeled
goat anti-mouse IgG1 (Bethyl; diluted 1:100,000 in 1% BSA Blocking Solution) was added to
each well. After incubating for 1hr at RT, wells were washed four times for 5 min, and 100 pl of
TMB Substrate (Bethyl) was added to each well. Optical density (OD) at 450 nm was measured

using a plate reader (BioRad iMark).

2.3.2.6 NGS quantification of editing

Genomic DNA was extracted from samples of mouse livers using a DNA extraction kit
(Qiagen). A 200 bp region containing the target cut site of the PCSK9 gene was amplified by PCR
using 0.5 pg DNA (~100,000 diploid genomes) as the template. Libraries were prepared using
NEBNext [llumina library preparation kit and sequenced on an Illumina HiSeq. Each sample was
sequenced to a target depth of 100,000 reads. Adaptors were trimmed from resulting fastqs using
AdapterRemoval*®’ and NHEJ-repaired cleavage events resulting in a mutation were quantified

using CRISPResso"!.

2.3.2.7 Splenocyte Clearance Assay

Splenocyte clearance assays were performed similarly to previous work3%?. Briefly, spleens
from adult C57BL/6J mice were harvested and treated to remove erythrocytes and dead cells.
These cells were then diluted to 107 cells/ml and split into two pools, one of which was pulsed for
40 min with a pool of the 30 most immunogenic T-cell epitopes in SpCas9 (according to our
predictions) at 1 pug/ml each and labeled with the CellTrace Violet fluorescent dye (ThermoFisher).
The other pool was pulsed with a matching amount of DMSO, and labeled with the green

fluorescent dye CFSE (ThermoFisher). A 1:1 mixture of these cells was then injected into naive
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or CFA-immunized mice at week 1 or 3.5 retro-orbitally at 3-6 x 107 cells per mouse. Spleens from
these mice were harvested 16-20 hours later, treated to remove erythrocytes, and analyzed by flow
cytometry to assess the degree of specific clearance of the CTV+ cells which were pulsed with

Cas9 peptides.

2.3.2.8 Epitope prediction and peptide synthesis

The MHC-binding peptides for our mouse model were predicted using the netMHC-4.0
and netMHClIIpan-3.1 online software with the alleles H-2-Db and H-2-Kb for class I and H-2-
IAb for class II. For MHCII, the top 10 peptides for Sp- and SaCas9 and top 5 peptides for
AAV-8 and AAV-DJ by percentile binding were selected for synthesis by Synthetic
Biomolecules as crude materials. For MHCI, we selected the top 20 peptides for Sp- and SaCas9
and the top 10 for AAV-8 and AAV-DJ. All peptides were dissolved in DMSO with a

concentration of 40 mg ml~! and stored at —20 °C.

2.3.2.9 IFN-y ELISPOT assay

CDS8+ T cells were isolated from splenocytes using magnetic bead positive selection
(Miltenyi Biotec) 6 weeks after virus infection. A total of 2 x 10° CD8+ T cells were stimulated
with 1 x 103 LPS-blasts loaded with 10 pug of individual peptide in 96-well flat-bottom plates
(Immobilon-P, Millipore) that were coated with anti-IFN-y mAb (clone AN18, Mabtech) in
triplicate. Concanavalin A (ConA) was used as positive control. After 20 h of incubation,
biotinylated anti-mouse IFN-y mAb (R4-6A2; Mabtech), followed by ABC peroxidase (Vector
Laboratories) and then 3-amino-9-ethylcarbazole (Sigma-Aldrich) were added into the wells.

Responses are expressed as number of IFN-y SFCs per 1 x 10 CD8+ T cells.
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CHAPTER 3 — IMMUNE ORTHOGONAL ORTHOLOGS ENABLE REDOSING OF AAV-

CRISPR-CAS

The immune response to protein therapeutics outside of the AAV-CRISPR-Cas system has
long been recognized as an important challenge that must be handled thoughtfully before moving
a potential drug anywhere close to the clinic. A common approach to circumventing these issues
has been to utilize human proteins, or to humanize proteins by substitution of non-human
components®?3-3%, However, this approach is limited to a small set of therapeutic proteins naturally
occurring in humans or closely related species. In addition, although the humanization of proteins
can result in a significantly less immunogenic product, they still carry immunological risk®*,

Another way to circumvent an immune response to protein therapeutics is the removal of
immunogenic T cell epitopes®®3%7. Once these epitopes are identified, substitution of key amino
acids may reduce the protein’s immunogenicity since modification of critical anchor residues can
abrogate binding to MHC molecules and prevent antigen presentation. However, this can prove
difficult due to the massive diversity at HLA loci. As epitope engineering must account for the
substrate specificity of each different HLA allele, therapeutics would likely require unique
modification for each patient. While epitope deletion/mutation has been successfully applied to
several proteins’?73% this can only preserve protein function when limited to small numbers of
HLA alleles unrepresentative of the full diversity. Structural modifications such as PEGylation
have also been known to reduce immunogenicity by interfering with antigen-processing
mechanisms. However, there is evidence that PEG-specific antibodies are elicited in patients
treated with PEGylated therapeutic enzymes®*-312,

In order to facilitate efficacious repeat protein therapies, we propose here the use of

orthologous proteins whose function is constrained by natural selection, but whose structure is
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subject to diversification by genetic drift. An ortholog, given sufficient sequence divergence, will
not cross-react with the immune response generated by exposure to the others, allowing repeat
doses to avoid neutralization by existing antibodies and treated cells to avoid clearance by activated
CTLs.

As a case study for exploring this approach we focused on the CRISPR-Cas9 system,
perhaps the most anticipated therapeutic for gene editing?324313-32! Comparative genomics has
demonstrated that Cas9 proteins are widely distributed across bacterial species and have
diversified over an extensive evolutionary history*?>=26. Although there may be pre-existing

immunity to Cas9s from pathogenic or commensal species?’8288-327

, we hypothesized this diversity
could provide a mechanism to circumvent inducing immunological memory by utilizing
orthologous Cas9 proteins for each treatment.

In the case of the widely used delivery vehicle of AAVs, the path to extensive immune
orthogonal orthologs is significantly murkier. Among well-characterized AAVs known to
transduce human cells, only a handful of different serotypes have been discovered. Although
AAVs come from a rich lineage of parvoviruses, many of its sister species rely on non-human
hosts and have evolved cellular entry mechanisms not well suited for transduction of human cells.
Substantial AAV diversification, engineering, and efforts to discover of novel strains are
underway, but so far clinical use has been restricted to only a few highly similar AAV serotypes.

To evaluate the immune orthogonality of AAV-delivered CRISPR-Cas systems, we
analyzed 284 DNA targeting and 84 RNA targeting CRISPR effectors, and 167 AAV VPI
orthologs. By comparing total sequence similarity as well as predicted binding strengths to class I

and class I MHC molecules, we constructed graphs of immune cross-reactivity and computed

cliques of proteins that are orthogonal in immunogenicity profiles. Although MHC epitopes do not
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predict antibody epitopes, the induction of the more powerful memory response is primarily
dependent on reactivation of memory B-cells with help from memory T-cells through the
presentation of antigens on class [ MHC molecules®?®3%. Next, we experimentally confirmed our
immunological predictions by assaying treated mice for induction of protein-targeting antibodies
and of T-cell-mediated cytotoxicity against AAV and Cas9 proteins. Finally, we demonstrated in
multiple contexts that consecutive dosing with immune orthogonal orthologs circumvents the
inhibition of effective gene editing caused by immune recognition of the AAV vector and Cas9

transgene.

3.1 RESULTS

3.1.1 Identifying immune-orthogonal proteins

Natural selection produces diverse structural variants with conserved function in the form
of orthologous genes. We assayed the relevance of this diversity for immunological cross-
reactivity of 284 DNA targeting and 84 RNA targeting CRISPR effectors (Table 3.1) and 167
AAV orthologs (Table 3.2) by first comparing their overall amino acid sequence similarities, and
second, using a more specific constraint of how their respective amino acid sequences are predicted
to bind MHC class I and II molecules (Figure 3.1f). From these analyses we obtained first an
estimate of the comprehensive immune overlap among Cas and AAV orthologs based purely at
the sequence level, and second a more stringent estimate of predicted immune overlap based on
predicted MHC binding (Figure 3.1g, 3.1h). By sequence-level clustering and clique finding
methods, we defined many sets of Cas9 orthologs containing up to 9 members with no 6-mer
overlap (Figure 3.2). Notably, based on MHC-binding predictions, we find among the set of DNA-

targeting Cas proteins (240 Cas9s and 44 Cpfls) that 79% of pairs are predicted to have non cross-
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reacting immune responses, 1.e. they are predicted to be orthogonal in immune space (Figure 3.1g).
On the contrary, among AAV capsid (VP1 protein) orthologs we did not find full orthogonality up
to the 14-mer level, even when restricting predictions with MHC-binding strengths (Figure 3.1h),
likely reflecting the strong sequence conservation and shorter evolutionary history of AAVs330,
This analysis suggests, consistent with previous observations’*'3%2) that exposure to one AAV
serotype can induce broad immunity to all AAVs, which presents a significant challenge to AAV
delivery platforms, as some serotypes are prevalent in human populations. Despite the most
divergent AAV serotype (AAVS) showing the fewest shared immunogenic peptides, there remain
tracts of sequences fully conserved within the VP1 orthologs. As expected, predicted immune
cross-reaction negatively correlates with phylogenetic distance (Figure 3.3), though there is
significant variation not captured by that regression, suggesting that MHC-binding predictions can

refine the choice of sequential orthologs beyond phylogenetic distance alone.

Table 3.1: CRISPR effectors analyzed for immune orthogonality.

Accession ID Name Gene | Nucleic
family | acid

AAK33936.1 AAK33936.1 conserved hypothetical protein [Streptococcus | Cas9 DNA
pyogenes M1 GAS]

ADC31648.1 ADC31648.1 Csnl family CRISPR-associated protein | Cas9 DNA
[Mycoplasma gallisepticum str. F]

ADI19058.1 ADI19058.1 uncharacterized protein conserved in bacteria | Cas9 DNA
[uncultured delta proteobacterium HF0070 07E19]

ADX75954.1 ADX75954.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Staphylococcus pseudintermedius ED99]

AEX66236.1 AEX66236.1 CRISPR-associated endonuclease | Cas9 DNA
[Corynebacterium diphtheriae C7 (beta)]

APG80630.1 APG80630.1  CRISPR-associated endonuclease  Cas9 | Cas9 DNA
[Candidatus Parvarchaeum acidiphilum ARMAN-4]

BAK69486.1 BAK69486.1  putative = CRISPR  associated protein | Cas9 DNA
[Campylobacter lari]

CBK78998.1 CBK78998.1 CRISPR-associated endonuclease, Csnl family | Cas9 DNA
[Coprococcus catus GD/7]

CCAB84553.1 CCAB4553.1 conserved hypothetical protein [Ralstonia | Cas9 DNA
syzygii R24]
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Table 3.1: CRISPR effectors analyzed for immune orthogonality... (Continued)

Accession ID Name Gene | Nucleic
family | acid

EEZ71796.1 EEZ71796.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Neisseria cinerea ATCC 14685]

EFT93846.1 EFT93846.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Enterococcus faecalis TX0012]

EHNS59352.1 EHNS59352.1 CRISPR-associated protein [Oenococcus | Cas9 DNA
kitaharae DSM 17330]

EIE39736.1 EIE39736.1 Csnl family CRISPR-associated protein | Cas9 DNA
[Mycoplasma canis PG 14]

Ga0054994 10813 Ga0054994 10813 Geobacillus stearothermophilus Cas9 Cas9 DNA

J7RUAS.1 J7RUAS.1 CRISPR-associated ~ endonuclease Cas9 | Cas9 DNA
[Staphylococcus aureus]

NP _246064.1 NP 246064.1 hypothetical protein PM1127 [Pasteurella | Cas9 DNA
multocida subsp. multocida str. Pm70]

NP _472073.1 NP _472073.1 hypothetical protein 1in2744 [Listeria innocua | Cas9 DNA
Clip11262]

NP_664481.1 NP_664481.1 hypothetical protein SpyM3 0677 | Cas9 DNA
[Streptococcus pyogenes MGAS315]

NP _721764.1 NP _721764.1 hypothetical protein SMU _1405¢ | Cas9 DNA
[Streptococcus mutans UA159]

NP_735360.1 NP _735360.1 hypothetical protein gbs0911 [Streptococcus | Cas9 DNA
agalactiae NEM316]

NP _907605.1 NP 907605.1 hypothetical protein WS1445 [Wolinella | Cas9 DNA
succinogenes DSM 1740]

NP _907747.1 NP 907747.1 hypothetical protein WS1613 [Wolinella | Cas9 DNA
succinogenes DSM 1740]

NP _938445.1 NP _938445.1 hypothetical protein DIP0036 | Cas9 DNA
[Corynebacterium diphtheriae NCTC 13129]

NP _970941.1 NP 970941.1 CRISPR-associated Cas5e [Treponema | Cas9 DNA
denticola ATCC 35405]

0J107263.1 0J107263.1 hypothetical protein BK997 03320 [Candidatus | Cas9 DNA
Micrarchaeum acidiphilum ARMAN-1]

tr]I0AP30|I0AP30 _IGNAJ | tr[I0AP30|/I0AP30 IGNAJ CRISPR-associated endonuclease | Cas9 DNA
Cas9 OS=lIgnavibacterium album (strain DSM 19864 / JCM
16511 /NBRC 101810 / Mat9-16) 0X=945713 GN=cas9

WP_013852048.1 WP _013852048.1 type II CRISPR RNA-guided endonuclease | Cas9 DNA
Cas9 [Streptococcus pasteurianus]

WP_036475267.1 WP_036475267.1 type II CRISPR RNA-guided endonuclease | Cas9 DNA
Cas9 [Neisseria lactamica]

YP 001122287.1 YP 001122287.1  CRISPR-associated  large  protein | Cas9 DNA
[Francisella tularensis subsp. tularensis WY96-3418]

YP 001239928.1 YP 001239928.1 hypothetical ~ protein BBta 3952 | Cas9 DNA
[Bradyrhizobium sp. BTAil]

YP_001296401.1 YP _001296401.1 Probable CRISPR-associated (Cas) protein. | Cas9 DNA
csnl family, subtype Nmeni [Flavobacterium psychrophilum
JIP02/86]

YP 001343689.1 YP 001343689.1 CRISPR-associated endonuclease Csnl | Cas9 DNA
family protein [Actinobacillus succinogenes 130Z]

YP 001398821.1 YP 001398821.1 CRISPR-associated CasSe family protein | Cas9 DNA

[Campylobacter jejuni subsp. doylei 269.97]
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Table 3.1: CRISPR effectors analyzed for immune orthogonality... (Continued)

Accession ID Name Gene | Nucleic
family | acid

YP 001411379.1 YP 001411379.1 CRISPR-associated endonuclease Csnl | Cas9 DNA
family protein [Parvibaculum lavamentivorans DS-1]

YP 001450662.1 YP 001450662.1 CRISPR-associated endonuclease Csnl | Cas9 DNA
family protein [Streptococcus gordonii str. Challis substr.
CHI1]

YP_001483000.1 YP_001483000.1 hypothetical protein C8J 1425 | Cas9 DNA
[Campylobacter jejuni subsp. jejuni 81116]

YP 001531750.1 YP 001531750.1 CRISPR-associated protein | Cas9 DNA
[Dinoroseobacter shibae DFL 12 = DSM 16493]

YP_001598557.1 YP 001598557.1  hypothetical — protein ~ NMCC 0397 | Cas9 DNA
[Neisseria meningitidis 053442]

YP 001602368.1 YP 001602368.1 hypothetical protein GDI 2123 | Cas9 DNA
[Gluconacetobacter diazotrophicus PA1 5]

YP_001691366.1 YP _001691366.1 hypothetical protein FMG 0058 [Finegoldia | Cas9 DNA
magna ATCC 29328]

YP 001875142.1 YP 001875142.1 CRISPR-associated endonuclease Csnl | Cas9 DNA
family protein [Elusimicrobium minutum Peil91]

YP 001878601.1 YP 001878601.1  hypothetical  protein ~ Amuc 2010 | Cas9 DNA
[Akkermansia muciniphila ATCC BAA-835]

YP 001955845.1 YP 001955845.1 restriction endonuclease [Bifidobacterium | Cas9 DNA
longum DJO10A]

YP _001956000.1 YP 001956000.1 Csnl-like CRISPR-associated protein | Cas9 DNA
[uncultured Termite group 1 bacterium phylotype Rs-D17]

YP 001956166.1 YP 001956166.1  CRISPR-associated  protein ~ Csnl | Cas9 DNA
[uncultured Termite group 1 bacterium phylotype Rs-D17]

YP 002123679.1 YP 002123679.1  CRISPR-Associated  Protein ~ Csnl | Cas9 DNA
[Streptococcus equi subsp. zooepidemicus MGCS10565]

YP 002274753.1 YP 002274753.1 Csnl family CRISPR-associated protein | Cas9 DNA
[Gluconacetobacter diazotrophicus PA1 5]

YP_002285828.1 YP 002285828.1  hypothetical  protein  Spy49 0823 | Cas9 DNA
[Streptococcus pyogenes NZ131]

YP 002342100.1 YP 002342100.1 hypothetical protein NMAO0631 [Neisseria | Cas9 DNA
meningitidis Z2491]

YP_002344900.1 YP _002344900.1 CRISPR-associated protein [Campylobacter | Cas9 DNA
jejuni subsp. jejuni NCTC 11168 = ATCC 700819]

YP 002507391.1 YP _002507391.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Clostridium cellulolyticum H10]

YP_002551549.1 YP _002551549.1 crispr-associated protein, csnl family | Cas9 DNA
[Acidovorax ebreus TPSY]

YP 002937591.1 YP 002937591.1 CRISPR-system related protein | Cas9 DNA
[Eubacterium rectale ATCC 33656]

YP_002996940.1 YP 002996940.1  hypothetical  protein ~ SDEG 1231 | Cas9 DNA
[Streptococcus dysgalactiae subsp. equisimilis GGS 124]

YP_003082577.1 YP 003082577.1 putative CRISPR-associated protein | Cas9 DNA
[Neisseria meningitidis alphal4]

YP 003171950.1 YP 003171950.1  CRISPR-associated  protein ~ Csnl | Cas9 DNA
[Lactobacillus rhamnosus GG]

YP _003306403.1 YP _003306403.1 CRISPR-associated protein, Csnl family | Cas9 DNA

[Streptobacillus moniliformis DSM 12112]
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Table 3.1: CRISPR effectors analyzed for immune orthogonality... (Continued)

Accession ID Name Gene | Nucleic
family | acid

YP 003360699.1 YP 003360699.1 CRISPR-associated endonuclease Csnl | Cas9 DNA
[Bifidobacterium dentium Bd1]

YP_003448082.1 YP 003448082.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Azospirillum sp. B510]

YP 003484612.1 YP 003484612.1 hypothetical protein SmuNN2025 0694 | Cas9 DNA
[Streptococcus mutans NN2025]

YP_003516037.1 YP _003516037.1 CRISPR associated protein [Helicobacter | Cas9 DNA
mustelae 12198]

YP_003552871.1 YP _003552871.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Candidatus Puniceispirillum marinum IMCC1322]

YP_003574635.1 YP 003574635.1 Csnl family CRISPR-associated protein | Cas9 DNA
[Prevotella ruminicola 23]

YP 003586920.1 YP 003586920.1 hypothetical protein ZPR 4422 | Cas9 DNA
[Zunongwangia profunda SM-A87]

YP 003801227.1 YP 003801227.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Olsenella uli DSM 7084]

YP 003812627.1 YP 003812627.1 hypothetical protein HDNIF 34120 | Cas9 DNA
[gamma proteobacterium HdN1]

YP 003937986.1 YP 003937986.1 CRISPR associated protein | Cas9 DNA
[Bifidobacterium bifidum S17]

YP_003968716.1 YP 003968716.1 CRISPR-associated protein, Csnl family | Cas9 DNA
(plasmid) [Ilyobacter polytropus DSM 2926]

YP_004049328.1 YP_004049328.1 hypothetical protein NLA 17660 [Neisseria | Cas9 DNA
lactamica 020-06]

YP 004168469.1 YP 004168469.1 CRISPR-associated protein, csnl family | Cas9 DNA
[Nitratifractor salsuginis DSM 16511]

YP 004232757.1 YP _004232757.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Acidovorax avenae subsp. avenac ATCC 19860]

YP 004239119.1 YP 004239119.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Weeksella virosa DSM 16922]

YP 004248194.1 YP 004248194.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Sphaerochaeta globosa str. Buddy]

YP_004288385.1 YP _004288385.1 CRISPR-associated protein [Streptococcus | Cas9 DNA
gallolyticus subsp. gallolyticus ATCC BAA-2069]

YP_004295898.1 YP _004295898.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Nitrosomonas sp. AL212]

YP_004345959.1 YP 004345959.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Fluviicola taffensis DSM 16823]

YP_004373648.1 YP 004373648.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Coriobacterium glomerans PW2]

YP_004386148.1 YP 004386148.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Alicycliphilus denitrificans K601]

YP_004399187.1 YP 004399187.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Lactobacillus buchneri NRRL B-30929]

YP 004401929.1 YP _004401929.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Streptococcus suis ST3]

YP 004711987.1 YP 004711987.1  hypothetical —protein EGYY_ 25780 | Cas9 DNA
[Eggerthella sp. YY7918]

YP_004740688.1 YP 004740688.1  hypothetical  protein ~ Ccan_ 14650 | Cas9 DNA

[Capnocytophaga canimorsus Cc5]
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Table 3.1: CRISPR effectors analyzed for immune orthogonality... (Continued)

Accession ID Name Gene | Nucleic
family | acid

YP 004823543.1 YP 004823543.1  hypothetical protein PARA 18570 | Cas9 DNA
[Haemophilus parainfluenzae T3T1]

YP 004841202.1 YP 004841202.1  hypothetical ~ protein ~ LSA 08670 | Cas9 DNA
[Lactobacillus sanfranciscensis TMW 1.1304]

YP_004843922.1 YP _004843922.1 putative CRISPR-associated (Cas) protein | Cas9 DNA
[Flavobacterium branchiophilum FL-15]

YP_004940969.1 YP _004940969.1 putative CRISPR-associated (Cas) protein | Cas9 DNA
[Flavobacterium columnare ATCC 49512]

YP_005054169.1 YP _005054169.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Filifactor alocis ATCC 35896]

YP_005095062.1 YP _005095062.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Streptococcus macedonicus ACA-DC 198]

YP 005112965.1 YP 005112965.1  hypothetical — protein  BF638R 3991 | Cas9 DNA
[Bacteroides fragilis 638R]

YP 005124303.1 YP 005124303.1 CRISPR-associated endonuclease | Cas9 DNA
[Corynebacterium diphtheriae 241]

YP 005143942.1 YP 005143942.1 CRISPR-associated endonuclease | Cas9 DNA
[Corynebacterium diphtheriae VAO1]

YP 005156749.1 YP 005156749.1 CRISPR-associated endonuclease | Cas9 DNA
[Corynebacterium diphtheriae 31A]

YP 005159132.1 YP 005159132.1 CRISPR-associated endonuclease | Cas9 DNA
[Corynebacterium diphtheriac BHS8]

YP 005163828.1 YP 005163828.1 CRISPR-associated endonuclease | Cas9 DNA
[Corynebacterium diphtheriac HC02]

YP 005204039.1 YP _005204039.1 CRISPR-associated protein, SAG0894 | Cas9 DNA
family [Streptococcus infantarius subsp. infantarius CJ18]

YP 005388840.1 YP 005388840.1  CRISPR-associated  protein ~ Csnl | Cas9 DNA
[Streptococcus pyogenes MGAS15252]

YP_005394506.1 YP 005394506.1 putative BCR [Riemerella anatipestifer | Cas9 DNA
ATCC 11845 = DSM 15868]

YP_005586691.1 YP _005586691.1 endonuclease [Bifidobacterium longum | Cas9 DNA
subsp. longum KACC 91563]

YP_005658406.1 YP_005658406.1 hypothetical ~ protein ~ CIJM1_1467 | Cas9 DNA
[Campylobacter jejuni subsp. jejuni M1]

YP _005707461.1 YP 005707461.1 csnl family CRISPR-associated protein | Cas9 DNA
[Enterococcus faecalis OGIRF]

YP_005820658.1 YP _005820658.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Fibrobacter succinogenes subsp. succinogenes S85]

YP 005824175.1 YP_005824175.1 membrane protein [Francisella cf. tularensis | Cas9 DNA
subsp. novicida 3523]

YP _005848005.1 YP 005848005.1  hypothetical ~ protein  IALB 3034 | Cas9 DNA
[Ignavibacterium album JCM 16511]

YP_005851953.1 YP 005851953.1  hypothetical  protein  [Lactobacillus | Cas9 DNA
delbrueckii subsp. bulgaricus 2038]

YP_005851955.1 YP 005851955.1  hypothetical — protein  [Lactobacillus | Cas9 DNA
delbrueckii subsp. bulgaricus 2038]

YP_005862383.1 YP _005862383.1 CRISPR-associated protein [Lactobacillus | Cas9 DNA
johnsonii DPC 6026]

YP_005863223.1 YP_005863223.1 hypothetical ~ protein ~ HN6_00086 | Cas9 DNA

[Lactobacillus salivarius CECT 5713]
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Table 3.1: CRISPR effectors analyzed for immune orthogonality... (Continued)

Accession ID Name Gene | Nucleic
family | acid

YP_005879219.1 YP _005879219.1 hypothetical protein NMV_1993 [Neisseria | Cas9 DNA
meningitidis 8013]

YP 005880236.1 YP _005880236.1 Csnl family CRISPR-associated protein | Cas9 DNA
[Mycoplasma gallisepticum str. R(high)]

YP 005891308.1 YP 005891308.1  hypothetical  protein NMAA 0315 | Cas9 DNA
[Neisseria meningitidis WUE 2594]

YP_005963707.1 YP 005963707.1 CRISPR-associated protein [Listeria | Cas9 DNA
monocytogenes 10403S]

YP_005966656.1 YP _005966656.1 CRISPR-associated protein [Listeria | Cas9 DNA
monocytogenes JO161]

YP 006002222.1 YP _006002222.1 CRISPR-associated endonuclease, Csnl | Cas9 DNA
family [Streptococcus thermophilus NDO3]

YP _006002994.1 YP_006002994.1 CRISPR-associated endonuclease, Csnl | Cas9 DNA
family [Streptococcus thermophilus NDO3]

YP_006013330.1 YP _006013330.1 hypothetical protein SDE12394 06440 | Cas9 DNA
[Streptococcus dysgalactiae subsp. equisimilis ATCC 12394]

YP_006034250.1 YP _006034250.1 CRISPR-associated protein [Streptococcus | Cas9 DNA
gallolyticus subsp. gallolyticus ATCC 43143]

YP_006034260.1 YP _006034260.1 CRISPR-associated protein [Streptococcus | Cas9 DNA
gallolyticus subsp. gallolyticus ATCC 43143]

YP_006040517.1 YP _006040517.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Streptococcus thermophilus JIM 8232]

YP _006069875.1 YP _006069875.1 CRISPR-associated endonuclease, Csnl | Cas9 DNA
family [Streptococcus salivarius JIM8777]

YP_006080899.1 YP _006080899.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Streptococcus suis D9]

YP 006235671.1 YP 006235671.1  CRISPR-associated  protein ~ Csnl | Cas9 DNA
[Helicobacter cinaedi PAGU611]

YP 006250978.1 YP 006250978.1 CRISPR-associated ~ protein  csnl | Cas9 DNA
[Streptococcus mutans LJ23]

YP 006298249.1 YP 006298249.1 CRISPR-associated protein Cas9/Csnl, | Cas9 DNA
subtype II/NMEMI [Prevotella intermedia 17]

YP_006339747.1 YP _006339747.1 CRISPR-system-like protein [Streptococcus | Cas9 DNA
thermophilus MN-ZLW-002]

YP_006340526.1 YP _006340526.1 Csnl [Streptococcus thermophilus MN- | Cas9 DNA
ZLW-002]

YP_006359179.1 YP _006359179.1 CRISPR-system-like protein [Streptococcus | Cas9 DNA
suis ST1]

YP_006374110.1 YP _006374110.1 hypothetical protein TMO c0518 [Tistrella | Cas9 DNA
mobilis KA081020-065]

YP 006408468.1 YP _006408468.1 CRISPR-associated protein Cas9/Csnl, | Cas9 DNA
subtype II/NMEMI [Belliella baltica DSM 15883]

YP _006428096.1 YP 006428096.1  hypothetical ~ protein ~ Ornrh 2170 | Cas9 DNA
[Ornithobacterium rhinotracheale DSM 15997]

YP_006487067.1 YP 006487067.1  hypothetical  protein ~ EHR 06155 | Cas9 DNA
[Enterococcus hirae ATCC 9790]

YP _006490549.1 YP _006490549.1 CRISPR-associated ~ protein  csnl | Cas9 DNA
[Streptococcus mutans GS-5]

YP_006536854.1 YP _006536854.1 CRISPR associated protein [Enterococcus | Cas9 DNA

faecalis D32]
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YP_006583854.1 YP _006583854.1 Csnl family CRISPR-associated protein | Cas9 DNA
[Mycoplasma gallisepticum NY01 2001.047-5-1P]

YP 006586107.1 YP 006586107.1 Csnl family CRISPR-associated protein | Cas9 DNA
[Mycoplasma gallisepticum CA06 2006.052-5-2P]

YP_006680178.1 YP 006680178.1 CRISPR-associated protein [Listeria | Cas9 DNA
monocytogenes SLCC2540]

YP_006723584.1 YP_006723584.1 hypothetical ~ protein B739 1085 | Cas9 DNA
[Riemerella anatipestifer RA-CH-1]

YP_006726535.1 YP _006726535.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Lactobacillus buchneri CD034]

YP_006745617.1 YP _006745617.1 CRISPR associated protein [Leuconostoc | Cas9 DNA
gelidum JB7]

YP_006752400.1 YP 006752400.1  hypothetical protein BN194 23340 | Cas9 DNA
[Lactobacillus casei W56]

YP 006816880.1 YP 006816880.1 CRISPR-associated endonuclease Csnl | Cas9 DNA
family protein [Actinobacillus suis H91-0380]

YP_006858515.1 YP _006858515.1 CRISPR-associated protein [Campylobacter | Cas9 DNA
jejuni subsp. jejuni PT14]

YP_006859751.1 YP _006859751.1 CRISPR-associated protein [Streptococcus | Cas9 DNA
dysgalactiae subsp. equisimilis RE378]

YP 006866082.1 YP _006866082.1 CRISPR-associated protein Cas9/Csnl, | Cas9 DNA
subtype II [Psychroflexus torquis ATCC 700755]

YP_006904759.1 YP_006904759.1 hypothetical ~ protein ~ SDSE 1207 | Cas9 DNA
[Streptococcus dysgalactiae subsp. equisimilis AC-2713]

YP_006932845.1 YP _006932845.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Streptococcus pyogenes A20]

YP_006951177.1 YP _006951177.1 CRISPR-associated protein [Streptococcus | Cas9 DNA
agalactiac SA20-06]

YP 007258684.1 YP 007258684.1 Csnl family CRISPR-associated protein | Cas9 DNA
[Mycoplasma cynos C142]

YP_007355826.1 YP_007355826.1 hypothetical ~ protein G148 0828 | Cas9 DNA
[Riemerella anatipestifer RA-CH-2]

YP_007413015.1 YP_007413015.1 Hypothetical ~ protein  zj316 0330 | Cas9 DNA
[Lactobacillus plantarum ZJ316]

YP _007547854.1 YP 007547854.1  CRISPR-associated  protein, Csnl | Cas9 DNA
[Bibersteinia trehalosi USDA-ARS-USMARC-192]

YP_007601284.1 YP 007601284.1 CRISPR-associated protein [Helicobacter | Cas9 DNA
cinaedi ATCC BAA-847]

YP _007615874.1 YP 007615874.1  hypothetical  protein =~ G432 07765 | Cas9 DNA
[Sphingomonas sp. MM-1]

YP_007644735.1 YP _007644735.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Bdellovibrio exovorus JSS]

YP_007801951.1 YP _007801951.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Gordonibacter pamelacae 7-10-1-b]

YP_007818384.1 YP 007818384.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Butyrivibrio fibrisolvens 16/4]

YP 007833383.1 YP 007833383.1 CRISPR-associated endonuclease, Csnl | Cas9 DNA
family [Roseburia intestinalis M50/1]

YP_007968536.1 YP 007968536.1 Hypothetical protein GBS222 0765 | Cas9 DNA

[Streptococcus agalactiae]
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YP 008027038.1 YP 008027038.1 = CRISPR-associated  protein  Cas9 | Cas9 DNA
[Spiroplasma syrphidicola EA-1]

YP 008056512.1 YP _008056512.1 CRISPR-associated protein Cas9/Csnl, | Cas9 DNA
subtype II/NMEMI [Streptococcus iniae SF1]

YP_008084634.1 YP _008084634.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Streptococcus agalactiae 09mas018883]

YP_008086783.1 YP _008086783.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Streptococcus agalactiae ILRI005]

YP 008117657.1 YP 008117657.1 CRISPR-associated protein, SAG0894 | Cas9 DNA
family [Streptococcus agalactiae ILRI112]

YP_008200873.1 YP _008200873.1 CRISPR-associated protein [Lactobacillus | Cas9 DNA
casei LOCK919]

YP_008203772.1 YP _008203772.1 CRISPR-associated protein [Lactobacillus | Cas9 DNA
rhamnosus LOCK900]

YP_008293597.1 YP _008293597.1 CRISPR-associated protein [Campylobacter | Cas9 DNA
jejuni 32488]

YP 008295413.1 YP 008295413.1 CRISPR-associated protein Csnl [Listeria | Cas9 DNA
monocytogenes]

YP 008356623.1 YP 008356623.1 hypothetical protein KE3 1337 | Cas9 DNA
[Streptococcus lutetiensis 033]

YP 008416253.1 YP 008416253.1  CRISPR-associated  protein ~ Csnl | Cas9 DNA
[Geobacillus sp. JF8]

YP 008434322.1 YP 008434322.1 Csnl family CRISPR-associated protein | Cas9 DNA
[Treponema pedis str. T A4]

YP_008447359.1 YP _008447359.1 CRISPR-associated protein [Lactobacillus | Cas9 DNA
paracasei subsp. paracasei 8700:2]

YP 008476484.1 YP 008476484.1 CRISPR-associated protein cas9/csnl, | Cas9 DNA
subtype II/nmemi [Fusobacterium nucleatum subsp. vincentii
3 1 36A2]

YP_008509340.1 YP _008509340.1 CRISPR-associated protein [Streptococcus | Cas9 DNA
anginosus C1051]

YP_008512693.1 YP 008512693.1 CRISPR-associated protein [Streptococcus | Cas9 DNA
intermedius B196]

YP_008562877.1 YP _008562877.1 CRISPR-associated protein [Campylobacter | Cas9 DNA
jejuni subsp. jejuni 00-2425]

YP 008618041.1 YP 008618041.1 hypothetical protein BRDCF 09465 | Cas9 DNA
[Bacteroides sp. CF50]

YP_008624437.1 YP 008624437.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Campylobacter jejuni 4031]

YP 008689610.1 YP 008689610.1  CRISPR-associated  protein ~ Csnl | Cas9 DNA
[Streptococcus sp. [-G2]

YP 008759810.1 YP 008759810.1 Csnl family CRISPR-associated protein | Cas9 DNA
[Staphylococcus pasteuri SP1]

YP_008779396.1 YP _008779396.1 CRISPR-associated protein [Pediococcus | Cas9 DNA
pentosaceus SL4]

YP_008823205.1 YP 008823205.1  hypothetical protein EMQU 0319 | Cas9 DNA
[Enterococcus mundtii QU 25]

YP 008868573.1 YP 008868573.1  CRISPR-associated  protein  Cas9 | Cas9 DNA

[Spiroplasma apis B31]
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YP 008894594.1 YP 008894594.1  CRISPR-associated  protein ~ Csnl | Cas9 DNA
[Mycoplasma gallisepticum S6]

YP _015730.1 YP_015730.1 hypothetical protein MMOBO0330 [Mycoplasma | Cas9 DNA
mobile 163K]

YP _122507.1 YP 122507.1 hypothetical protein 1pp0160 [Legionella | Cas9 DNA
pneumophila str. Paris]

YP _139177.1 YP 139177.1 hypothetical protein stu0657 [Streptococcus | Cas9 DNA
thermophilus LMG 18311]

YP _141068.1 YP 141068.1 hypothetical protein str0657 [Streptococcus | Cas9 DNA
thermophilus CNRZ1066]

YP 213533.1 YP 213533.1 conserved hypothetical protein [Bacteroides | Cas9 DNA
fragilis NCTC 9343]

YP _278700.1 YP _278700.1 hypothetical protein MS53 0582 [Mycoplasma | Cas9 DNA
synoviae 53]

YP 280216.1 YP 280216.1 cytoplasmic protein [Streptococcus pyogenes | Cas9 DNA
MGAS6180]

YP 425545.1 YP 425545.1 CRISPR-associated endonuclease Csnl family | Cas9 DNA
protein [Rhodospirillum rubrum ATCC 11170]

YP 534331.1 YP 534331.1 hypothetical protein RPC 4489 | Cas9 DNA
[Rhodopseudomonas palustris BisB18]

YP 534999.1 YP 534999.1 hypothetical protein LSL 0095 [Lactobacillus | Cas9 DNA
salivarius UCC118]

YP 568168.1 YP 568168.1 CRISPR-associated Cas5e family protein | Cas9 DNA
[Rhodopseudomonas palustris BisB5]

YP_571550.1 YP 571550.1 hypothetical protein Nham 4054 (plasmid) | Cas9 DNA
[Nitrobacter hamburgensis X14]

YP 596617.1 YP 596617.1 cytoplasmic protein [Streptococcus pyogenes | Cas9 DNA
MGAS9429]

YP 598495.1 YP 598495.1 hypothetical cytosolic protein [Streptococcus | Cas9 DNA
pyogenes MGAS10270]

YP_600439.1 YP _600439.1 putative cytoplasmic protein [Streptococcus | Cas9 DNA
pyogenes MGAS2096]

YP_602415.1 YP 602415.1 hypothetical protein MGAS10750 Spy0921 | Cas9 DNA
[Streptococcus pyogenes MGAS10750]

YP _820161.1 YP 820161.1 CRISPR-system-like protein [Streptococcus | Cas9 DNA
thermophilus LMD-9]

YP_820832.1 YP 820832.1 CRISPR-system-like protein [Streptococcus | Cas9 DNA
thermophilus LMD-9]

YP 873709.1 YP 873709.1 HNH endonuclease [Acidothermus | Cas9 DNA
cellulolyticus 11B]

YP_898402.1 YP _898402.1 membrane protein [Francisella tularensis subsp. | Cas9 DNA
novicida U112]

YP 996018.1 YP 996018.1 CRISPR-associated endonuclease Csnl family | Cas9 DNA
protein [Verminephrobacter eiseniac EF01-2]

ZP 00143587.1 ZP 00143587.1  hypothetical  protein  [Fusobacterium | Cas9 DNA
nucleatum subsp. vincentii ATCC 49256]

ZP _02077990.1 ZP 02077990.1 hypothetical protein EUBDOL 01797 | Cas9 DNA
[Eubacterium dolichum DSM 3991]

ZP 03683851.1 ZP 03683851.1 hypothetical protein CATMIT 02512, partial | Cas9 DNA

[Catenibacterium mitsuokai DSM 15897]
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ZP 03755025.1 ZP 03755025.1 hypothetical protein ROSEINA2194 03455 | Cas9 DNA
[Roseburia inulinivorans DSM 16841]

ZP 03925169.1 ZP 03925169.1 conserved hypothetical protein [Actinomyces | Cas9 DNA
coleocanis DSM 15436]

ZP 03989815.1 ZP 03989815.1 crispr-associated protein [Acidaminococcus | Cas9 DNA
sp. D21]

ZP 05061364.1 ZP 05061364.1 CRISPR-associated large protein | Cas9 DNA
(provisional), putative [gamma proteobacterium HTCC5015]

ZP 06288774.1 ZP 06288774.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Prevotella timonensis CRIS 5C-B1]

ZP 06887976.1 ZP 06887976.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Methylosinus trichosporium OB3b]

ZP 07217791.1 ZP 07217791.1 conserved hypothetical protein [Bacteroides | Cas9 DNA
sp. 20 3]

ZP 07316256.1 ZP 07316256.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Veillonella atypica ACS-134-V-Col7a]

ZP 07398877.1 ZP 07398877.1 csnl family CRISPR-associated protein | Cas9 DNA
[Peptoniphilus duerdenii ATCC BAA-1640]

ZP 07455288.1 ZP 07455288.1 csnl family CRISPR-associated protein | Cas9 DNA
[Eubacterium yurii subsp. margaretiac ATCC 43715]

ZP 07738815.1 ZP 07738815.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Aminomonas paucivorans DSM 12260]

ZP 07880770.1 ZP 07880770.1 conserved hypothetical protein [Actinomyces | Cas9 DNA
sp. oral taxon 180 str. F0310]

ZP 07912707.1 ZP 07912707.1 conserved hypothetical protein | Cas9 DNA
[Staphylococcus lugdunensis M23590]

ZP 08015909.1 ZP 08015909.1 hypothetical protein HMPREF9464 01128 | Cas9 DNA
[Sutterella wadsworthensis 3 1 45B]

ZP 08029929.1 ZP 08029929.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Solobacterium moorei F0204]

ZP 08157403.1 ZP 08157403.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Ruminococcus albus §]

ZP 08324662.1 ZP 08324662.1 CRISPR-associated protein, Csx12 family | Cas9 DNA
[Parasutterella excrementihominis YIT 11859]

ZP 08574780.1 ZP 08574780.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Lactobacillus coryniformis subsp. torquens KCTC 3535]

ZP 08576281.1 ZP 08576281.1 possible CRISPR associated protein | Cas9 DNA
[Lactobacillus farciminis KCTC 3681]

ZP 08660870.1 ZP 08660870.1 possible CRISPR associated protein | Cas9 DNA
[Fructobacillus fructosus KCTC 3544]

ZP 08837074.1 ZP 08837074.1 hypothetical protein HMPREF0666 03250 | Cas9 DNA
[Prevotella sp. C561]

ZP 09312133.1 ZP 09312133.1  hypothetical  protein ~ MoviS_00710 | Cas9 DNA
[Mycoplasma ovipneumoniae SC01]

ZP 09352959.1 ZP 09352959.1 CRISPR-associated protein cas9/csnl, | Cas9 DNA
subtype II/nmemi [Bacillus smithii 7 3 47FAA]

ZP 09642280.1 ZP 09642280.1 CRISPR-associated protein cas9/csnl, | Cas9 DNA
subtype II/nmemi [Odoribacter laneus YIT 12061]

ZP 10010146.1 ZP 10010146.1 CRISPR-associated protein Cas9/Csnl, | Cas9 DNA

subtype II/NMEMI [Treponema sp. JC4]
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ZP 10206685.1 ZP 10206685.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Planococcus antarcticus DSM 14505]

ZP 10895610.1 ZP 10895610.1 CRISPR-associated protein Cas9/Csnl, | Cas9 DNA
subtype II/NMEMI [Porphyromonas sp. oral taxon 279 str.
F0450]

ZP 10898214.1 ZP 10898214.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Rhodovulum sp. PH10]

ZP 10953934.1 ZP 10953934.1 HNH endonuclease [Alicyclobacillus | Cas9 DNA
hesperidum URH17-3-68]

ZP 11022414.1 ZP 11022414.1 CRISPR-associated protein cas9/csnl, | Cas9 DNA
subtype II/nmemi [Barnesiella intestinihominis YIT 11860]

ZP 11150502.1 ZP 11150502.1 CRISPR-associated protein, Csnl family | Cas9 DNA
[Alcanivorax pacificus W11-5]

ZP 16930555.1 ZP 16930555.1 csnl family CRISPR-associated protein | Cas9 DNA
[Streptococcus sanguinis SK49]

ZP 17295095.1 ZP 17295095.1 CRISPR-associated protein cas9/csnl, | Cas9 DNA
subtype II/nmemi [Bergeyella zoohelcum ATCC 43767]

ZP 18919511.1 ZP 18919511.1 hypothetical protein C882 0672 | Cas9 DNA
[Caenispirillum salinarum AK4]

YP_007713556.1 2i|478482906|ref]YP_007713556.1|CASV|cpfl|cpfl Cpfl DNA

KK211384.1 KK211384.1 Anaerovibrio sp. RMS50 genomic scaffold | Cpfl DNA
T525DRAFT scaffold00007.7, whole genome shotgun
sequence|cas12a]CRISPR|TypeVA

KLE02041.1 KLEO02041.1 hypothetical protein AA20 01655 [Arcobacter | Cpfl DNA
butzleri 1.348]|cas12a|CRISPR|TypeVA

KXB38146.1 KXB38146.1 hypothetical protein HMPREF1869 00137 | Cpfl DNA
[Bacteroidales bacterium KA00251]|cas12a|CRISPR|TypeVA

AUKC01000013.1 AUKC01000013.1 Butyrivibrio sp. NC3005 | Cpfl DNA
G634DRAFT scaffold00010.10_C, whole genome shotgun
sequence|cas12a]CRISPR|TypeVA

AUKDO01000009.1 AUKDO01000009.1  Butyrivibrio  fibrisolvens ~MD2001 | Cpfl DNA
G635DRAFT scaffold00009.9 C, whole genome shotgun
sequence|cas12a]CRISPR|TypeVA

KKR91555.1 KKR91555.1 hypothetical protein UU43 C0004G0003 | Cpfl DNA
[Candidatus Falkowbacteria bacterium
GW2011 GWA2 41 14]|cas12a]CRISPR|TypeVA

KKQ38174.1 KKQ38174.1 hypothetical protein US54 C0016G0015 | Cpfl DNA
[Candidatus Roizmanbacteria bacterium
GW2011 GWA2 37 7]|cas]12a|CRISPR|TypeVA

KIX20262.1 KIX20262.1 hypothetical protein SY27 14115 | Cpfl DNA
[Flavobacterium sp. 316]|cas12a]CRISPR|TypeVA

EDZ90881.1 EDZ90881.1 hypothetical protein FTG 0873 [Francisella | Cpfl DNA
tularensis subsp. novicida FTG]|cas12a]CRISPR|TypeVA

LFLB01000034.1 LFLB01000034.1 Gammaproteobacteria bacterium LS SOB | Cpfl DNA
contig30559, whole genome shotgun
sequence|cas12a]CRISPR|TypeVA

EHR33500.1 EHR33500.1 hypothetical protein HMPREF9709 01099 | Cpfl DNA
[Helcococcus kunzii ATCC 51366]|cas12a]CRISPR|TypeVA

EOS46485.1 EOS46485.1 hypothetical protein C809 02517 | Cpfl DNA

[Lachnospiraceae bacterium COE1]|cas12a|CRISPR|TypeVA
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JHWS01000001.1

JHWS01000001.1 Lachnospiraceae bacterium NC2008
T528DRAFT scaffold00001.1 C, whole genome shotgun
sequence|cas12a]CRISPR|TypeVA

Cpfl

DNA

KE384587.1

KE384587.1 Moraxella caprae DSM 19149 genomic scaffold
K941DRAFT scaffold00051.51, whole genome shotgun
sequence|cas12a]CRISPR|TypeVA

Cpfl

DNA

KE384190.1

KE384190.1 Oribacterium sp. NK2B42 genomic scaffold
G625DRAFT scaffold00019.19, whole genome shotgun
sequence|cas12a]CRISPR|TypeVA

Cpfl

DNA

KK211334.1

KK211334.1 Prevotella brevis ATCC 19188 genomic scaffold
T433DRAFT scaffold00014.14, whole genome shotgun
sequence|cas12a]CRISPR|TypeVA

Cpfl

DNA

KE384028.1

KE384028.1 Proteocatella sphenisci DSM 23131 genomic
scaffold GS558DRAFT scaffold00004.4, whole genome
shotgun sequence|cas12a]CRISPR|TypeVA

Cpfl

DNA

KE384121.1

KE384121.1 Pseudobutyrivibrio ruminis CF1lb genomic
scaffold G592DRAFT scaffold00007.7, whole genome
shotgun sequence|cas12a]CRISPR|TypeVA

Cpfl

DNA

KFO067989.1

KF067989.1 hypothetical protein ER57 07115 [Smithella sp.
SCADC]|cas12a]CRISPR|TypeVA

Cpfl

DNA

AK(C95493.1

AKC95493.1 hypothetical protein VC03 02970 [Sneathia
amnii]|cas12a]CRISPR|TypeVA

Cpfl

DNA

KL370853.1

KL370853.1 Succinivibrio dextrinosolvens HS5 genomic
scaffold TSO08DRAFT scaffold00001.1, whole genome
shotgun sequence|cas12a]CRISPR|TypeVA

Cpfl

DNA

GL995220.1

GL995220.1 Succinivibrionaceae bacterium WG1 genomic
scaffold  scaffold00033,  whole  genome  shotgun
sequence|cas12a]CRISPR|TypeVA

Cpfl

DNA

KEJ92204.1

KEJ92204.1 hypothetical protein EH55 04135 [Synergistes
jonesii]|cas12a]CRISPR|TypeVA

Cpfl

DNA

KUJ74576.1

KUJ74576.1 hypothetical protein AVO042 04040
[Thiomicrospira sp. XS5]|cas12a|CRISPR|TypeVA

Cpfl

DNA

BBPY01000028.1

BBPY01000028.1 Treponema endosymbiont of
Eucomonympha sp. DNA, contig: contig000028, strain: E12,
whole genome shotgun sequence|cas12a]CRISPR|TypeVA

Cpfl

DNA

BBPZ01000036.1

BBPZ01000036.1 Treponema endosymbiont of
Eucomonympha sp. DNA, contig: contig000036, strain: E8,
whole genome shotgun sequence|cas12a]CRISPR|TypeVA

Cpfl

DNA

KKQ36153.1

KKQ36153.1 hypothetical protein US52 C0007G0008
[candidate division WS6 bacterium
GW2011 GWA2 37 6]|cas]12a|CRISPR|TypeVA

Cpfl

DNA

WP_003040289.1

WP_003040289.1 type V CRISPRassociated protein Cpfl
[Francisella tularensis]

Cpfl

DNA

WP_004356401.1

WP_004356401.1 type V CRISPRassociated protein Cpfl
[Prevotella disiens]

Cpfl

DNA

WP_012739647.1

WP _012739647.1 type V CRISPRassociated protein Cpfl
[[Eubacterium] eligens]

Cpfl

DNA

WP_013282991.1

WP_013282991.1 type V CRISPRassociated protein Cpfl
[Butyrivibrio proteoclasticus]

Cpfl

DNA

WP_018359861.1

WP _018359861.1 type V CRISPRassociated protein Cpfl
[Porphyromonas macacae]

Cpfl

DNA
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WP_020988726.1 WP_020988726.1 type V CRISPRassociated protein Cpfl | Cpfl DNA
[Leptospira inadai]

WP_021736722.1 WP _021736722.1 type V CRISPRassociated protein Cpfl | Cpfl DNA
[Acidaminococcus sp. BV3L6]

KDN25524.1 KDN25524.1 hypothetical protein MBO_ 03467 [Moraxella | Cpfl DNA
bovoculi 237]

WP_024988992.1 WP_024988992.1 type V CRISPRassociated protein Cpfl | Cpfl DNA
[Prevotella albensis]

AlZ56868.1 AlIZ56868.1 hypothetical protein Mptl c09950 [Candidatus | Cpfl DNA
Methanoplasma termitum]

WP_035635841.1 WP _035635841.1 type V CRISPRassociated protein Cpfl | Cpfl DNA
[Lachnospiraceae bacterium ND2006]

WP_036890108.1 WP _036890108.1 type V CRISPRassociated protein Cpfl | Cpfl DNA
[Porphyromonas crevioricanis]

WP_044910712.1 WP_044910712.1 type V CRISPRassociated protein Cpfl | Cpfl DNA
[Lachnospiraceae bacterium MC2017]

WP_044919442.1 WP _044919442.1 type V CRISPRassociated protein Cpfl | Cpfl DNA
[Lachnospiraceae bacterium MA2020]

KKP36646.1 KKP36646.1 hypothetical protein UR27 C0015G0004 | Cpfl DNA
[Candidatus Peregrinibacteria bacterium
GW2011 GWA2 33 10]

KKT48220.1 KKT48220.1 hypothetical protein UW39_C0001G0044 | Cpfl DNA
[Parcubacteria group bacterium GW2011 GWC2 44 17]

JQLU01000005.1 JQLUO01000005.1 Carnobacterium gallinarum DSM 4847 | Cas13 | RNA
strain MT44 BR43DRAFT scf7180000000012 quiver.5 C,
whole genome shotgun sequencel|cas13a|CRISPR|Type6A

EDR99618.1 EDR99618.1 hypothetical ~ protein ~ EUBSIR 02687 | Cas13 | RNA
[[Eubacterium] siracum DSM 15702]|cas13a]CRISPR|Type6A

JQKKO01000015.1 JQKKO01000015.1 Lachnospiraceaec bacterium MA2020 | Casl3 | RNA
T348DRAFT scaffold00014.14 C, whole genome shotgun
sequence|cas13a]CRISPR|Type6A

AUJT01000030.1 AUJT01000030.1 Lachnospiraceae bacterium NK4A144 | Casl3 | RNA
GO619DRAFT scaffold00027.27 C, whole genome shotgun
sequence|cas13a]CRISPR|Type6A

ATWC01000054.1 ATWC01000054.1 Lachnospiraceac bacterium NK4A179 | Casl3 | RNA
G621DRAFT scaffold00054.54 C, whole genome shotgun
sequence|cas13a]CRISPR|Type6A

ACV39665.1 ACV39665.1 hypothetical protein Lebu 1799 [Leptotrichia | Cas13 | RNA
buccalis C1013b]|cas13a]CRISPR|Type6A

ERL25782.1 ERL25782.1 hypothetical protein HMPREF9108 01633 | Casl3 | RNA
[Leptotrichia sp. oral taxon 225 str.
F0581]|cas13a]CRISPR|Type6A

KB890278.1 KB890278.1 Leptotrichia shahii DSM 19757 genomic scaffold | Cas13 | RNA
BO31DRAFT scaffold 9.10, whole genome shotgun
sequence|cas13a]CRISPR|Type6A

ERK53440.1 ERKS53440.1 hypothetical protein HMPREF9015 00520 | Cas13 | RNA
[Leptotrichia wadei F0279]|cas13a]CRISPR|Type6A

ERK48421.1 ERK48421.1 hypothetical protein HMPREF9015 01858 | Cas13 | RNA
[Leptotrichia wadei F0279]|cas13a]CRISPR|Type6A

ERK47820.1 ERK47820.1 hypothetical protein HMPREF9015 02301 | Cas13 | RNA

[Leptotrichia wadei F0279]|cas13a]CRISPR|Type6A
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Table 3.1: CRISPR effectors analyzed for immune orthogonality... (Continued)

Accession ID Name Gene | Nucleic
family | acid

KGL43917.1 KGL43917.1 hypothetical protein EP58 05535 [Listeria | Casl3 | RNA
newyorkensis]|cas13a|CRISPR|Type6A

CBH27300.1 CBH27300.1 hypothetical protein Ise 1149 [Listeria seeligeri | Cas13 | RNA
serovar 1/2b str. SLCC3954]|cas13a|CRISPR|Type6A

EUJ40903.1 EUJ40903.1 hypothetical protein PWEIH 02614 [Listeria | Casl3 | RNA
weihenstephanensis FSL R90317]|cas13a|CRISPR|Type6A

ADQ78341.1 ADQ78341.1 hypothetical protein Palpr 0179 [Paludibacter | Cas13 | RNA
propionicigenes WB4]|cas13a|CRISPR|Type6A

ETE53770.1 ETES53770.1 hypothetical protein U715 11520 [Rhodobacter | Cas13 | RNA
capsulatus Y262]|cas13a|CRISPR|Type6A

CDC65743.1 CDC65743.1  uncharacterized protein ~ BN714 01570 | Cas13 | RNA
[Ruminococcus sp. CAG:57]|cas13a]CRISPR|Type6A

LARF01000048.1 LARF01000048.1 Ruminococcus sp. N15.MGS57 contig_47, | Casl3 | RNA
whole genome shotgun sequence|cas13a|CRISPR|Type6A

ACOKO01000100.1 ACOKO01000100.1  Ruminococcus  flavefaciens  FDI | Cas13 | RNA
Contig105, whole genome shotgun
sequence|cas13a]CRISPR|Type6A

JTLD01000029.1 JTLD01000029.1 Alistipes sp. ZOR0009 L990 29, whole | Cas13 | RNA
genome shotgun sequence|cas13b|CRISPR|Type6B

GAE20957.1 GAE20957.1 hypothetical ~ protein ~ JCM10003 349 | Casl3 | RNA
[Bacteroides pyogenes JCM 10003]|cas13b|CRISPR|Type6B

EKB54193.1 EKB54193.1 hypothetical protein HMPREF9699 02005 | Cas13 | RNA
[Bergeyella zoohelcum ATCC
43767]|cas13b|CRISPR|Type6B

AEK23281.1 AEK23281.1 Hypothetical protein Ccan 11650 | Casl3 | RNA
[Capnocytophaga canimorsus Cc5]|cas13b|CRISPR|Type6B

KN549099.1 KN549099.1 Chryseobacterium sp. YR477 genomic scaffold | Cas13 | RNA
EW78DRAFT scaffold00001.1, whole genome shotgun
sequence|cas13b|CRISPR|Type6B

KIX21336.1 KIX21336.1 hypothetical protein SY27 06350 | Cas13 | RNA
[Flavobacterium sp. 316]|cas13b|CRISPR|Type6B

CCB70204.1 CCB70204.1 Hypothetical protein FBFL15 2182 | Casl3 | RNA
[Flavobacterium branchiophilum
FL15]|cas13b|CRISPR|Type6B

AMAA48551.1 AMAA48551.1 hypothetical ~ protein ~ AWN65 03295 | Cas13 | RNA
[Flavobacterium columnare]|cas13b|CRISPR|Type6B

AEW86266.1 AEW86266.1 hypothetical protein FCOL 07235 | Cas13 | RNA
[Flavobacterium columnare ATCC
49512]|cas13b|CRISPR|Type6B

EHO06562.1 EHO06562.1 hypothetical protein HMPREF9712 03108 | Casl3 | RNA
[Myroides odoratimimus CCuUG
10230]|cas13b|CRISPR|Type6tB

EHOO08761.1 EHOO08761.1 hypothetical protein HMPREF9714 02132 | Casl3 | RNA
[Myroides odoratimimus CCUG
12901]|cas13b|CRISPR|Type6B

EKB06014.1 EKB06014.1 hypothetical protein HMPREF9711 00870 | Casl3 | RNA
[Myroides odoratimimus CCUG
3837]|cas13b|CRISPR|Type6B

ADQ80738.1 ADQS80738.1 hypothetical protein Palpr 2606 [Paludibacter | Cas13 | RNA

propionicigenes WB4]|cas13b/CRISPR|Type6B
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Table 3.1: CRISPR effectors analyzed for immune orthogonality... (Continued)

Accession ID Name Gene | Nucleic
family | acid

KGES88582.1 KGES88582.1 hypothetical protein IX84 07840 | Cas13 | RNA
[Phaeodactylibacter xiamenensis]|cas13b|CRISPR|Type6B

KGL55352.1 KGL55352.1 hypothetical protein HQS50 05870 | Casl3 | RNA
[Porphyromonas sp. COTO052
OH4946]|cas13b|CRISPR|Type6B

ALJ25681.1 ALJ25681.1 hypothetical protein PGF 00012420 | Cas13 | RNA
[Porphyromonas gingivalis 381]|cas13bJCRISPR|Type6B

ALJ26029.1 ALJ26029.1 hypothetical protein PGF 00016090 | Cas13 | RNA
[Porphyromonas gingivalis 381]|cas13bJCRISPR|Type6B

AL0O30226.1 AL0O30226.1 hypothetical protein PGS 00015470 | Cas13 | RNA
[Porphyromonas gingivalis A7A128]|cas13b/CRISPR|Type6B

ALA94104.1 ALA94104.1 hypothetical protein PGJ 00015140 | Cas13 | RNA
[Porphyromonas gingivalis AJW4]|cas13bJCRISPR|Type6B

GAP82240.1 GAP82240.1 hypothetical ~ protein ~ PGANDO 1674 | Cas13 | RNA
[Porphyromonas gingivalis]|cas13b|CRISPR|Type6B

ERJ81987.1 ERJ81987.1 hypothetical protein HMPREF1988 01768 | Cas13 | RNA
[Porphyromonas gingivalis FO185]|cas13bJCRISPR|Type6B

ERJ65637.1 ERJ65637.1 hypothetical protein HMPREF1553 02065 | Cas13 | RNA
[Porphyromonas gingivalis F0568]|cas13bJCRISPR|Type6B

ERJ65503.1 ERJ65503.1 hypothetical protein HMPREF1554 01647 | Casl3 | RNA
[Porphyromonas gingivalis F0569]|cas13b|CRISPR|Type6B

ERJ64231.1 ERJ64231.1 hypothetical protein HMPREF1555 01956 | Cas13 | RNA
[Porphyromonas gingivalis F0570]|cas13bJCRISPR|Type6B

AlJ36392.1 AlJ36392.1 hypothetical protein EG14 10345 | Cas13 | RNA
[Porphyromonas gingivalis]|cas13b|CRISPR|Type6B

EOA10535.1 EOA10535.1 hypothetical protein A343 1752 | Cas13 | RNA
[Porphyromonas gingivalis JCVI
SC001]|cas13b|CRISPR|Type6tB

BAK25606.1 BAK25606.1  hypothetical  protein =~ PGTDC60 1457 | Casl3 | RNA
[Porphyromonas gingivalis TDC60]|cas13b|CRISPR|Type6B

ERJ88434.1 ERJ88434.1 hypothetical protein HMPREF1990 01280 | Cas13 | RNA
[Porphyromonas gingivalis W4087]|cas13b|/CRISPR|Type6B

ERJ87335.1 ERJ87335.1 hypothetical protein HMPREF1990 01800 | Cas13 | RNA
[Porphyromonas gingivalis W4087]|cas13b/CRISPR|Type6B

EIW94777.1 EIW94777.1 hypothetical protein HMPREF1322 1926 | Casl3 | RNA
[Porphyromonas gingivalis W50]|cas13b|CRISPR|Type6B

AAQ65551.1 AAQ65551.1 hypothetical protein PG 0338 [Porphyromonas | Cas13 | RNA
gingivalis W83]|cas13b|CRISPR|Type6B

KGN88274.1 KGN88274.1 hypothetical protein HRO8 00310 | Cas13 | RNA
[Porphyromonas gulae]|cas13b|CRISPR|Type6B

KKC50278.1 KKC50278.1 hypothetical protein HR10 10685 | Cas13 | RNA
[Porphyromonas gulae]|cas13bJCRISPR|Type6B

KGN87312.1 KGN87312.1 hypothetical protein HQ46 09365 | Casl3 | RNA
[Porphyromonas gulae]|cas13b|CRISPR|Type6B

KGN85385.1 KGN85385.1 hypothetical protein HR15 09830 | Cas13 | RNA
[Porphyromonas gulae]|cas13b|CRISPR|Type6B

KGN76020.1 KGN76020.1 hypothetical protein HQA40 04325 | Casl3 | RNA
[Porphyromonas gulae]|cas13b|CRISPR|Type6B

KGO05347.1 KGO005347.1 hypothetical protein HR16 00525 | Cas13 | RNA

[Porphyromonas gulae]|cas13b|CRISPR|Type6B
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Accession ID Name Gene | Nucleic
family | acid

KGL48767.1 KGL48767.1 hypothetical protein HQ49 06245 | Casl3 | RNA
[Porphyromonas gulae]|cas13b|CRISPR|Type6B

KBg899147.1 KB899147.1 Porphyromonas gulae DSM 15663 genomic | Casl3 | RNA
scaffold F452DRAFT scaffold00001.1, whole genome
shotgun sequence|cas13b|CRISPR|Type6B

JHUWO01000010.1 JHUWO01000010.1 Prevotella sp. MA2016 | Casl3 | RNA
T360DRAFT _scaffold00006.6 C, whole genome shotgun
sequence|cas13b|CRISPR|Type6B

EJP27887.1 EJP27887.1 hypothetical protein HMPREF1146 2324 | Casl3 | RNA
[Prevotella sp. MSX73]|cas13b|CRISPR|Type6B

KIP58075.1 KIP58075.1 hypothetical protein ST42 02830 [Prevotella sp. | Cas13 | RNA
P476]|cas13b|CRISPR|Type6B

KIP63359.1 KIP63359.1 hypothetical protein ST44 03600 [Prevotella sp. | Cas13 | RNA
P5119]|cas13b|CRISPR|Type6B

KIP62088.1 KIP62088.1 hypothetical protein ST45 06380 [Prevotella sp. | Cas13 | RNA
P5125]|cas13b|CRISPR|Type6B

KIP58950.1 KIP58950.1 hypothetical protein ST43 06385 [Prevotella sp. | Cas13 | RNA
P560]|cas13b|CRISPR|Type6B

BAKF01000019.1 BAKF01000019.1 Prevotella aurantiaca JCM 15754 DNA, | Casl3 | RNA
contig: JCM15754.contig0019, whole genome shotgun
sequence|cas13b|CRISPR|Type6B

EFU31981.1 EFU31981.1 hypothetical protein HMPREF6485 0083 | Cas13 | RNA
[Prevotella buccae ATCC 33574]|cas13b|CRISPR|Type6B

JVYU01002440.1 JVYU01002440.1 Prevotella denticola strain 1208 PDEN | Cas13 | RNA
5213 4533 340438, whole genome shotgun
sequence|cas13b|CRISPR|Type6B

BAJY01000004.1 BAJY01000004.1 Prevotella falsenii DSM 22864 = JCM | Casl3 | RNA
15124 DNA, contig: JCM15124.contigd0004, whole genome
shotgun sequence|cas13b|CRISPR|Type6B

AFJ07523.1 AFJ07523.1 hypothetical protein PIN17 0200 [Prevotella | Cas13 | RNA
intermedia 17]|cas13b|CRISPR|Type6B

KE392225.1 KE392225.1 Prevotella intermedia ATCC 25611 = DSM | Casl3 | RNA
20706 genomic scaffold GS553DRAFT scaffold00013.13,
whole genome shotgun sequencelcas13b|CRISPR|Type6B

KJJ86756.1 KJJ86756.1 hypothetical protein M573 117042 [Prevotella | Casl3 | RNA
intermedia ZT]|cas13b|CRISPR|Type6B

EGQ18444.1 EGQ18444.1 hypothetical protein HMPREF9144 1146 | Casl3 | RNA
[Prevotella pallens ATCC 700821]|cas13b|CRISPR|Type6B

ERJ98772.1 ERJ98772.1 hypothetical protein HMPREF1218 0639 | Casl3 | RNA
[Prevotella pleuritidis FO068]|cas13b|CRISPR|Type6B

BAJN01000005.1 BAJNO01000005.1 Prevotella pleuritidis JCM 14110 DNA, | Casl3 | RNA
contig: JCM14110.contig00005, whole genome shotgun
sequence|cas13b|CRISPR|Type6B

EKY00089.1 EKY00089.1 hypothetical protein HMPREF9151 01387 | Casl3 | RNA
[Prevotella saccharolytica F0055]|cas13b|CRISPR|Type6B

BAKNO01000001.1 BAKNO01000001.1 Prevotella saccharolytica JCM 17484 | Casl3 | RNA
DNA, contig: JCM17484.contig00001, whole genome shotgun
sequence|cas13b|CRISPR|Type6B

AKP71851.1 AKP71851.1 hypothetical protein CG09 1718 [Riemerella | Cas13 | RNA

anatipestifer]|cas13b|CRISPR|Type6B
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Accession ID Name Gene | Nucleic
family | acid

AGC41344.1 AGC41344.1 hypothetical protein G148 2040 [Riemerella | Cas13 | RNA
anatipestifer RACH2]|cas13b|CRISPR|Type6B

AKQ40303.1 AKQ40303.1 hypothetical protein AS87 08290 [Riemerella | Cas13 | RNA
anatipestifer Yb2]|cas13b|CRISPR|Type6B

JTLI01000096.1 JTLI01000096.1 Cetobacterium sp. ZOR0034 1992 97, | Cas13 | RNA
whole genome shotgun sequencel|cas13c|CRISPR|Type6C

KDE72144.1 KDE72144.1 hypothetical protein FUSOS8 06265 | Cas13 | RNA
[Fusobacterium necrophorum DJ2]|cas13¢|CRISPR|Type6C

EHO19081.1 EHO19081.1 hypothetical protein HMPREF9466 01873 | Casl3 | RNA
[Fusobacterium necrophorum subsp. funduliforme
1 1 36S]|cas13c|CRISPR|Type6C

E1J68860.1 E1J68860.1 hypothetical protein HMPREF1049 0423 | Casl3 | RNA
[Fusobacterium necrophorum subsp. funduliforme ATCC
51357]|cas13c|CRISPR|Type6C

JHXWO01000011.1 JHXWO01000011.1 Fusobacterium perfoetens ATCC 29250 | Casl3 | RNA

T364DRAFT scaffold00009.9 C, whole genome shotgun
sequencelcas13¢c|CRISPR|Type6C

Table 3.2: AAV VP1 orthologs analyzed for immune orthogonality.

Accession ID

Name

3J1Q_A Adeno-associated virus DJ, A Retargeted Gene Therapy Vector
AAB95450.1 capsid protein VP1 [Adeno-associated virus 6]

AAB95452.1 capsid protein VP1 [Adeno-associated virus 3B]
AAO088183.1 capsid protein [Non-human primate Adeno-associated virus]
AAO88184.1 capsid protein [Non-human primate Adeno-associated virus]
AAO88185.1 capsid protein [Non-human primate Adeno-associated virus]
AAO088186.1 capsid protein [Non-human primate Adeno-associated virus]
AAO088187.1 capsid protein [Non-human primate Adeno-associated virus]
AAO88188.1 capsid protein [Non-human primate Adeno-associated virus]
AAO088189.1 capsid protein [Non-human primate Adeno-associated virus]
AA088190.1 capsid protein [Non-human primate Adeno-associated virus]
AAO088191.1 capsid protein [Non-human primate Adeno-associated virus]
AAO088192.1 capsid protein [Non-human primate Adeno-associated virus]
AAO088193.1 capsid protein [Non-human primate Adeno-associated virus]
AAO088194.1 capsid protein [Non-human primate Adeno-associated virus]
AAO088195.1 capsid protein [Non-human primate Adeno-associated virus]
AA088196.1 capsid protein [Non-human primate Adeno-associated virus]
AAO088197.1 capsid protein [Non-human primate Adeno-associated virus]
AAO088198.1 capsid protein [Non-human primate Adeno-associated virus]

81
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Accession ID

Name

AAO088199.1 capsid protein [Non-human primate Adeno-associated virus]
AA088200.1 capsid protein [Non-human primate Adeno-associated virus]
AAO088201.1 capsid protein [Non-human primate Adeno-associated virus]
AA088202.1 capsid protein [Non-human primate Adeno-associated virus]
AA088203.1 capsid protein [Non-human primate Adeno-associated virus]
AA088204.1 capsid protein [Non-human primate Adeno-associated virus]
AA088205.1 capsid protein [Non-human primate Adeno-associated virus]
AA0882006.1 capsid protein [Non-human primate Adeno-associated virus]
AA088207.1 capsid protein [Non-human primate Adeno-associated virus]
AA088208.1 capsid protein [Non-human primate Adeno-associated virus]
AA088209.1 capsid protein [Non-human primate Adeno-associated virus]
AARO07955.1 capsid protein [Snake adeno-associated virus]

AAS99238.1 capsid protein VP1 [Adeno-associated virus]

AAS99239.1 capsid protein VP1 [Adeno-associated virus]

AAS99240.1 capsid protein VP1 [Adeno-associated virus]

AAS99241.1 capsid protein VP1 [Adeno-associated virus]

AAS99242.1 capsid protein VP1 [Adeno-associated virus]

AAS99243.1 capsid protein VP1 [Adeno-associated virus]

AAS99244.1 capsid protein VP1 [Adeno-associated virus]

AAS99245.1 capsid protein VP1 [Adeno-associated virus]

AAS99246.1 capsid protein VP1 [Adeno-associated virus]

AAS99247.1 capsid protein VP1 [Adeno-associated virus]

AAS99248.1 capsid protein VP1 [Adeno-associated virus]

AAS99249.1 capsid protein VP1 [Adeno-associated virus]

AAS99250.1 capsid protein VP1 [Adeno-associated virus]

AAS99251.1 capsid protein VP1 [Adeno-associated virus]

AAS99252.1 capsid protein VP1 [Adeno-associated virus]

AAS99253.1 capsid protein VP1 [Adeno-associated virus]

AAS99254.1 capsid protein VP1 [Adeno-associated virus]

AAS99255.1 capsid protein VP1 [Adeno-associated virus]

AAS99256.1 capsid protein VP1 [Adeno-associated virus]

AAS99257.1 capsid protein VP1 [Adeno-associated virus]

AAS99258.1 capsid protein VP1 [Adeno-associated virus]

AAS99259.1 capsid protein VP1 [Adeno-associated virus]

AAS99260.1 capsid protein VP1 [Adeno-associated virus]

AAS99261.1 capsid protein VP1 [Adeno-associated virus]

82




Table 3.2: AAV VP1 orthologs analyzed for immune orthogonality... (Continued)

Accession ID | Name

AAS99262.1 capsid protein VP1 [Adeno-associated virus]
AAS99263.1 capsid protein VP1 [Adeno-associated virus]
AAS99264.1 capsid protein VP1 [Adeno-associated virus 9]
AAS99265.1 capsid protein VP1 [Adeno-associated virus]
AAS99266.1 capsid protein VP1 [Adeno-associated virus]
AAS99267.1 capsid protein VP1 [Adeno-associated virus]
AAS99268.1 capsid protein VP1 [Adeno-associated virus]
AAS99269.1 capsid protein VP1 [Adeno-associated virus]
AAS99270.1 capsid protein VP1 [Adeno-associated virus]
AAS99271.1 capsid protein VP1 [Adeno-associated virus]
AAS99273.1 capsid protein VP1 [Adeno-associated virus]
AAS99274.1 capsid protein VP1 [Adeno-associated virus]
AAS99275.1 capsid protein VP1 [Adeno-associated virus]
AAS99276.1 capsid protein VP1 [Adeno-associated virus]
AAS99277.1 capsid protein VP1 [Adeno-associated virus]
AAS99278.1 capsid protein VP1 [Adeno-associated virus]
AAS99279.1 capsid protein VP1 [Adeno-associated virus]
AAS99280.1 capsid protein VP1 [Adeno-associated virus]
AAS99281.1 capsid protein VP1 [Adeno-associated virus]
AAS99282.1 capsid protein VP1 [Adeno-associated virus]
AAS99283.1 capsid protein VP1 [Adeno-associated virus]
AAS99284.1 capsid protein VP1 [Adeno-associated virus]
AAS99285.1 capsid protein VP1 [Adeno-associated virus]
AAS99286.1 capsid protein VP1 [Adeno-associated virus]
AAS99287.1 capsid protein VP1 [Adeno-associated virus]
AAS99288.1 capsid protein VP1 [Adeno-associated virus]
AAS99289.1 capsid protein VP1 [Adeno-associated virus]
AAS99290.1 capsid protein VP1 [Adeno-associated virus]
AAS99291.1 capsid protein VP1 [Adeno-associated virus]
AAS99292.1 capsid protein VP1 [Adeno-associated virus]
AAS99293.1 capsid protein VP1 [Adeno-associated virus]
AAS99294.1 capsid protein VP1 [Adeno-associated virus]
AAS99295.1 capsid protein VP1 [Adeno-associated virus]
AAS99296.1 capsid protein VP1 [Adeno-associated virus]
AAS99297.1 capsid protein VP1 [Adeno-associated virus]
AAS99298.1 capsid protein VP1 [Adeno-associated virus]
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Accession ID

Name

AAS99299.1 capsid protein VP1 [Adeno-associated virus]
AAS99300.1 capsid protein VP1 [Adeno-associated virus]
AAS99301.1 capsid protein VP1 [Adeno-associated virus]
AAS99302.1 capsid protein VP1 [Adeno-associated virus]
AAS99303.1 capsid protein VP1 [Adeno-associated virus]
AAS99304.1 capsid protein VP1 [Adeno-associated virus]
AAS99305.1 capsid protein VP1 [Adeno-associated virus]
AAS99306.1 capsid protein VP1 [Adeno-associated virus]
AAS99307.1 capsid protein VP1 [Adeno-associated virus]
AAS99308.1 capsid protein VP1 [Adeno-associated virus]
AAS99309.1 capsid protein VP1 [Adeno-associated virus]
AAS99310.1 capsid protein VP1 [Adeno-associated virus]
AAS99311.1 capsid protein VP1 [Adeno-associated virus]
AAS99312.1 capsid protein VP1 [Adeno-associated virus]
AAS99313.1 capsid protein VP1 [Adeno-associated virus]
AAS99314.1 capsid protein VP1 [Adeno-associated virus]
AAT46337.1 capsid protein VP1 [Adeno-associated virus 10]
AAT46339.1 capsid protein VP1 [Adeno-associated virus 11]
AAT48613.1 capsid protein [Avian adeno-associated virus ATCC VR-865]
AAT48615.1 capsid protein [Avian adeno-associated virus strain DA-1]
AAU05358.1 capsid protein VP1 [Adeno-associated virus]
AAU05360.1 capsid protein VP1 [Adeno-associated virus]
AAU05362.1 capsid protein VP1 [Adeno-associated virus]
AAU05364.1 capsid protein VP1 [Adeno-associated virus]
AAU05368.1 capsid protein VP1 [Adeno-associated virus]
AAU05370.1 capsid protein VP1 [Adeno-associated virus]
AAUO05371.1 capsid protein VP1 [Adeno-associated virus]
AAU05372.1 capsid protein VP1 [Adeno-associated virus]
AAZT79672.1 VP1 capsid [Mouse adeno-associated virus 1]
AAZT79676.1 VP1 capsid [Rat adeno-associated virus 1]

ABA71699.1 capsid protein [Adeno-associated virus VR-195]
ABA71701.1 capsid protein [Adeno-associated virus VR-355]
ABI16639.1 capsid protein VP1 [Adeno-associated virus 12]
ABZ10812.1 capsid protein VP1 [Adeno-associated virus 13]
ACB55301.1 capsid protein VP1, partial (endogenous virus) [Adeno-associated virus]
ACB55302.1 capsid protein VP1, partial (endogenous virus) [Adeno-associated virus]
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Accession ID

Name

ACB55303.1 capsid protein VP1, partial (endogenous virus) [Adeno-associated virus]
ACB55304.1 capsid protein VP1, partial (endogenous virus) [Adeno-associated virus]
ACB55305.1 capsid protein VP1, partial (endogenous virus) [Adeno-associated virus]
ACB55306.1 capsid protein VP1, partial (endogenous virus) [Adeno-associated virus]
ACB55307.1 capsid protein VP1, partial (endogenous virus) [Adeno-associated virus]
ACB55308.1 capsid protein VP1, partial (endogenous virus) [Adeno-associated virus]
ACB55309.1 capsid protein VP1, partial (endogenous virus) [Adeno-associated virus]
ACB55310.1 capsid protein VP1, partial (endogenous virus) [Adeno-associated virus]
ACB55311.1 capsid protein VP1, partial (endogenous virus) [Adeno-associated virus]
ACB55312.1 capsid protein VP1, partial (endogenous virus) [Adeno-associated virus]
ACB55313.1 capsid protein VP1, partial (endogenous virus) [Adeno-associated virus]
ACB55314.1 capsid protein VP1, partial (endogenous virus) [Adeno-associated virus]
ACB55315.1 capsid protein VP1, partial (endogenous virus) [Adeno-associated virus]
ACBS55316.1 capsid protein VP1, partial (endogenous virus) [Adeno-associated virus]
ACB55317.1 capsid protein VP1, partial (endogenous virus) [Adeno-associated virus]
AGA15924.1 capsid protein VP1 [Adeno-associated virus]

AGA15925.1 capsid protein VP1 [Adeno-associated virus]

AGA15926.1 capsid protein VP1 [Adeno-associated virus]

AGA15927.1 capsid protein VP1 [Adeno-associated virus]

AHK?22793.1 capsid protein [Avian adeno-associated virus]

AKU89595.1 capsid protein VP1 [Adeno-associated virus - Anc80L65]

AKU89596.1 capsid protein [Adeno-associated virus]

AKU89597.1 capsid protein [Adeno-associated virus]

AKU89598.1 capsid protein [Adeno-associated virus]

AKU89599.1 capsid protein [Adeno-associated virus]

AKU89600.1 capsid protein [Adeno-associated virus]

AKU89601.1 capsid protein [Adeno-associated virus]

AKU89602.1 capsid protein [Adeno-associated virus]

AKU89603.1 capsid protein [Adeno-associated virus]

AOL02447.1 capsid protein [Adeno-associated virus]

APD78414.1 capsid protein [Simian Adeno-associated virus]

NP _043941.1 capsid protein VP1 [Adeno-associated virus 3]

NP_044927.1 capsid protein VP1 [Adeno-associated virus 4]

NP_049542.1 capsid protein VP1 [Adeno-associated virus 1]

pdbj4IOV|A capsid protein VP1 [Adeno-associated virus - rh32.33]

YP_068409.1 capsid protein VP1 [Adeno-associated virus 5]
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Table 3.2: AAV VP1 orthologs analyzed for immune orthogonality... (Continued)

Accession ID | Name
YP 077178.1 capsid protein VP1 [Adeno-associated virus 7]
YP 077180.1 capsid protein VP1 [Adeno-associated virus §]
YP 077183.1 capsid protein [Avian adeno-associated virus strain DA-1]
YP_680426.1 capsid protein VP1 [Adeno-associated virus 2]
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Figure 3.1: Assessing immune orthogonality among CRISPR effectors and AAV capsids. (a)
The in silico workflow used to find immune-orthogonal protein-homologue cliques. (b)
Immunologically uninformed sequence comparison was carried out by checking all k-mers in a
protein for their presence in another protein sequence with either zero or one mismatch. The x axis
corresponds to k&, whereas MHCI and MHCII show overlap only of peptides predicted to bind to
MHC class I and class II molecules; 48% of Cas9 pairs show no 6-mer overlap, and 79% of pairs
show no overlapping MHC-binding peptides. (c) Immunologically uninformed sequence
comparison as in (b) but for AAV VPI capsid proteins. All AAV pairs contain overlapping MHC-

binding peptides.
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Cas9 cliques: 6-mer peptide overlaps
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Figure 3.2: Cas9 immune orthogonal cliques. Cliques corresponding to 6-mer overlaps are
depicted. An example of an orthogonal clique is highlighted, which includes Cas9s from: S.
pyogenes, S. aureus, B. longum, A. muciniphila, and O. laneus.
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3.1.2 Confirming humoral immune orthogonality among Cas9 proteins

To test our immunological predictions and to establish the utility of this approach, we
narrowed in on a 5-member clique containing the ubiquitously used S. pyogenes Cas9 in addition
to the well-characterized S. aureus Cas9 (Figure 3.2). To determine whether either of these
proteins have cross-reacting antibody responses, we injected mice with 10'2 vg of either AAVS or
AAVDJ capsids containing SaCas9 or SpCas9 transgenes via retro-orbital injections and harvested
serum at days O (pre-injection), and periodically over 4-6 weeks (Figure 3.4a). SpCas9-specific
antibodies were detected in the plasma of all mice injected with SpCas9 (n=6), and notably none
of the mice injected with SaCas9 (n=12) (Figure 3.4b). Half of the mice injected with SaCas9
AAVs (n=12) developed detectable antibodies against SaCas9, whereas none of the mice injected
with SpCas9 AAVs (n=6) developed an antibody response against SaCas9. These results were
confirmed in an independent study in which SpCas9-specific antibodies, but not SaCas9-specific
antibodies, were detected in the plasma of mice injected with AAV-SpCas9 (n=12). These mice
were injected retro-orbitally with 10'? vg of AAV8-SpCas9 or AAVDJ-SpCas9, and also received
an additional intramuscular injection with 10'' vg at week 4. (Figure 3.4¢). Taken together, our
data confirms that SpCas9 and SaCas9 have humoral immune orthogonality. As an additional step,
we tested another Cas9 ortholog from Campylobacter jejuni, useful for AAV-based delivery due
to its small size. Mice injected retro-orbitally with 10'?> vg AAV8-CjCas9 (n=12) showed no
significant humoral response to Sp- or SaCas9 after 4 weeks (Figure 3.5), confirming immune

orthogonality for a set of 3 unique Cas9 orthologs.
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Figure 3.4: Humoral immune orthogonality among Cas9 and AAYV proteins. (a) Mice were
exposed to antigens by retro-orbital injections at 1 x 10! VG per mouse. Serum was collected
before injection on day 0, and at multiple points over the course of 4—6 weeks. (b) Levels of anti-
SpCas9 antibodies generated in mice injected with either SpCas9 (n = 6) or SaCas9 (n=12), and
levels of anti-SaCas9 antibodies generated in mice injected with either SpCas9 (n = 6) or SaCas9
(n=12). Data are mean + s.e.m. Each data point represents an individual mouse. (c) Levels of anti-
SpCas9 and anti-SaCas9 antibodies generated by mice injected retro-orbitally 1 x 10!2 VG on day
0 and intramuscularly with 1 x 10'"' VG on week 4 with AAV8-SpCas9 (n = 12; left) or AAVDI-
SpCas9 (n =12; right). Data are mean + s.e.m. Each data point represents an individual mouse. (d)
Levels of anti-AAV8/AAVDJ/AAV2/AAVS antibodies generated in mice injected with either
AAVS8 or AAVDIJ (n=4 for all panels), or with either AAV2 or AAVS (n =6 for all panels except
for the AAVDJ serum ELISA at the week 6 time point for which n=15). Data are mean + s.e.m.
Each data point represents an individual mouse.
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Figure 3.5: Confirming immune orthogonality of C. jejuni Cas9 to Sp- and SaCas9. Anti-
SpCas9 antibodies generated in mice injected with SpCas9 (n=3) and CjCas9 (n=12), and anti-
SaCas9 antibodies generated in mice injected with SaCas9 (n=3) and CjCas9 (n=12) are shown.
Results are shown as mean + s.e.m. Each data point represents an individual mouse. Mice injected
retro-orbitally with 1x10 12 vg/mouse AAV8-CjCas9 targeting PCSK9 showed no significant
response to Sp- or SaCas9.

3.1.3 Confirming broad immune cross-reactivity among AAV serotypes

AAVs are becoming a preferred delivery vehicle due to their ability to avoid induction of
a strong CD8+ T-cell response, however, the presence of neutralizing antibodies remains a
significant barrier to successful application of AAV therapies. Consistent with previous results®!,
we found shared immunogenic peptides among all human AAV serotypes (Figure 3.6). We
confirmed the lack of orthogonality for two serotypes, AAV8 and AAVDJ, in which we found that
antibodies produced in mice injected with AAV8 or AAVDIJ react to both AAV8 and AAVDIJ
antigens (Figure 3.4d). Our analysis suggests that there are no two known AAVs for which
exposure to one would guarantee immune naiveté to another across all MHC genotypes. However,
immune cross-reaction could be minimized through the use of AAV533233 the most
phylogenetically divergent serotype. Our predictions identify only a single shared highly

immunogenic peptide between AAVS and the commonly used AAV2 and AAVS in the mouse

model (though several other shared peptides of mild MHC affinity exist). We confirmed this via
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ELISAs, where mice injected with AAV?2 did not elicit antibodies against AAVS and AAVS, and

mice injected with AAVS did not elicit antibodies against AAVDJ and AAVS (Figure 3.4d).
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Figure 3.6: Major human AAYV serotype groups. (a) AAV immune orthogonal cliques over §1
HLA alleles. AAVS is the most immune-divergent in comparison to the other serotypes. No
orthogonal cliques exist. (b) AAV phylogeny showing major serotype groupings as well as the
position of the reconstructed sequence Anc80L65.
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3.1.4 Overcoming immune barriers to effective gene editing

Having demonstrated that AAV-Cas9s elicit an immune response in the mouse model, and
that the humoral responses to SpCas9 and SaCas9 do not cross-react, we next performed a two-
step dosing experiment to test whether these immune responses inhibit the efficacy of multi-dose
gene editing, and whether using immune-orthogonal orthologs in sequence can avoid immune-
mediated inhibition of gene editing (Figure 2.4a, 3.7). For this experiment, we used another mouse
strain, BALB/c, in order to verify and characterize the immune response in two independent
strains. The first round of dosing contained no gRNA and served to immunize the mice against the
second dose, which contained an active AAV8-SaCas9 with gRNA targeting PCSK9, allowing us
to directly measure genome editing efficiency by sequencing, as well as serum PCSK9 levels as a
phenotypic readout for therapeutic efficacy. Additionally, we measured IgG responses to all AAV
and Cas9 used in the experiment. As expected from previous preclinical work on AAV therapies,
prior exposure and humoral immunity to AAV8 (AAV8-mCherry) abolished the effectiveness of
subsequent gene editing when using AAVS as the delivery vector (AAV8-SaCas9). Importantly,
this effect was not seen with previous exposure to AAVS5 (AAV5-mCherry), and subsequent
dosing with AAV8-SaCas9 resulted in strong genome editing and PCSK9 knockdown similar to

the effects of AAV8-SaCas9 dosing in naive mice (Figures 2.4b, 2.4¢).
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Figure 3.7: Time course of multiple dosing with immune orthogonal orthologues. (a) Mice
were initially immunized (via retro-orbital injections of saline or AAV-CRISPRs at 1x10 12
vg/mouse) with saline, AAV8-mCherry, AAV5-mCherry, AAV5-SaCas9, or AAV5-SpCas9 with
no gRNA. At 4 weeks, the mice were given a second dose of saline or AAV8-SaCas9 with a gRNA
targeting PCSK9. Serum was harvested prior to the first injection, and weekly thereafter. (b) Per
mouse SaCas9 and SpCas9 antibody levels were correlated with PCSKO9 levels at weeks 7 and 8
to determine if mice mounting stronger immune responses had reduced editing (n=6 for SaCas9
and SpCas9 groups). PCSK9 knockdown significantly correlates with SaCas9, but not SpCas9
antibody levels (F-test for non-zero slope; SaCas9 week 8: p=0.032, SaCas9 week 7: p=0.023;
SpCas9 week 8: p=0.329, SpCas9 week 7: p=0.354). (c) Time course of serum samples taken each
week. Shown are ELISAs for antibodies specific to SpCas9, SaCas9, AAVS, and AAVS. For all
panels, results are shown as mean + s.e.m. Each data point represents an individual mouse, with
n=6 mice per group.
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Although we do not necessarily expect this observed orthogonality between AAV8 and
AAVS5 to carry over into the human setting, here it allowed us to specifically test the effects of the
immune response to the Cas9 payload with minimal interference from the AAV delivery vector.
Mice first immunized against SaCas9 using AAVS showed a 35% reduced level of editing, a 38%
reduction in PCSK9 decrease, and a wider variation between mice. This may reflect a weak
immune response to SaCas9 in our mouse model, and/or a domination of private (individual) T-
cell responses to SaCas9. IgG ELISAs revealed that only a subset of mice immunized with AAV5-
SaCas9 developed an antibody response. We correlated the level of serum antibodies induced upon
SaCas9 immunization with the efficiency of PCSK9 editing after the second dose, finding that
mice with a stronger antibody response showed lower editing efficiency (Figure 3.7b). In contrast,
we found that mice first dosed with AAV5-SpCas9 showed robust editing similar to that in naive
mice, suggesting that the predicted and measured immune orthogonality of Sp- and SaCas9 can be
harnessed to circumvent immune barriers to gene editing.

To replicate these results in a different context, and to verify that immunity to Cas9
specifically can create a barrier to effective gene therapy, we conducted a slightly modified
immunization experiment. Here we used a Cas9 protein vaccine combined in emulsion with
Complete Freund’s Adjuvant (CFA) as the initial dose, thereby immunizing a Cas9-specific
primary response independently of AAV (Figure 2.4e). Subsequent dosing with AAV8-SaCas9
targeting PCSK9 recapitulated the results of AAV-based immunization, showing that prior
exposure to the SaCas9 protein, but not SpCas9, significantly reduced the effectiveness of SaCas9-
based gene editing by 42% and PCSK9 reduction by 51% (Figure 2.4g, 2.4g).

Taken together, anti-AAV and anti-Cas9 immunity represents a significant obstacle to

therapeutic efficacy, and the use of immune orthogonal AAVs and Cas proteins, by bypassing
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immune recall, enables effective gene-editing from repeated administrations of these therapeutic

modalities.

3.2 DISCUSSION

To elude the host immune response, we developed here a framework to compare protein
orthologs and their predicted binding to MHC I and MHC II by checking a sliding window of all
k-mers in a protein for their presence in another, focusing on peptides predicted to bind to at least
one MHC allele. Through this analysis, we identified cliques of Cas9 proteins that are immune
orthogonal. Based on these predictions, specific T-cell responses from one ortholog would not
cross-react with another ortholog of the same clique, preventing the re-activation of CD8+
cytotoxic T-cells, as well as the CD4+ T-cell help necessary to re-activate memory B-cells. We
confirmed these results through ELISAs and verified three well-characterized Cas9 proteins
(SpCas9, SaCas9, and CjCas9) to be immune orthogonal. Finally, we demonstrated in multiple
contexts that consecutive dosing with the same AAV or Cas9 ortholog can face diminished editing
efficacy which can be overcome with the use of immune orthogonal orthologs. Therefore, we
expect that proteins belonging to the same clique can be used sequentially without eliciting
memory T- and B- cell responses.

An important caveat is that each sequential ortholog should also be immune orthogonal to
the pre-existing immune repertoire. Very recent work has begun to explore pre-existing immunity
to Sp- and SaCas9?78288-327 in human donors. One potential repository of Cas9 to which humans
may not have any pre-existing immunity is in the genomes of extremophiles. However, although
humans are not likely to be exposed to these organisms previously, their Cas9s may nevertheless
be closely related to commensal or pathogenic species, and therefore immune orthogonality to pre-

existing immunity must be rigorously evaluated. To explore this issue, we categorized 240 Cas9s
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orthologs based on their species of origin as commensal, pathogenic, environmental, or
extremophile, and compared the immune orthogonality between these groups (Figure S9).
Preliminary analysis suggests that there may be extremophile Cas9s divergent enough as to be
orthogonal to pre-existing immunity, even when taking into account both pathogens and
commensals. Many more candidates are likely to be discovered as we continue cataloging
microbial diversity in a variety of environments using metagenomic approaches. Alongside this
process, more diverse Cas9s must be tested and studied to determine if and under what conditions

they will be usable in a mammalian setting.
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Figure 3.8: Exploring pre-existing CRISPR immunity. Cas9 orthologues were grouped into
pathogens, commensals, environmentals, and extremophiles based on their species of origin (see
species classification methods). Extremophile orthologues were assayed against pools of all 9-mer
peptides originating from Cas9s from pathogenic, commensal, and environmental species. A few
orthologues, including some highly divergent sequences from archaeal species, show near
complete 9-mer orthogonality to large contingents of possible pre-existing Cas9 immunity.
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Due to the importance of AAVs as a delivery agent in gene therapy, we also analyzed AAV
serotypes through our MHC I and II comparison framework and have demonstrated that no two
AAVs are predicted to be entirely immune orthogonal. However, with a known HLA genotype, it
may be possible to define a personalized regimen of immune orthogonal AAVs using currently
defined serotypes. For instance, use of AAVS minimizes immune cross-reactivity in mice and non-
human primates, as demonstrated by a recent study in which chimeric-AAVS immunized mice and
non-human primates successfully received a second dose of treatment with AAV 1333, However, in
the human setting we predict that there may be substantially more immune overlap between AAVS
and other AAVs. Additionally, it has been shown that memory B-cells heavily contribute to the

antibody response to similar but not identical antigens®3*

, indicating that partial orthogonality may
not be sufficient. Our analysis suggests that creating a pair of globally orthogonal AAV capsids
for human application would require >10 mutations in one of the two proteins. This hypothetical
orthogonal AAV capsid presents a substantial engineering challenge, as it requires mutating many
of the most conserved regions to achieve immune orthogonality.

Previous work has identified that MHC affinity is highly dependent on anchor residues at
either end of the binding pocket®*>. Residue diversity is more tolerated in the center of the binding
pocket, though it may be these residues that most impact antigen specificity, as it is thought that
they are central to interaction with the T-cell receptor (TCR). Comparing the number of
orthologous pairs in 9-mer space with the number of predicted orthologous pairs based on class II
binding predictions suggests that only approximately 65% of 9-mer peptides serve as appropriate
MHC class II binding cores, even across the thousands of HLA-2 combinations we explore here.

This under-sampling of peptide space by MHC molecules likely reflects the requirement for

hydrophobic anchor residues and leaves some space for protein de-immunization by mutation of
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immunogenic peptides to ones which never serve as MHC binding cores. Achieving this while
preserving protein function, however, has proven difficult even for few HLA alleles, and remains
a major protein engineering challenge. New technologies for directly measuring TCR affinity with

MHC-presented antigens®3°

will also further clarify the key antigenic peptides contributing to the
immune response, and will be useful to inform approaches here.

On a tangential note, recent work has indicated that MHC class I peptides may have
significant contribution from spliced host and pathogen-derived peptides created by proteasomal
processing?’. It is unclear how this may affect cross-recognition of proteins we predict to be
immune orthogonal. On the one hand, it provides a mechanism whereby very short antigenic
sequences spliced to the same host protein may result in cross-recognition of substantially different
foreign antigens, however, we expect this to be unlikely due to the massive number of possible
spliced peptides between the antigen and entire host proteome.

Overall, we believe our framework provides a potential solution for efficacious gene
therapy, not solely for Cas9-mediated genome engineering, but also for other protein therapeutics
that might necessitate repetitive treatments. Although using this approach still requires mitigating
the primary immune response, particularly antibody neutralization and CTL clearance, we expect
that epitope deletion and low-immunogenicity delivery vectors such as AAVs will mitigate this

problem, and the potential for repeated dosage will reduce the need for very high first-dose titers

and efficiency.

3.3 METHODS

3.3.1 Computational Methods

3.3.1.1 k-mer Analyses
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For Cas9, we initially chose 91 orthologs cited in exploratory studies cataloging the
diversity of the Cas9 protein3?2326338341 " including several that are experimentally well-
characterized. We subsequently expanded our analysis to a total of 240 Cas9 orthologs and 44
Cpfl/Casl2a orthologs for DNA-targeting CRISPR-associated effector proteins, and 84 RNA-
targeting CRISPR-associated effectors including Cas13a, b and c. For AAVs, we analyzed 167
sequences, focusing in on all 13 characterized human serotypes, as well as one isolate from rhesus
macaque (rh32), one engineered variant (DJ), and one reconstructed ancestral protein (Anc80L65).
We then compared total sequence similarity (immunologically uninformed) as well as predicted
binding to class I and class I MHC molecules (immunologically informed) between these proteins.
Immunologically uninformed sequence comparison was carried out by checking a sliding window
of all contiguous k-mers in a protein for their presence in another protein sequence with either zero

or one mismatch.

3.3.1.2 MHC Binding Predictions

Immunologically informed comparison was done in a similar fashion, but using only those
k-mers predicted to bind to at least one of 81 HLA-1 alleles using netMHC 4.02%* for class I (alleles

can be found at http://www.cbs.dtu.dk/services/NetMHC/MHC allele names.txt), and at least one

of 5,620 possible MHC II molecules based on 936 HLA-2 alleles using netMHCIIpan 3.1%%° for

class II (alleles can be found at http://www.cbs.dtu.dk/services/NetMHClIIpan-

3.1/alleles_name.list). We compared the use of netMHC to alternative immune epitope prediction

platforms such as the Immune Epitope Database (iedb.org)?*® and found very strong agreement
across software. Ultimately, we chose netMHC because of the larger number of HLA alleles it
supports. Sequences were defined as binding if the predicted affinity ranked in the top 2% of a test

library of 400,000 random peptides as suggested in the software guidelines. Generation of immune
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orthogonal cliques was carried out using the Bron-Kerbosch algorithm. Briefly, a graph was
constructed with each ortholog as a vertex, where the edges are defined by the number of shared
immunogenic peptides between the connecting vertices. Sets of proteins for which every pair in

the set is immune orthogonal constitutes a clique.

3.3.1.3 Phylogenetics and Species Classification

For phylogenetic analyses, protein sequences were aligned using MUSCLE, and distance
was calculated using the BLOSUM 62 matrix excluding indels. Phylogeny of AAV serotypes was
created using neighbor-joining on major serotype sequences. Categorization of Cas9 orthologs into
commensal, pathogenic, environmental, and extremophile species of origin was done by assessing
the source of the sample sequence. Sequences isolated from species which had been observed in
human-associated samples were classified as pathogenic if they had been reported to cause disease
(this would include species which are normally commensal, but opportunistically pathogenic), and
commensal otherwise. Sequences from species which are not known to be associated with the
human microbiome were classified as environmental unless the species was uniquely isolated from
extreme environments including but not limited to geothermal vents, deep anoxic groundwater,

fossil fuel deposits, and polar ice.

3.3.2 Experimental Methods

3.3.2.1 Vector design and construction

Split-SpCas9 AAV vectors were constructed by sequential assembly of corresponding gene
blocks (IDT) into a custom synthesized rAAV2 vector backbone?*”-?*8, The first AAV contains a

gRNA driven by a human RNA polymerase III promoter, U6, and a N-terminal Cas9 (NCas9)
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fused to an N-intein driven by a CMV promoter, as well as a polyadenylation (polyA) signal
(Truong et al., Moreno et al.) The second AAV cassette contains a CMV driven C-terminal Cas9
(CCas9) fused to a C-intein as well as a polyA signal. gRNA sequences were inserted into NCas9
plasmids by cloning oligonucleotides (IDT) encoding spacers into Agel cloning sites via Gibson
assembly. pX601-AAV-CMV::NLS-SaCas9-NLS-3xHA-bGHpA;U6::Bsal-sgRNA was a gift

from Feng Zhang (Addgene plasmid # 61591)

3.3.2.2 AAV Production

AAV2/8, AAV2/2, AAV2/5, AAV2/D] virus particles were produced using HEK293T
cells via the triple transfection method and purified via an iodixanol gradient*”. Confluency at
transfection was between 80% and 90%. Media was replaced with pre-warmed media 2 hours
before transfection. Each virus was produced in 5 x 15 cm plates, where each plate was transfected
with 7.5 pg of pXR-capsid (pXR-8, pXR-2, pXR-5, pXR-DJ), 7.5 of ug recombinant transfer
vector, and 22.5 pg of pAdS5 helper vector using PEI (1pg/ul linear PEI in 1x DPBS pH 4.5, using
HCI) at a PEI:DNA mass ratio of 4:1. The mixture was incubated for 10 minutes at RT and then
applied dropwise onto the media. The virus was harvested after 72 hours and purified using an
1odixanol density gradient ultracentrifugation method. The virus was then dialyzed with 1x PBS
(pH 7.2) supplemented with 50 mM NaCl and 0.0001% of Pluronic F68 (Thermo Fisher) using
100kDA filters (Millipore), to a final volume of ~1 ml and quantified by qPCR using primers
specific to the ITR region, against a standard (ATCC VR-1616).

AAV-ITR-F: 5’-CGGCCTCAGTGAGCGA-3" and

AAV-ITR-R: 5°-GGAACCCCTAGTGATGGAGTT-3".

3.3.2.3 Animal studies
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All animal procedures were performed in accordance with protocols approved by the
Institutional Animal Care and Use Committee (IACUC) of the University of California, San Diego.
All mice were acquired from Jackson labs. AAV injections were done in adult male C57BL/6J or

BALB/c mice (10 weeks) through retro-orbital injections using 1x10'? vg/mouse.

3.3.2.4 CFA immunizations

CFA immunizations were prepared by mixing CFA (Sigma-Aldrich) with 5 pg Cas9
protein or PBS at a 1:1 ratio using two syringes connected by an elbow joint to create an even

emulsion. 200 uL of CFA emulsion was injected subcutaneously into the flanks of adult mice.

3.3.2.5 ELISA

PCSK9: Levels of serum PCSK9 were measured using the Mouse Proprotein Convertase
9/PCSK9 Quantikine ELISA kit (R&D Systems) according to manufacturer’s guidelines. Briefly,
serum samples were diluted 1:200 in Calibrator diluent and allowed to bind for 2 h onto microplate
wells that were precoated with the capture antibody. Samples were then sequentially incubated
with PCSK9 conjugate followed by the PCSK9 substrate solution with extensive intermittent
washes between each step. The amount of PCSK9 in serum was estimated colorimetrically using
a standard microplate reader (BioRad iMark).

Cas9 and AAV: Recombinant SpCas9 protein (PNA Bio, cat. no. CP01), or SaCas9 protein
(ABM good, cat no. K144), was diluted in 1x coating buffer (Bethyl), and 0.5 pg was used to coat
each well of 96-well Nunc MaxiSorp Plates (ab210903) overnight at 4 °C. For AAV experiments,
10° vg of AAV-2, -5, -8 or -DJ in 1x coating buffer was used to coat each well of 96-well Nuc
MaxiSorp Plates. Plates were washed three times for 5 min with 350 pl of 1x Wash Buffer (Bethyl)

and blocked with 300 pul of 1x BSA Blocking Solution (Bethyl) for 2 h at RT. The wash procedure

105



was repeated. Serum samples were added at 1:40 dilution, and plates were incubated for 5 h at 4
°C with shaking. Wells were washed three times for 5 min, and 100 pl of HRP-labeled goat anti-
mouse I1gG1 (Bethyl; diluted 1:100,000 in 1% BSA Blocking Solution) was added to each well.
After incubating for lhr at RT, wells were washed four times for 5 min, and 100 pl of TMB
Substrate (Bethyl) was added to each well. Optical density (OD) at 450 nm was measured using a

plate reader (BioRad iMark).

3.3.2.6 NGS quantification of editing

Genomic DNA was extracted from samples of mouse livers using a DNA extraction kit
(Qiagen). A 200 bp region containing the target cut site of the PCSK9 gene was amplified by PCR
using 0.5 pg DNA (~100,000 diploid genomes) as the template. Libraries were prepared using
NEBNext [llumina library preparation kit and sequenced on an Illumina HiSeq. Each sample was
sequenced to a target depth of 100,000 reads. Adaptors were trimmed from resulting fastqs using
AdapterRemoval*®’ and NHEJ-repaired cleavage events resulting in a mutation were quantified

using CRISPResso"!.

3.3.2.8 Statistics

PCSK9 ELISA data from immunization experiments (Figures 3, S7), were normalized per
mouse to the average of the first 4 weeks of the experiment (during which time no active dose was
given), and then analyzed using a two-way repeated measures ANOVA to account for both time
and group membership as independent variables. Post hoc Tukey tests were used to compare across

groups at each timepoint as shown in Figure 3C.

3.3.2.9 Epitope prediction and peptide synthesis
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The MHC-binding peptides for our mouse model were predicted using the netMHC-4.0
and netMHClIIpan-3.1 online software with the alleles H-2-Db and H-2-Kb for class I and H-2-
IAb for class II. For MHCII, the top 10 peptides for Sp- and SaCas9 and top 5 peptides for
AAV-8 and AAV-DJ by percentile binding were selected for synthesis by Synthetic
Biomolecules as crude materials. For MHCI, we selected the top 20 peptides for Sp- and SaCas9
and the top 10 for AAV-8 and AAV-DJ. All peptides were dissolved in DMSO with a

concentration of 40 mg ml~! and stored at —20 °C.
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CHAPTER 4 — APPLYING LORAX TO PROGRESSIVELY DEIMMUNIZE CAS9

Immunogenicity is a major concern for protein-based therapeutics, particularly when using
proteins derived from non-human species. Induction of the immune response can render treatments
ineffective and cause serious, even life-threatening side effects’*>3* One strategy to overcome
immune induction by protein therapeutics is to mutate particularly immunogenic epitopes in the
target***343. However, this strategy is hindered by the ability of the adaptive immune system to
recognize multiple epitopes across large regions of the antigen. While epitope deletion efforts to
date have demonstrated reduced immunogenicity, their scope has been limited to only a few major
T- and B-cell epitopes®*!. As of yet it is not possible to make these studies comprehensive due to
1) the vast possible epitope space, and 2) protein engineering methods with limited throughput.

Variant library screening has proven to be an effective approach to protein engineering but
applying it in this case faces several technical challenges. One problem that arises when attempting
to create a de-immunized protein is the need to mutate multiple sites simultaneously across the full
length of the protein, as immune epitopes are often widely distributed in the protein sequence.
Mutating multiple sites simultaneously requires fully degenerate combinatorial libraries that can
very quickly balloon to unmanageable numbers of variants. Narrowing down this space by
intelligent selection of library members is necessary to define a tractable mutational landscape to
explore and critical for maximizing the chance of functional hits. Another problem is that reading
out combinatorial mutations scattered across large (>1kb) regions of the protein is extremely
difficult using typical short read sequencing platforms. The best current technique to get around
this issue has been to read out only short barcode sequences attached to each variant in order to
genotype libraries post-screen. This method has proven effective in numerous cases but is limited

by the difficulty of constructing large combinatorial libraries in which each member has a short,
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unique barcode whose relation to the overall sequence is known. To date, these issues have
generally limited combinatorial library screens to short regions able to be sequenced directly.

To overcome these challenges and to allow for the generation of heavily mutagenized
proteins we have developed several methodological innovations which, taken together, comprise
a protein engineering platform capable of screening millions of combinatorial variants
simultaneously with mutations spread across the full length of arbitrarily large proteins, with
computation-guided mutation design to maximize the probability of exploring functional mutation
space. In addition to these advantages, our platform can be applied iteratively to tackle particularly
challenging engineering tasks by exploring huge swaths of combinatorial mutation space
unapproachable using previous techniques. Furthermore, while this methodology is particularly
suited to the unique challenges of protein de-immunization, which we demonstrate here as our
proof-of-concept use case, it is also applicable to any potential protein engineering goal, so long
as there exists an appropriate screening procedure to select for the desired protein functionality.
The specific innovations which enable this technology are threefold: library design, library
construction, and sequencing readout linking genotype to phenotype.

The unmatched throughput and accuracy of short-read sequencing has revolutionized the
technical possibilities in biology. However, it does have its limitations, which come into play when
attempting long-range protein engineering. Instead, we apply long-read nanopore sequencing to
measure the results of the screens of our combinatorial libraries. This circumvents the limit of short
target regions and obviates the need for barcodes altogether by single-molecule sequencing of the
entire target gene, enabling library design strategies which can explore any region of the protein
in combination with any other region without any complicated cloning procedures required to

facilitate barcoding.
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To date, the adoption of nanopore sequencing has been limited by its high error rate, around
95% accuracy per DNA base, as compared to established short read techniques which are multiple
orders of magnitude more accurate. To address this challenge, we design our libraries such that
each variant we engineer will have multiple nucleotide changes for each single target amino acid
change, effectively increasing the sensitivity of nanopore based readouts exponentially with
increasing numbers of nucleotide changes per library member. The large majority of amino acid
substitutions are amenable to a library design paradigm in which each substitution is encoded by
two, rather than one, nucleotide changes, due to the degeneracy of the genetic code and the highly
permissive third “wobble” position of codons. For example, if the wild-type amino acid leucine is
encoded by the codon CTG, typically a substitution to the amino acid proline would be encoded
by the single nucleotide change T to C at the second position, resulting in a CCG codon. However,
it is also possible to use any of the other three codons encoding proline, CCT, CCC, and CCA,
each of which is two nucleotide changes away from the wild-type sequence. These changes are
much easier to reliably detect with error-prone long-read nanopore sequencing.

In order to narrow down the vast mutational space associated with combinatorial libraries,
we utilize an approach guided by evolution and natural variation. As de-immunizing protein
engineering seeks to alter the amino acid sequence of a protein without disrupting functionality, it
is extremely useful to narrow down mutations to those less likely to result in non-functional
variants. One way to identify these mutants is to leverage the large amounts of sequencing data
available to identify low-frequency SNPs that have been observed in natural environments. Such
variants are likely to have limited effect on protein function, as highly deleterious alleles would

likely be quickly selected out of natural populations and therefore not appear in sequencing data.

110



Using these likely neutral amino acid substitutions in combinatorial libraries should substantially
increase the likelihood of functional hits with enough epitope variation to evade immune induction.

An orthogonal, though complementary approach which we also use here is to screen
potential mutations for immunogenicity in silico using the netMHC epitope prediction software34S.
To this end, we screen both all possible mutations, as well as only those found in our phylogenetic
analysis described above in our top immunogenic epitopes, i.e., our target mutation sites, in order
to determine to what degree the mutations we engineer are likely to result in the de-immunization
of that particular epitope. This is a critical step as some mutations will have little effect on overall

immunogenicity both in terms of MHC binding and B-cell / T-cell receptor interactions.

4.1 RESULTS

4.1.1 LORAX

While variant library screening has proven to be an effective approach to protein

engineering47-3%4

, applying it to deimmunization faces three important technical challenges. One,
the need to mutate multiple sites simultaneously across the full length of the protein; two, reading
out the associated combinatorial mutations scattered across large (>1kb) regions of the protein via
typical short-read sequencing platforms; and three, engineering fully degenerate combinatorial
libraries which can very quickly balloon to unmanageable numbers of variants®3°-3, To overcome
these challenges, we developed several methodological innovations which, taken together,
comprise a novel long range multiplexed (LORAX) protein engineering platform capable of

screening millions of combinatorial variants simultaneously with mutations spread across the full

length of arbitrarily large proteins (Figure 4.1).
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Figure 4.1: LORAX protein engineering methodology to screen progressively deimmunized
Cas9 variants. (Left panel: library design) Low-frequency SNPs that have limited effect on Cas9
function were identified and immunogenicity was evaluated in silico using the netMHC epitope
prediction software to identify candidate mutations. This analysis was performed for many Cas9
orthologs. Mutations were generated such that two bps were changed to account for Nanopore
sequencing accuracy. A library was then generated by fusion PCR of blocks containing wildtype
and mutations at specific epitopes. Location of epitopes in SpCas9 that were combinatorially
mutated and screened is shown. (Right panel: library screen) The screen was performed by
transducing HeL a cells with a lentiviral library containing the Cas9 variants and a guide that cuts
the HPRT1 gene. HPRT1 knockout produces resistance to 6-TG. After two weeks, DNA is
extracted from surviving cells, Cas9 variant sequences are PCR amplified from the genomic DNA
and Nanopore sequenced. High accuracy of variant identification is possible due to the use of two
bp mutations for each amino acid change. Post-screen library element frequencies across two
independent replicates are shown. Replicate correlation was calculated excluding the over-
represented wild-type sequence.
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4.1.2 Library design

To narrow down the vast mutational space associated with combinatorial libraries, we
utilize an approach guided by evolution and natural variation®*’3%%, As deimmunizing protein
engineering seeks to alter the amino acid sequence of a protein without disrupting functionality, it
is extremely useful to narrow down mutations to those less likely to result in non-functional
variants. To identify these mutants, we generated large alignments of Cas9 orthologs from publicly
available data to identify low-frequency SNPs that have been observed in natural environments.
Such variants are likely to have limited effect on protein function, as highly deleterious alleles
would tend to be quickly selected out of natural populations (if Cas9 activity is under purifying
selection) and therefore not appear in sequencing data®°. To further subset these candidate
mutations, we evaluated for immunogenicity in silico using the netMHC epitope prediction
software*#S, in order to determine to what degree the candidate mutations are likely to result in the
deimmunization of the most immunogenic epitopes in which they appear. This is a critical step as
many mutations may have little effect on overall immunogenicity**3¢°, Screening for decreased
peptide-MHC class I binding filters out amino acid substitutions which are likely immune-neutral,
substantially increasing the likelihood of functional hits with enough epitope variation to evade

immune induction3#4343,

4.1.3 Readout

Next, to enable readout, we applied long-read nanopore sequencing to measure the results
of the screens of our combinatorial libraries. This circumvents the limit of short target regions and
obviates the need for barcodes altogether by single-molecule sequencing of the entire target gene,

enabling library design strategies which can explore any region of the protein in combination with
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any other region without any complicated cloning procedures required to facilitate barcoding’®'.

To date, the adoption of nanopore sequencing has been limited by its high error rate, around 95%

accuracy per DNA base’®?

, as compared to established short read techniques which are multiple
orders of magnitude more accurate. To address this challenge, we designed our libraries such that
each variant we engineered would have multiple nucleotide changes for each single target amino
acid change, effectively increasing the sensitivity of nanopore based readouts with increasing
numbers of nucleotide changes per library member. The large majority of amino acid substitutions
are amenable to a library design paradigm in which each substitution is encoded by two, rather

than one, nucleotide changes, due to the degeneracy of the genetic code and the highly permissive

third “wobble” position of codons.
4.1.4 Immunogenicity scoring

The scale of engineering which would be required to generate an effectively deimmunized
Cas9 is not fully understood, as combinatorial deimmunization efforts at the scale of proteins
thousands of amino acids long have not yet been possible. Therefore, to roughly estimate these
parameters we developed an immunogenicity scoring metric which takes into account all epitopes
across a protein and the known diversity of MHC variants in a species weighted by population
frequency to generate a single combined score representing the average immunogenicity of a full-

363

length protein as a function of each of its immunogenic epitopes’*”. Formally, this score is

calculated as:

_ LX) wi(1 —log(ki; X 1))

I, 5

where I, = Immunogenicity score of protein x, i = epitopes, j = HLA alleles, j = allele specific

standardization coefficient, w;= HLA allele weights, k; = predicted binding affinity of epitope i to
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allele j, and y = protein specific scaling factor. We then predicted the overall effect of mutating the
top epitopes in several Cas9 orthologs (Figure 4.2a). As might be expected, this analysis suggests
that single-epitope strategies are woefully inadequate to deimmunize a whole protein for multiple
HLA types, and that there are diminishing returns as more and more epitopes are deimmunized.
Our analysis suggests that it may require on the order of tens of deimmunized epitopes to make a
significant impact on overall, population-wide protein immunogenicity. The scale of engineering
demanded by these immunological facts has previously been intractable, but by applying LORAX
we conjectured one could now make substantial steps, several mutations at a time, through the

mutational landscape of the Cas9 protein.
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Figure 4.2: LORAX screen design and results. (a) Immunogenicity scores for Cas orthologs,
demonstrating reduced immunogenicity (averaged across HLA types) as the number of mutated
epitopes increases. (b) Presence of HPRT1 converts 6 TG into a toxic nucleotide analog. HeLa cells
transduced with wildtype Cas9 and either a HPRT1 targeting or nontargeting (NTC) guide. Only
cells where the HPRT1 gene is disrupted can live in various concentrations of 6TG. 6 pg/mL 6TG
was used for the screen as this concentration was sufficient for complete killing of NTC-bearing
cells. (¢) Variant Cas9 sequences were amplified from the plasmid library or genomic DNA post-
screen. Long-read nanopore sequencing was performed and the mutational density distribution for
the predicted library, the constructed Cas9 variant library, and the two replicates post-screen are
plotted. (d) Cas9 block composition and pre- and post-screen allele frequencies at each of the 18
mutational sites. Each block and site shows enrichment of the wild-type allele, but all sites retain
a substantial fraction of mutant alleles.
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4.1.5 Library construction

Specifically, applying the procedure above, we designed a library of Cas9 variants based
on the SpCas9 backbone containing 23 different mutations across 17 immunogenic epitopes
(Figure 4.1). Combining these in all possible combinations yields a library of 1,492,992 unique
elements. With this design, we then constructed the library in a stepwise process. First, the full-
length gene was broken up into short blocks of no more than 1000 bp, which overlap by 30 bp on
each end. Each block is designed such that it contains no more than 4 target epitopes to mutagenize.
With few epitopes per block and few variant mutations per epitope, it becomes feasible to
chemically synthesize each combination of mutations for each block. Each of these combinations
was then synthesized and mixed at equal ratios to make a degenerate block mix. This was repeated
for each of the blocks necessary to complete the full-length protein sequence. Oxford Nanopore
(ONT) MinlION sequencing confirmed the majority of the pre-screened library consists of Cas9
sequences with significant numbers of mutations, with most falling into a broad peak between 6
and 14 mutations per sequence, each of which knocking out a key immunogenic epitope (Figure

4.2¢).

4.1.6 Screening

To identify functional variants still capable of editing DNA, we next designed and carried
out a positive selection screen targeting the hypoxanthine phosphoribosyltransterase 1 (HPRTI)
gene’®. In the context of the screen, HPRT1 converts 6-thioguanine (6TG), an analogue of the
DNA base guanine, into 6-thioguanine nucleotides that are cytotoxic to cells via incorporation into
the DNA during S-phase®®. Thus, only cells containing functional Cas9 variants capable of

disrupting the HPRT1 gene can survive in 6TG-containing cell culture media. To first identify the
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optimal 6TG concentration, HeLa cells were transduced with lentivirus particles containing wild-
type Cas9 and either a HPRT1-targeting guide RNA (gRNA) or a non-targeting guide. After
selection with puromycin, cells were treated with 6TG concentrations ranging from 0-14 pg/mL
for one week. Cells were stained with crystal violet at the end of the experiment and imaged. 6
ng/mL was selected as all cells containing non-targeting guide had died while cells containing the
HPRTI guide remained viable (Figure 4.2b).

To perform the screen, replicate populations of HeLa cells were transduced with lentiviral
particles containing the variant SpCas9 library along with the HPRT1-targeting gRNA at 0.3 MOI
and at greater than 75-fold coverage of the library elements. Cells were selected using puromycin
after two days and 6 TG was added once cells reached 75% confluency. After two weeks, genomic
DNA was extracted from remaining cells and full-length Cas9 amplicons were nanopore
sequenced on the MinlON platform.

Sequencing revealed that the library was significantly shifted in the mutation density
distribution, suggesting that the majority of the library with large (>4) numbers of mutations
resulted in non-functional proteins which were unable to survive the screen. Meanwhile, wild-
type, single, and double mutants were generally enriched as these proteins proved more likely to
retain functionality and pass through the screen (Figure 4.2¢). Additionally, the two independent
replicates of the screen showed strong correlation (R?> = 0.925) providing further evidence of
robustness (Figure 4.1). We also analyzed the change in overall frequency of mutations in the pre-
and post-screen libraries to see if a pattern of mutation effects could be inferred. Although the
wild-type allele was enriched at every site in the post-screen sequences, nearly every site retained
a significant fraction of mutated alleles, suggesting that the mutations, at least individually, are

fairly well-tolerated and do not disrupt Cas9 functionality (Figure 4.2d).
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4.1.7 Hit selection

In order to select hits for downstream validation and analysis, we devised a method for
differentiating high-support hits likely to be real from noise-driven false positive hits. To do this
we hypothesized that the fitness landscape of the screen mutants is likely to be smooth, i.e. variants
that contain similar mutations are more likely to have similar fitnesses in terms of editing
efficiency compared to randomly selected pairs®®®. We confirmed this by computing a predicted
screen score for each variant based on a weighted regression of its nearest neighbors in the screen.
This metric correlates well with the actual screen scores and approaches the screen scores even
more closely as read coverage increases. This provides good evidence that the fitness landscape is
indeed somewhat smooth (Figure 4.3a). Next, we reasoned that because the fitness landscape is
smooth, real hits should reside in broad fitness peaks which include many neighbors that also show
high screen scores, whereas hits that are less supported by near neighbors are more likely to be
spurious as they represent non-smooth fitness peaks. Formalizing this logic, we performed a
network analysis to differentiate noise-driven hits from bona fide hits by looking at the degree of

connectivity with other hits (Figure 4.4a).
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Figure 4.3: Validations of LORAX screen identified Cas9 variants. (a) Correlation between
the fold change of a Cas9 variant and its predicted fold-change based on a k-nearest neighbors
regression. Neighboring variants are those that share similar mutational patterns. The strong
correlation suggests a smooth fitness landscape in which variants with similar mutation patterns
will be more similar in fitness, on average, than those with divergent mutation patterns. (b) Cas9
wildtype or variants V1-20 and sgRNA targeting the AAVS1 locus were introduced into HEK293T
cells. NHEJ mediated editing at the AAVSI locus was quantified via NGS for Cas9 WT and
variants V1-20 is plotted. The number in parentheses represents the number of mutations in the
variant. Variant genotypes are listed in the lower panel.
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Figure 4.4: Validation of LORAX screen identified Cas9 variants for genome editing and de-
immunization. (a) Network reconstruction connecting Cas9 variants with similar mutational
patterns. Node colors indicate the number of deimmunized epitopes (dark blue < 3, light blue = 3,
white = 4, yellow = 5, pink > 5). Circles in red represent tested variants and labeled with their
respective names. (b) HEK293T bearing a GFP coding sequence disrupted by the insertion of a
stop codon and a 68-bp genomic fragment of the AAVSI locus were used as a reporter line.
Wildtype (WT) or Cas9 variants, a sgRNA targeting the AAVSI locus, and a donor plasmid
capable of restoring GFP function via homology directed repair (HDR) were transfected into these
cells and flow cytometry was performed on day 3. Relative quantification of GFP expression
restoration by HDR is plotted. The number in parentheses represents the number of mutations in
the variant. Values represented as mean +/- SEM (n=3). (c¢) T2 cells were pulsed with wildtype
and variant peptides, cultured with PBMCs, and an ELISpot assay was performed to assess PBMC
IFN-y secretion to wildtype and variant peptides. Number of spot forming colonies for each peptide
is plotted (n=3, mean +/- SEM, *p<0.05, **p<0.01, unpaired t-test two-tailed). Red letters in the
peptide sequences represent the mutated amino acid.
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4.1.8 Validations

4.1.8.1 Editing efficiency

Applying these analyses to the screen output led us to select and construct 20 variants (V1-
20) (Figure 4.3b) for validation and characterization. We applied two independent methods to
quantify editing of the deimmunized Cas9 variants. First, we performed a gene-rescue experiment
using low frequency homology directed repair (HDR) to repair a genetically encoded broken green
fluorescent protein (GFP) gene? (Figure 4.4b). And second, we quantified NHEJ mediated editing
by genomic DNA extraction and Illumina next generation sequencing (NGS) using the
CRISPResso2 package (Figure 4.3b)*¢’. Variants highly connected to neighbors were capable of
editing, whereas those not connected were non-functional, validating the network-based approach
we used to select hits as enriching for truly functional sequences. Among the screen hits was the
L614G mutation first identified by Ferdosi and colleagues®*! as a functional Cas9 variant with a
critical immunodominant epitope de-immunized (V1). This concordance with previous work
provided further confidence in our screening method. Interestingly, we discovered another
deimmunizing mutation within the same epitope, L622Q (V2), which similarly retains Cas9
functionality, but appears to be more epistatically permissive, as many of our multi-mutation hits
combine this mutation with other deimmunized epitopes.

From these multi-mutation hits we chose V4, which demonstrated high editing capability
while still bearing simultaneous mutations across seven distinct epitopes, as well as family
members V3, a variant bearing two mutations, and V5, a variant bearing the seven changes from
V4 plus one additional mutation. We then further evaluated the efficacy of these mutants side-by-

side with WT SpCas9 across a panel of genes and cell types, and assessed V4 activity across both
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targeted genome editing and epigenome regulation experiments?®® (Figure 4.5a-c). Together, these
results confirmed that leveraging our unique combinatorial library design and screening strategy,
we were able to produce Cas9 variants with multiple top immunogenic epitopes simultaneously

mutated (Figure 4.6a) while still retaining significant genome targeting functionality.
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Figure 4.5: Characterization of Cas9 variants V3 (2 mutations), V4 (7 mutations), and VS5 (8
mutations) across genome and epigenome targeting assays. (a) Cas9 wild-type or variants V3,
V4, or V5, along with sgRNAs targeting the respective genes, were introduced into HEK293T and
K562 cells. Editing efficiency of variants across 4 loci in HEK293Ts and 5 loci in K562s is plotted.
(b) ASCL1 mRNA expression in cells transfected with dCas9 WT-VPR or dCas9 V4-VPR and
sgRNA or no sgRNA is shown. Values represented as mean +/- SEM (n=3). (c) CXCR4 mRNA
expression in cells transfected with dCas9 WT-KRAB or dCas9 V4-KRAB and sgRNA or no
sgRNA is shown. Values represented as mean +/- SEM (n=3).
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4.1.8.2 Deimmunization

To confirm that mutation of these epitopes indeed elicited deimmunization, we assessed T-
cell response to wildtype and variant peptides by measuring IFN-y secretion in the ELISpot
assay>3®?*1. We chose to use peripheral blood mononuclear cells (PBMCs) from three separate
donors that carried the HLA-A*0201 allele as peptides were presented to cells using the TAP-
deficient cell line T2 (HLA-A*0201 positive)**®. Correspondingly, we synthesized peptides for
epitopes 2, 7, 8, 9, 12, 15, and 16 as our predictions suggested these epitopes would induce a
reduction in immune response for the HLA-A*0201 allele (Figure 4.6a). Importantly, since
SpCas9v4 carries four of these mutations, this assay would also provide confirmation of
deimmunization for this variant. We found that mutant peptides for all epitopes tested indeed
resulted in fewer spot forming colonies for all three donors compared to wild type peptides (Figure

4.4c, Figure 4.6b), thereby confirming our predictions.

127



Predicted Deimmunization

Donor 1

- -3 -2 2 3 .

-1 0 1
Log percentile rank binding

- HLA-A*2501

HLA-A2602
- HLA-A%0207
HLA-A%0203
- HLA-A*0217
- HLA-A*0205
- MLA-A*0206
HLA-A"0202
HLA-A*0250
- HLAA*0219
- HLA-A*0201
- MLAAY0212
- HLA-A%0211
- HLAA%0216

HLA-8+0801
- HLA-8'0802
- HLA-8+0803
HLA-A0319
HLA-8+4801

Spot Forming Colonies/10° PBMCS

Peptide Sequence

- HLAC*1203
B Huacros02
HLA-C*0701
HLA-C*0702
- HLAA*3201
- HLAA'3207
- HLA-C*1402
HLA-A'2403
HLAA'2301
HLA-A'2402
HLA-8+0702
HLA-8+4201
- HLA-83503
- HLA-8*5301
- HLA-83501
- HLA-8°8301
- HLA-C*0401
- HLAC*0501
- HLAC*0802
HLA-8+3701

HLA-8+4001

Spot Forming Colonies/10° PBMCS

Peptide Sequence

Donor 3

Peptide Sequence

Figure 4.6: Predicted and experimentally confirmed deimmunization across Cas9 epitopes.
(a) Predicted mutation-specific reduction in immunogenicity based on the epitope mutated and the
HLA typing is depicted for each mutation included in the screen. (b) Technical replicates of spot
forming colonies in the ELISpot assay are plotted for each donor (n=4).
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4.1.8.3 Gene activation/repression

Based on this, we next evaluated delivery of SpCas9WT and SpCas9v4 and CRISPRoff
versions of the same as icRNAs. CRISPRoff represents one of the newest additions to the CRISPR
toolbox with the exciting capability to permanently silence gene expression upon transient
expression®®®, We conjectured that wtCas9 and CRISPRoff would represent exciting applications
of icRNAs for hit-and-run genome and epigenome targeting, as the prolonged persistence could
potentially boost targeting, while the use of partially deimmunized Cas9 proteins would enable
greater safety in therapeutic contexts. Specifically, icRNA for WT SpCas9 or SpCas9v4, along
with sgRNA targeting the AAVS1 locus, or icRNA for CRISPRoff versions along with sgRNA
targeting the B2M gene were transfected into HEK293T?7°. Excitingly, we observed both robust

genome and epigenome targeting via the icRNA delivery format (Figure 4.7a, b).
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Figure 4.7: Delivery of de-immunized Cas9 variants as icRNAs for genome and epigenome
targeting. (a) Circular icRNA for Cas9 wildtype or variant V4, along with a sgRNA targeting the
AAVSI locus, were introduced into HEK293T and K562 cells. Editing efficiency at the AAVSI
locus in the two cell lines are plotted. Values represented as mean +/- SEM (n=3). (b) Circular
icRNA for CRISPRoff wildtype or variant V4, along with a sgRNA targeting the B2M gene, were
introduced into HEK293T cells. B2M gene repression of CRISPRoff constructs in the presence or
absence of sgRNA is plotted. Values represented as mean +/- SEM (n=3). (c) Volcano plot
demonstrating differentially expressed genes for CRISPRoff wildtype with or without the B2M
guide and variant V4 with or without guide. Dotted lines indicate the cutoff for significance
(loga(fold change) greater than 0.5 or less than -0.5 and -logio p-value greater than 3). B2M
downregulation is confirmed by the red dots. Differentially expressed genes found in both wildtype
and V4 are labeled with purple dots.
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Lastly, to assess the specificity of SpCas9v4, we performed RNA sequencing on WT and
SpCas9v4 CRISPRoff samples with and without the B2M guide. As expected, B2M was
significantly down-regulated in SpCas9WT and SpCas9v4 samples containing the sgRNA
compared to samples with no guide (Figure 4.7¢, red dot). Importantly, all differentially expressed
genes (DEGs) for V4 were also DEGs for WT, suggesting that SpCas9v4 and SpCas9WT are

comparably specific in this assay (Figure 4.7¢, purple dots).

4.2 DISCUSSION

Concurrently, to enable compatibility between persistence of expression and
immunogenicity, we also developed the LORAX protein engineering platform that can be applied
iteratively to tackle particularly challenging multiplexed protein engineering tasks by exploring
huge swaths of combinatorial mutation space unapproachable using previous techniques. We
demonstrated the power of this technique by creating a Cas9 variant with seven simultaneously
deimmunized epitopes which still retains robust functionality in a single round of screening. This
opens up a critical door in applying gene editing to long-persistence therapeutic modalities such
as AAV or icRNA delivery. Furthermore, while this methodology is particularly suited to the
unique challenges of protein deimmunization, it is also applicable to any potential protein
engineering goal, so long as there exists an appropriate screening procedure to select for the desired
functionality.

Similarly, the versatility of the LORAX platform comes with a set of limitations and
tradeoffs that must be managed to leverage its utility. Naturally, library design is of critical
importance. Here we have leveraged several features such as Cas9 evolutionary diversity, MHC-
binding predictions, HLA allele frequencies, and calculated immunogenicity scores to generate a

useful library of variants to test. Other approaches may bring in more sources of information from
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places like protein structure’’', coevolutionary epistatic constraints’’<, amino acid signaling

373 374

motifs’ />, or T-/B-cell receptor binding repertoires’’#, among other possibilities. Another critical
factor is careful selection of hits downstream of screening. Here we have developed a network-
based method for differentiating spurious from bona fide hits leveraging known aspects of protein
epistasis and fitness landscapes. Similar customizations and tweaks relevant to the specific biology

of a given problem may yield substantial returns in applying LORAX or other large-scale

combinatorial screening methods to various protein engineering challenges.

4.3 METHODS

4.3.1 Computational methods

4.3.1.1 Cas9 alignment and mutation selection

Naturally occurring variation in Cas9 sequence space was explored by aligning BLAST
hits of the SpCas9 amino acid sequence. This set was then pruned by removing truncated,
duplicated, or engineered sequences, and those sequences whose origin could not be determined.
At specified immunogenic epitopes and key anchor residues, top alternative amino acids were
obtained using frequency in the alignment weighted by overall sequence identity to the wild type
SpCas9 sequence, such that commonly occurring amino acid substitutions appearing in sequences
highly similar to the wild-type were prioritized for further analysis and potential inclusion in the

LORAX library.

4.3.1.2 HLA frequency estimation and binding predictions

HLA-binding predictions were carried out using netMHC4.1 or netMHCpan3.1. Global

HLA allele frequencies were estimated from data at allelefrequencies.net as follows. Data was
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divided into 11 geographical regions. Allele frequencies for each of those regions were estimated
from all available data from populations therein. These regional frequencies were then averaged
weighted by global population contribution. Alleles with greater than 0.001% frequency in the
global population, or those with greater than 0.01% in any region, were included for further

analysis and predictions.

4.3.1.3 Immunogenicity scores

The vector of predicted nM affinities output by netMHC were first normalized across
alleles to account for the fact that some alleles have higher affinity across all peptides, and to allow
for the relatively equivalent contribution of all alleles. These values were then transformed using
the 1-log(affinity) transformation also borrowed from netMHC such that lower nM affinities will
result in larger resulting values. These transformed, normalized affinities are then weighted by
population allele frequency and summed across all alleles and epitopes. Finally, the scores are

standardized across proteins to facilitate comparison.

4.3.1.4 Base calling and genotyping

Raw reads coming off the MinlON flow cell were base-called using Guppy 3.6.0 and aligned to
an SpCas9 reference sequence containing non-informative NNN bases at library mutation
positions, so as not to bias calling towards wild-type or mutant library members, using Minimap2’s
map-ont presets. Reads covering the full length of the Cas9 gene with high mapping quality were
genotyped at each individual mutation site and tabulated to the corresponding library member.

Reads with ambiguous sites were excluded from further analysis.

4.3.1.5 Cluster analysis
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Network analysis was performed by first thresholding genotypes to include only those identified
as hits from the screen. These were genotypes appearing in the pre-screen plasmid library, both
post-screen replicates, and having a fold-change enrichment larger than the wild-type sequence
(4.5-fold enrichment). These hits were used to create a graph with nodes corresponding to
genotypes and node sizes corresponding to fold change enrichment. Edges were placed between
nodes at most 4 mutations distant from each other, and edge weights were defined by 1/d where d
is distance between genotypes. Network analysis was done using python bindings of igraph. Plots

were generated using the Fruchterman-Reingold force-directed layout algorithm.

4.3.2 Experimental methods

4.3.2.1 Cell culture

HEK293T and HeLa cells were cultured in DMEM supplemented with 10% FBS and 1%
Antibiotic-Antimycotic (Thermo Fisher). K562 cells were cultured in RPMI supplemented with
10% FBS and 1% Antibiotic-Antimycotic (Thermo Fisher). All cells were cultured in an incubator
at 37°C and 5% CO:..

DNA transfections were performed by seeding HEK293T cells in 12 well plates at 25%
confluency and adding 1 pg of each DNA construct and 4 pL of Lipofectamine 2000 (Thermo
Fisher). RNA transfections were performed by adding 1 pg of each RNA construct and 3.5 puL of
Lipofectamine MessengerMax (ThermoFisher). Electroporations were performed in K562 cells

using the SF Cell Line 4D-Nucleofector X Kit S (Lonza) per manufacturer’s protocol.

4.3.2.2 Flow cytometry experiments:

134



GFP intensity, defined as the median intensity of the cell population, was quantified after

transfection using a BD LSRFortessa Cell Analyzer.

4.3.2.3 Lipid nanoparticle formulations:

(62,92,287,317)-heptatriaconta-6,9,28,3 1 -tetraen-19-yl-4-(dimethylamino) butanoate
(DLin-MC3-DMA) was purchased from BioFine International Inc. 1,2-distearoyl-sn-glycero-3-
phosphocholine (DSPC) and 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000
(DMG-PEG-2000) were purchased from Avanti Polar Lipids. Cholesterol was purchased from
Sigma-Aldrich. mRNA LNPs were formulated with DLin-MC3-DMA:cholesterol:DSPC:DMG-
PEG at a mole ratio of 50:38.5:10:1.5 and a N/P ratio of 5.4. To prepare LNPs, lipids in ethanol
and mRNA in 25 mM acetate buffer, pH 4.0 were combined at a flow rate of 1:3 in a PDMS
staggered herringbone mixer’’>. The dimensions of the mixer channels were 200 by 100 um, with
herringbone structures 30 um high and 50 um wide. Immediately after formulation, 3 volumes of
PBS was added and LNPs were purified in 100 kDa MWCO centrifugal filters by exchanging the
volume 3 times. Final formulations were passed through a 0.2 um filter. LNPs were stored at 4°C
for up to 4 days before use. LNP hydrodynamic diameter and polydispersity index were measured
by dynamic light scattering (Malvern NanoZS Zetasizer). The mRNA content and percent
encapsulation were measured with a Quant-iT RiboGreen RNA Assay (Invitrogen) with and

without Triton X-100 according to the manufacturer’s protocol.

4.3.2.4 Animal experiments

All animal procedures were performed in accordance with protocols approved by the
Institutional Animal Care and Use Committee of the University of California, San Diego. All mice

were acquired from Jackson Labs.
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To assess persistence of RNA constructs in vivo, 10 pg of circular GFP icRNA or linear
GFP icdRNA LNPs were injected retro-orbitally into C57BL/6J mice. After 3 days and 7 days,
livers were isolated and placed in RNAlater (Sigma-Aldrich). RNA was later isolated using
QIAzol Lysis Reagent and purified using RNeasy Mini Kit (Qiagen) according to the
manufacturer's protocol. Amount of circularized RNA were assessed by RT-qPCR.

To investigate the ability of circular icRNA and linear icdRNA COVID RNA to elicit an
immune response, BALB/c mice were injected intramuscularly into the gastrocnemius muscle with
PBS, 0.2 pg, or 2 ug of Omicron Spike (2P) circular icRNA or linear icdRNA. A booster shot
containing the same amount and type of RNA was performed on day 21. Blood draws were
performed on days 0, 9, 21, 31, and 42, serum was separated using blood collection tubes
(Sarstedt), and antibody production was then assessed by a sandwich enzyme-linked
immunosorbent assay (ELISA). ELISA was performed using the ELISA Starter Accessory Kit
(Bethyl, E101) per manufacturer’s instructions. Briefly, 96-well MaxiSorp well plates were coated
with recombinant SARS-COV-2 Spike protein S1, Omicron variant (GenScript Biotech) diluted
in 1x coating buffer (Bethyl) to a concentration of 2 pg/mL overnight at 4C. Plates were washed
five times with 1x washing buffer (Bethyl), followed by the addition of 1x blocking buffer for 1
hour at RT. Samples were diluted 1:50 in sample/conjugate diluent (Bethyl) for days 9 and 21 and
1:200 for days 31 and 42 and added to the plate for 2 hours at RT. Sample/conjugate diluent was
used as a blank. Plates were washed five times with 1x washing buffer and incubated in secondary
antibody (horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG antibody, Southern
Biotech 1036-05, diluted 1:5000 in sample/conjugate diluent) for 1 hour at RT. After five washes,
50 uL/well TMB One Component HRP Microwell Substrate (Bethyl) was added and incubated at

RT in the dark. 50 pL/well of 0.2M H>SO4 was added to terminate color development and
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absorbance was measured at 450 nm in a SpectraMax iD5 Multi-Mode Microplate Reader

(Molecular Devices).

4.3.2.5 Identification of HPRT1 Guide

The lentiCRISPR-v2 plasmid (Addgene #52961) was first digested with Esp31 and a guide
targeting the HPRT1 gene was cloned in via Gibson assembly. After lentivirus production, HeLa
cells were seeded at 25% confluency in 96 well plates and transduced with virus (IentiCRISPR-v2
with or without HPRT1 guide) and 8 pg/mL polybrene (Millipore). Virus was removed the next
day and 2.5 pg/mL puromycin was added to remove cells that did not receive virus two days later.
After 2 days of puromycin selection, 0-14 pg/mL 6-TG was added. After 5 days, cells were stained
with crystal violet, solubilized using 1% sodium dodecyl sulfate, and absorbance was measured at

595 nm on a plate reader. 6 pg/mL was chosen due to the lack of cells in the negative control.

4.3.2.6 Generation of variant Cas9 library

Cas9 variant sequences were generated by separating the full-length gene sequence into
small sections, where each section contained wildtype or variant Cas9 sequences. Degenerate
pools of these gBlocks were PCR amplified and annealed together, yielding a final library size of
1,492,992 elements. The lentiCRISPR-v2 plasmid containing the HPRT1 guide was digested with
BamHI and Xbal and Gibson assembly was used to clone elements into the vector. The Gibson
reactions were then transformed into electrocompetent cells and cultured at 37C overnight.
Plasmid DNA was isolated using the Qiagen Plasmid Maxi Kit and library coverage was estimated
by calculating the number of colonies found on LB-carbenicillin plates. DNA was then used to

create lentivirus containing the variant Cas9 library.
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4.3.2.7 Cas9 Screen

HeLa cells were seeded in 15 15-cm plates and transduced with virus containing the variant
Cas9 library and 8 pg/mL polybrene. Media was changed the next day and 2.5 ug/mL puromycin
was added to remove cells that did not receive virus two days later. 6 pg/mL 6-TG was added to
media once cells reached 90% confluency. Media was changed every other day for ten days to
allow for selection of cells containing functional Cas9 variants. After ten days, cells were lifted
from the plates and DNA was isolated using the DNeasy Blood & Tissue Kit per manufacturer’s

protocol.

4.3.2.8 Nanopore Sequencing

Pre-screen analysis of the Cas9 variant library elements was performed by amplifying the
sequence from the plasmid. 1 pg of the variant Cas9 sequences was used for library preparation
using the Ligation Sequencing Kit (Oxford Nanopore Technologies, SQK-LSK109) per
manufacturer’s instructions. DNA was then loaded into a MinION flow cell (Oxford Nanopore
Technologies, R9.4.1). Post-screen analysis of library elements was performed by amplifying the
Cas9 sequences from 75 pg of genomic DNA. 1 pg of the variant Cas9 sequences was similarly

prepared using the Ligation Sequencing Kit and sequenced on a MinlON flow cell.

4.3.2.9 HDR validation

Lentivirus was produced from a plasmid containing a GFP sequence with a stop codon and
68 bp AAVSI1 fragment. HEK293T cells were treated with 8 ug/mL polybrene and lentivirus.

After puromycin selection to create a stable line, cells were transfected with plasmids containing
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variant Cas9 sequences, a guide targeting the AAVS locus and a GFP repair donor plasmid. After

3 days, FACS was performed and percent GFP positive cells were quantified.

4.3.2.10 Genome engineering experiments

To validate variant Cas9 functional cutting, variant Cas9 and guides were transfected into
HEK?293T cells. After two days, genomic DNA was isolated. Genomic DNA was also isolated
after two days from K562 cells after electroporation. To assess activity of CCRS ZFNs delivered
as icRNAs, HEK293Ts were transfected with circular icRNA or linear icdRNA and genomic DNA
was isolated after three days. Assessment of GFP ZFN was performed by transfecting HEK293Ts
stably expressing a broken GFP with circular icRNA or linear icdRNA and isolating genomic DNA
after three days. To assess activity of Cas9 delivered as icRNAs, HEK293Ts and K562 were
transfected or nucleofected with Cas9 WT or Cas9 v4 along with a guide RNA (synthesized via

Synthego) and genomic DNA was isolated after three days.

4.3.2.11 Epigenome engineering experiments

dCas9-VPR experiments were performed by transfecting HEK293T cells with dCas9wt-
VPR or dCas9v4-VPR with or without a gRNA targeting the ASCL1 gene. Likewise, KRAB-
dCas9 experiments were performed by transfecting cells with KRAB-dCas9wt or KRAB-dCas9v4
with or without a gRNA targeting the CXCR4 gene. CRISPRoff experiments were performed by
transfecting HEK293T cells with circular icRNA CRISPRoffwt or CRISPRoffv4 with or without
a gRNA targeting the B2M gene (Synthego). RNA was isolated three days later and repression or

activation of genes was assessed by qPCR.

4.3.2.12 Quantification of editing using NGS
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After extraction of genomic DNA, PCR was performed to amplify the target site.
Amplicons were then indexed using the NEBNext Multiplex Oligos for Illumina kit (NEB).
Amplicons were then pooled and sequenced using a Miseq Nano with paired end 150 bp reads.

Editing efficiency was quantified using CRISPRess02.

4.3.2.13 Cas9 Specificity

RNA isolated from the CRISPRoff experiment was used to assess specificity. RNAseq
libraries were generated from 300 ng of RNA using the NEBNext Poly(A) mRNA magnetic
isolation module and NEBNext Ultra II Directional RNA Library Prep kit for Illumina and
sequenced on the [llumina NovaSeq 6000 with paired end 100 bp reads. Fastq files were mapped
to the reference human genome hg38 using STAR aligner. Differential gene expression was
analyzed using the Bioconductor package DESeq2 with the cutoff of logx(fold change) greater than
0.5 or less than -0.5 and a p-value less than 107, To identify differentially expressed genes,
CRISPRoff WT and V4 samples containing the B2M guide were compared to samples not

receiving the guide.

4.3.2.14 ELISpot assay

TAP-deficient T2 cells were a generous gift from Stephen Schoenberger lab. PBMCs were
purchased from StemCell Technologies. All donors contained the HLA-A*0201 allele. Both cell
lines were maintained in RPMI1640 media supplemented with 10% FBS, 1% Penicillin-
Streptomycin, 10 mM HEPES, and 1 mM sodium pyruvate. On the first day, PBMCs were thawed
and rested overnight at a density of 10 cells/mL. T2 cells were pulsed with peptides at 10 ug/mL
overnight. Peptides were produced from Genscript’s Custom Peptide Synthesis service at crude

purity. Lastly, 96-well plates (Immobilon-P, Millipore) were coated with 10 pg/mL anti-IFNy
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monoclonal antibody (1-D1K, Mabtech) overnight at 4C. The next day, T2 cells were washed two
times and 50,000 T2 cells and 100,000 PBMCs were added to each well. 4 replicates were used
per condition. After 22 hours, cells were removed from the plate and 2 pg/mL biotinylated anti-
IFNy secondary antibody (7-B6-1, Mabtech) was added for 2 hours. Plates were washed and
1:1000 Streptavidin-ALP (3310-10-1000, Mabtech) was added for 45 minutes. Plates were washed
and color was developed by adding BCIP/NBT-plus substrate (3650-10, Mabtech) for 10 minutes.
Plates were thoroughly washed in water, dried at room temperature, and spots were automatically

counted using an ELISpot plate reader.

4.3.2.15 Lentivirus production

HEK293FT cells were seeded in 1 15-cm plate and transfected with 36 uL Lipofectamine
2000, 3 ug pMD2.G (Addgene #12259), 12 ng pCMV delta R8.2 (Addgene #12263), and 9 pg of
the lentiCRISPR-v2 plasmid. Supernatant containing viral particles was harvested after 48 and 72
hours, filtered with 0.45 um Steriflip filters (Millipore), concentrated to a final volume of 1 mL
using an Amicon Ultra-15 centrifugal filter unit with a 100,000 NMWL cutoff (Millipore), and

frozen at -80C.

4.3.2.16 RT-qPCR

cDNA was synthesized from RNA using the Protoscript Il First Strand cDNA Synthesis
Kit (NEB). qPCR was performed using a CFX Connect Real Time PCR Detection System (Bio-
Rad). All samples were run in triplicates and results were normalized against GAPDH expression.

Primers for qPCR are listed in (Table 4.1).
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Table 4.1: qPCR primers

CXCR4 F [ GAAGCTGTTGGCTGAAAAGG

CXCR4 R [ CTCACTGACGTTGGCAAAGA

ASCL1 F | CGCGGCCAACAAGAAGATG

ASCL1 R | CGACGAGTAGGATGAGACCG

B2M F TATGCCTGCCGTGTGAACCATGT

B2M R GGCATCTTCAAACCTCCATGATGCT

GAPDH F [ ACAGTCAGCCGCATCTTCTT

GAPDH R [ ACGACCAAATCCGTTGACTC

GFP_F ACGTAAACGGCCACAAGTTC

GFP R AAGTCGTGCTGCTTCATGTG
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CHAPTER 5 — CONCLUSIONS

5.1 SUMMARY OF THE WORK

In chapter 1, I present an overview of the state of CRISPR-Cas gene therapy especially
focusing on the most promising therapeutic modalities and the significant, though certainly not
impassable, obstacles they still face in translation to clinical use. Narrowing in on one major
obstacle, namely, the interaction with the immune system, in chapter 2 I take a comprehensive
approach to defining this issue, characterizing the immune response to AAV-delivered CRISPR-
Cas at both the humoral and cell-mediated levels. I also explore which types of immunity are
critical for which components of the therapeutic target, highlighting the fact that neutralizing
antibodies against the delivery vehicle can fully inhibit therapeutic effect, and that anti-Cas9 T-
cells induced upon administration of a CRISPR therapy can substantially mitigate the efficacy of
gene editing.

With this understanding in hand, I set out in chapter 3 to examine how natural orthologs of
AAV and Cas can circumvent the immune response due to immune orthogonality: that is,
preserved function, but divergent structure, such that MHC-restricted epitopes are not shared
among immune orthogonal orthologs. Testing the immune orthogonality of AAVS and AAVS, as
well as SpCas9 and SaCas9 revealed that the use of these immune orthogonal proteins enabled
multiple dosing strategies that are inhibited by immunity when using the same protein for
consecutive doses.

Building on this, I set out in chapter 4 to begin to approach immune avoidance directly
through engineering of Cas9 to delete immunogenic MHC-restricted epitopes. Epitope deletion
has been successfully applied to Cas9 previously, but only in a one-by-one manner®*!, which is

simply insufficient to generally dampen the immune response, especially across patients with
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divergent MHC haplotypes. A more comprehensive approach to Cas9 deimmunization requires
specialized techniques to screen mutations across the full length of the protein in combinatorial
fashion while preserving protein function. To this end, I develop the LORAX suite of protein
engineering tools to enable progressive screening of combinations of epitope-abolishing mutations
millions of elements at a time. Using this innovation, I identify a Cas9 variant with seven
simultaneously de-immunized epitopes which retains near wild-type efficiency both in traditional
DNA cutting and gene activation/repression modalities. We additionally validate the immune
avoidance of these modified epitopes by showing diminished T-cell responses to the mutated
epitopes. This approach is generalizable to a wide variety of protein engineering problems and will
help open the door to bringing CRISPR-Cas to the clinic with a greater chance of both safety and

efficacy.

5.2 LIMITATIONS

Although this represents a significant step in the right direction, there are limitations to
these approaches to immune avoidance. Firstly, abolishing T-cell epitopes may not block B-cell
responses, as they are able to recognize antigens in their native form rather than relying on MHC-
restricted epitopes. Although there is reason to believe that limiting MHCII-mediated activation
of CD4+ helper T-cells can impede the effectiveness of memory B-cell activation, antibody isotype
switching and affinity maturation that mediates the stronger secondary immune response upon
repeated exposure to an antigen®**. Secondly, most of this work was performed in the C57B6 or
BALB/c mouse lines, which likely have diminished immune responses due to homozygosity
created by inbreeding. Extrapolating discoveries in this model to non-human primates and then to
humans may require a quantitative reassessment of the degree of engineering required to avoid the

immune response. Finally, further advancements to the LORAX platform, especially in the choice
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of mutations will likely enhance the utility of this approach by bringing in more sources of
information, including structural and coevolutionary attributes among others, into what mutations

are likely to be both de-immunizing and non-deleterious to protein function.

5.3 BROADER APPLICATIONS

We are currently witnessing the birth of a new therapeutic paradigm based on CRISPR-
Cas to precisely target genetic and epigenetic disease in a powerful and previously inaccessible
manner. Given the rapid development and adoption of the CRISPR-Cas system, the explosion of
preclinical studies, and the progress in clinical trials in the last few years, the near future will likely
see the approval and deployment of several CRISPR-based therapies targeting diverse pathologies,
some previously untreatable, and likely encompassing multiple therapeutic and delivery
modalities. Despite this exciting prognosis, significant challenges remain, especially precise and
high-quantity delivery to target tissues, demonstrated safety both at the level of off-target effects
and immune interactions, and scalable, affordable deployment of the drugs. The substantial
research efforts mounted towards all these issues have yielded rapid advancements on every front,
but much more remains to be done.

Although first-generation gene therapy Zolgensma* garnered the epithet of “most
expensive drug ever” at $2.125 million, we do not believe this must be a lasting attribute of this
class of drugs. Although aspects such as AAV manufacturing challenges, R&D costs, regulatory
burdens, and pharmaceutical market economics are important reasons for large price tags, the pace
of technical progress can rapidly alter what once seemed set in stone. The precision and deftness
with which we can manipulate genomes using CRISPR systems was virtually unthinkable just 17
years ago when the $2.7 billion human genome project was completed, just one year after the

acronym CRISPR was first proposed®’®. Now we have a thousand-dollar genome and a million-
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dollar gene therapy. Given the explosion of research and development into CRISPR-based gene
therapy and the expansion of its application from rare genetic disease to large-market ubiquitous

221378 "and Alzheimer’s’, in the decades

conditions such as chronic pain’”’, cardiovascular disease
to come it is not entirely implausible nor unprecedented to hope for a few thousand-dollar gene
therapy.

Optimizing the translation of new technologies to rapidly enable disease treatment is of
critical importance but is far from an easy task. Many therapeutic modalities offering huge benefit
have been stymied by unforeseen or unappreciated setbacks on the path to approval, often taking
decades to address. We have attempted here to outline the current state and translational path
forward of CRISPR therapeutics, highlighting areas where additional research is required, or
potential challenges may occur in order to help orient thinking and optimize resources to solve
these challenges. Expediting the development of these therapies will require vigilance, insight, and
cooperation among scientists of multiple backgrounds, pharmaceutical companies, and regulatory

stakeholders to ensure that the potential of CRISPR-based drugs may be realized as efficiently and

safely as possible.
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