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ABSTRACT OF THE DISSERTATION

Engineering efficient and safe in situ genome regulation via CRISPR-Cas9 for enabling
gene therapies

by

Ana Maria Moreno
Doctor of Philosophy in Bioengineering
University of California San Diego, 2019

Professor Prashant Mali, Chair

While the genetic and pathogenic basis of human diseases continues to grow, translation
is currently bottlenecked by lack of tools and technologies to administer and evaluate
corresponding gene-based therapeutics. Consequently, development of safe and efficient in vivo
gene transfer platforms, coupled with emerging genome and epigenome engineering tools, will
transform our ability to target a range of human diseases. In this regard, the holy grail of in vivo
genome engineering is the ability to achieve the trifecta of: 1) efficient and safe delivery; 2)
temporally regulatable and tunable payload delivery; and 3) immune stealth to minimize dosage
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& enable re-administration of nucleic acid or protein therapeutics. Towards this, the objective of
this dissertation was to develop a platform to enable efficacious in vivo genome and epigenome
engineering with a focus on enabling in situ therapeutic efficacy. The studies in this dissertation
are independent bodies of work that explore the optimization and engineering of CRISPR-Cas9
systems to bring these one step closer to their eventual translation into the clinic.

Towards these, I first developed a robust and generalizable platform for in situ genome
editing and regulation via AAV CRISPR-Cas9. Towards this, I utilized split-Cas9 systems to
develop a modular adeno-associated viral (AAV) vector platform for CRISPR-Cas9 delivery to
enable the full spectrum of targeted in sifu gene regulation functionalities, demonstrating robust
transcriptional repression (up to 80%) and activation (up to 6-fold) of target genes in cell culture
and mice. We also applied our platform for targeted in vivo gene-repression-mediated gene
therapy for retinitis pigmentosa. Specifically, we engineered targeted repression of Nrl, a master
regulator of rod photoreceptor determination, and demonstrated Nrl knockdown mediates in situ
reprogramming of rod cells into cone-like cells that are resistant to retinitis pigmentosa-specific
mutations, with concomitant prevention of secondary cone loss. Furthermore, we benchmarked
our results from Nrl knockdown with those from in vivo Nrl knockout via gene editing. Taken
together, our AAV-CRISPR-Cas9 platform for in vivo epigenome engineering enables a robust
approach to target disease in a genomically scarless and potentially reversible manner.
Additionally, this is the first time that the utility of AAV-KRAB-dCas9 mediated in situ gene
repression in the context of gene therapy was demonstrated (Moreno et al., WIREs Systems
Biology and Medicine, 2017; Moreno et al., Molecular Therapy, 2018).

Next, I focused on addressing, arguably the most important hurdle for CRISPR-Cas based

gene therapies, which is the interaction of these non-host derived systems with the adaptive
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immune system which can lead to neutralization by circulating antibodies and clearance of
treated cells by cytotoxic T-lymphocytes. To address this issue, I proposed a new approach:
sequential use of orthologous proteins that are orthogonal in immune space. This would, in
principle, allow for repeated treatments by thus chosen orthologs without reduced efficacy due to
lack of immune cross-reactivity among the proteins. To explore and validate this concept we
chose 284 DNA targeting and 84 RNA targeting CRISPR effectors (including Cas9,
Cpfl/Casl2a, and Casl3a, b, and c), and 167 Adeno-associated virus (AAV) capsid protein
orthologs and developed a pipeline to compare total sequence similarity as well as predicted
binding to class I and class II Major Histocompatibility Complex (MHC) proteins. Our MHC
binding predictions revealed wide diversity among the set of DNA-targeting Cas orthologs, with
79% of pairs predicted not to elicit cross-reacting immune responses, while no global immune
orthogonality among AAV serotypes was observed. We validated the computationally predicted
immune orthogonality among three important Cas9 orthologs, from S. pyogenes, S. aureus, and
C. jejuni observing cross-reacting antibodies against AAV but not Cas9 orthologs in sera from
immunized mice. Finally, to demonstrate the efficacy of multiple dosing with immune
orthogonal orthologs, we delivered AAV-Cas9 targeting PCSK9 into BALB/c mice previously
immunized against the AAV vector and/or the Cas9 payload, demonstrating that editing
efficiency is compromised by immune recognition of either the AAV or Cas9, but, importantly,
this effect is abrogated when using immune orthogonal orthologs. Moving forward, we anticipate
this framework can be applied to prescribe sequential transient regimens of immune orthogonal
protein therapeutics to circumvent pre-existing or induced immunity, and eventually, to
rationally engineer immune orthogonality among protein orthologs. (Moreno, Palmer et al.,

Nature Biomedical Engineering, in press, 2019).
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Lastly, I then proceeded to integrate the advances accomplished in the previous chapters
to enable pain management via in situ genome repression. In the US and worldwide, pain is a
leading cause of disability, which leads to a diminished quality of life. Patients have come to
routinely expect pharmacological management, with the prevalent aggressive approach for
managing pain states being based on opiates. While the utility of opiates has made them a
mainstay of pain management, there are at least four key reasons supporting the need for new
and alternative pain therapeutics: limited efficacy, abuse potential, tolerance after continued
exposure, and an enhancement of post-wound pain states. Despite decades of research, broad-
acting, longer-lived, non-addictive, and effective drugs for chronic pain remain elusive. Notably,
genetic studies have correlated a hereditary loss-of-function mutation in a human Na+ channel
isoform — Nay1.7 — with a rare genetic disorder, Congenital Insensitivity to Pain (CIP), which
leads to insensitivity to pain without other neurodevelopmental alterations. While an excellent
target, the creation of blockers for this site has not led yet to an efficient and safe drug, due to
their lack of specificity, leading to unwanted side-effects. Taking advantage of this druggable
target in the human genome, the aim of this work was to develop a novel therapeutic regiment
via in situ Nay1.7 repression to regulate the development and maintenance of impending chronic
pain states. In this regard, I demonstrated robust in vifro repression using two epigenome
engineering tools (KRAB-CRISPR-Cas9 and KRAB-Zinc-Fingers) with ~71% and ~88%
repression respectively. To enable pain management, I injected mice intrathecally using the
constructs with the highest in vitro efficacy and demonstrated robust Nay1.7 repression with a
significant improvement in pain response in a carrageenan inflammatory pain model. I
demonstrated a 133% improvement in paw withdrawal latency as compared to a negative control

(mCherry) and 62% improvement over the positive control (Gabapentin, 100 mg/kg). Taken
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together, the use of these in situ engineering approaches could thus represent a viable
replacement for opioids and a potential therapeutic approach that is tunable and reversible
(Moreno et al., in preparation).

Together, the advances in these bodies of work, which demonstrate efficacious in vivo
delivery and gene editing/regulation is a significant step toward their implementation for gene

therapeutic applications.
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Chapter 1 — Therapeutic genome

engineering via CRISPR-Cas systems

1.1 Introduction

Gene therapy entails altering, replacing, or regulating the expression of affected genes to a
degree that reverses a diseased phenotypic state. In principle, therapeutic interventions can be
effected at two levels: in vivo or ex vivo. In vivo gene therapy involves local or systemic
administration of a therapeutic vector, while ex vivo approaches involve isolating cells from the
human body, such as CD34+ hematopoietic stem cells, application of gene therapy on the isolated
cells, followed by re-transplantation of these cells back into the body (Figure 1.1). In this chapter,
we review gene therapy in conjunction with gene transfer platforms that encompass both in vivo
and ex vivo targeting modalities, with a focus on therapeutic interventions that directly perturb the
genome of host cells.

In this regard, fundamental to enabling gene therapeutics are genome engineering tools that
enable the ability to precisely edit or tune the regulation of genomic elements of interest. For
instance, for targeted genome editing one harnesses programmable double-stranded breaks to effect
precise edits in the genome. Creation of double-stranded breaks (DSBs) can be resolved by the cell

via one of two processes: homologous recombination (HR) or nonhomologous end-joining (NHEJ).
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Figure 1.1: Schematic of in vivo and ex vivo gene therapy modalities. /n vivo gene therapy
involves the direct intra-tissue or systemic injection of delivery agents, followed by assaying of
targeting efficacy with close monitoring of safety and efficacy of treatment. In this regard, re-
administration of delivery agents might be necessary to achieve therapeutic efficacy. A patient
might also be treated via ex vivo gene therapy, where patient somatic cells are isolated and either (1)
reprogrammed into patient-specific iPSCs, followed by gene therapy of these cells, and which are
then differentiated into specific tissue types and cell lineages for transplantation; or (2) edited via ex
vivo culture coupled with gene therapy (for instance in HSCs).



Whether a cell repairs the break through HR or NHEJ depends on several aspects, including the
cell’s cycle phase and whether a homologous donor is present or not. Specifically, one can effect
HR by providing a synthetic homologous donor to introduce a desired sequence of DNA or to
create specific point-mutations [1]. The alternative route for DSB repair is via NHEJ, which unlike
HR is active throughout the cell cycle. In NHEJ, an indel (insertion or deletion) or substitution is
created. Importantly, if this occurs in a coding exon, the translational reading frame of a gene can
be disrupted, which can lead in turn to an inactive or truncated protein [2].

Early genome engineering methods were based on programmable nucleases, such as zinc
finger nucleases (ZFNs) and subsequently transcription activator-like effector nucleases (TALENS).
ZFNs are comprised of zinc finger proteins (ZFPs), which are DNA binding domains frequently
found in eukaryotic transcription factors [3], that are fused to a DNA cleavage domain (typically
FoklI). The ZFP region of ZFNs typically contains Cys2-His2 fingers, which predominantly interact
with nucleotide triplets, and combinations of ZFPs can thus be arranged to recognize a wide range
of DNA sequences [4]. ZFNs induce DSBs in a targeted fashion via the DNA-cleavage domains
tethered to this engineered sequence. An important advantage of utilizing ZFNs is their specific
targeting, which is due to two independent binding events that must occur in order for FokI to
dimerize before cleaving DNA [5]. On the other hand, ZFNs are difficult to engineer, requiring a
high level of technical expertise [4].

TALENSs utilize proteins derived from transcription activator like effector (TALE) repeat
domains from bacteria, such as Xanthomonas, which are comprised of highly conserved amino acid
repeat domains of 33-35 residues in length, each targeting a single nucleotide, fused in turn to a
FokI nuclease [6]. TALENS are easier to engineer than ZFNs and have been observed to similarly
induce high efficiency genome editing with limited cytotoxicity [7]. TALENSs relative to ZFNs are

however significantly larger in size, and also have repetitive sequences which complicates their
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construction and incorporation into delivery systems [8]. Furthermore, they have a prokaryotic
origin and can potentially elicit a negative immune response. Taken together, ZFNs and TALENs
are robust genome engineering systems, but have certain drawbacks such as difficult
programmability and/or limited multiplex genome targeting capabilities. A more detailed review on
these platforms can be found in Ref 8.

More recently, the emergence of CRISPR-Cas systems has dramatically transformed our
ability to target nucleic acids. In comparison to ZFNs and TALENS, CRISPR-Cas systems depend
on simple Watson-Crick base-pairing between a RNA guide and a corresponding DNA target site
making them remarkably simple to re-engineer. In addition, CRISPR-Cas systems can be utilized
for multiplex targeting, which is especially useful when creating disease models or targeting
complex diseases in which multiple loci are affected. Their ease of use, coupled with low cost, high
efficiency, and broad versatility has resulted in the CRISPR-Cas systems rapidly becoming the
genome engineering method of choice. In this chapter, we will focus on this system and provide a
brief overview of CRISPR-Cas technologies for genome editing and regulation (Figure 1.2), and
also outline the latest advances in CRISPR-Cas mediated ex vivo and in vivo genome
manipulations. We will discuss appropriate delivery approaches for these, and also delineate the
current challenges of existing platforms and outline potential applications and areas of further

research and development.
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Figure 1.2: The CRISPR-Cas9 genome-engineering toolset. (a) Wild-type Cas9 induces double-
stranded DNA breaks, which the cell repairs through either nonhomologous end-joining (NHEJ) or
homologous recombination (HR) pathways. A mutated version of Cas9, ‘nickase’ Cas9, nCas9, is
created by mutating one of the two catalytic sites, typically the RuvC domain, which results in
engineering of only single stranded breaks. Modifications by Cas9 and nCas9 can used to also
engineer genomic deletions or translocations. (b) One can also utilize dead-Cas9, dCas9, with both
of its catalytic sites mutated, RuvC and HNH. dCas9 can in turn be tethered to effectors, such as
activation or repression domains, to induce targeted genome regulation. In addition, other novel
effectors can be utilized, such as fusion to the cytidine-deaminase enzyme for targeted ‘base
editing’ [9].

1.2 CRISPR-Cas9 systems

CRISPR-Cas systems have evolved as adaptive immune defense systems in bacteria and
archaea. These systems function in three phases: adaptation, expression, and interference, and
typically utilize short RNA to direct degradation of foreign nucleic acids. During adaptation, short
pieces of foreign DNA are acquired and integrated as ‘spacer’ elements into the CRISPR loci.
During expression and interference, the CRISPR locus, which consists of acquired ‘spacers’

separated by repeat regions, is transcribed, which yields a pre-crRNA, which in turn is processed to
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generate crRNAs that guide effector nuclease complexes (cas proteins) to disrupt sequences that are
homologous to the spacer [10-12]. In type II Cas9 systems, such as that of Streptococcus pyogenes
Cas9 (SpCas9), pre-crRNAs are processed with the help of a trans-activating crRNA (tracrRNAs),
to create a tractrRNA:crRNA:Cas9 complex that induces double-stranded breaks [13]. Notably the
tractRNA and crRNA can be fused to create a single guide RNA (gRNA). This consists of two
functional regions: a variable spacer region which guides target loci recognition, and a constant
scaffold region which forms hairpin loops to facilitate binding to the Cas9. The variable spacer
region is typically a short ~20 bp sequence that is complementary to the target loci, and must be
flanked at the 30 end by a conserved protospacer adjacent motif (PAM) sequence, for instance,
NGG in SpCas9 [14]. The PAM sequence is necessary for CRISPR-Cas targeting and also crucial
for self vs. nonself discrimination [15]. By delivering crRNAs in addition to the Cas9-like effectors,
one can thus readily enable programmable genome engineering [16]. Indeed the CRISPR-Cas9
system has now been shown to work in a range of eukaryotic systems [16-18], and has also greatly
facilitated our ability to engineer genomes in diverse cell types and organisms (Table 1.1). Some
organisms that have been targeted in vivo include mice, rats [19], rabbits [20], and also nonhuman
primates [21].

Table 1.1: Representative Table of In vivo and Ex Vivo CRISPR-Cas9 Studies, via a Range of
Viral and Nonviral Delivery Methods.

. . . Tissue Ref.
Genes/Disease Delivery System Ortholog | Organism Type Num.
Tetl, Tet2 Injected Embryos SpCas9 Mice - 69
P53, Pten Hyfirf)dy_rlamlc SpCas9 Mice Liver 44
1njection
Fah/Tyrosinemia Type Hyfirf)dy_rlamlc SpCas9 Mice Liver 2
I 1njection



Table 1.1: Representative Table of In vivo and Ex Vivo CRISPR-Cas9 Studies, via a Range of

Viral and Nonviral Delivery Methods (continued).

Genes/Disease Delivery System Ortholog | Organism "l:l!;spuee 1\1;:3 11;1
Pcsk9 Adenovirus SpCas9 Mice Liver 70
NeuN AAV1/2 SpCas9 Mice Brain 71

Muscular
DMD (Duchenne Injected Zygotes SpCas9 Mice Skeletal 72
Muscular Dystrophy) Ti
issue
X-linked androgen Injected Embryos SpCas? Mice - 73
receptor nickase
Pten, NKx2-1 Lentiviruses SpCas9 Mice Lung 74
Kras, p53, Lkbl AAV9 SpCas9 Mice Lung 71
Pcsk9, ApoB AAV9 SaCas9 Mice Liver 75
MeCP2/Rett syndrome,
Dnmt3a, Dnmtl1, AAV 1/2 SpCas9 Mice Brain 76
Dnmt3b
Pcsk9, ApoB AAV9 SaCas9 Mice Liver 28
Hydrodynamic inducible . Intestine/
Apc, Trp>3 yinject}ions SpCas9 Mice Thymus 77
Eomes Elecltr;(;l;zi"z tion SpCas9 Mice Brain 78
Muscular
DMD AAV9 SaCas9 Mice Skeletal 79
Tissue
Skeletal
. and
DMD AAVS SaCas9 Mice ! 80
Cardiac
Muscle
Skeletal
. and
DMD AAV9 SpCas9 Mice ! 81
Cardiac
Muscle
OTC AAVS SaCas9 Mice Liver 31
Mice
EGFP Cationic Liposomes SpCas9 (Atohl- Ear 82
GFP)
Ptchl; Trp53, Pten, Nfl | Cationic Polymer SpCas9 Mice Brain 83
CD34+ HSCs
. HSCs and | transplant
B2M and CCR5 Electroporation SpCas9 CD4+ T ed into 84
cells NSG mice




Notably, one can also engineer nuclease-dead versions of Cas9 (dCas9) via point mutations
in the endonuclease domains, HNH and RuvC. This engineered protein retains RNA-guided DNA
binding activity but lacks endonuclease activity [42,43]. dCas9 coexpressed with a gRNA can be
utilized for gene repression as it interferes with transcriptional elongation, RNA polymerase
binding, or transcription factor binding [44]. Additionally, dCas9 can also be fused to effector
domains and be programmed to enable diverse genome engineering functionalities such as gene
repression (via KRAB fusions [43]), or gene activation, (such as via fusions of VP64, Rta, and P65
or combinations thereof) [45], and furthermore for targeted chromatin modulation by acetylation or
methylation via fusions of methyltransferase (DNMT3A) and acetyltransferase (p300) [46,47].
Another strategy is to fuse dCas9 to a multimeric tag such as ‘Suntag,” which comprises of a
repeating peptide array which can in turn recruit multiple copies of effector domains [48]. A
primary drawback of utilizing dCas9 for permanent gene activation or repression is that it needs to
be continuously expressed, whereas nuclease-Cas9 can enable irreversible changes in the genome,
even with limited expression. Because of this, a patient would necessitate repeat treatments of
dCas9. However, an advantage to utilizing dCas9 for genome activation over traditional methods is
that one can activate/repress genes in a multiplexed manner, which could be beneficial for complex
diseases that have multiple loci involved, or one could target genes that are otherwise difficult to
edit. Additionally, since dCas9 lacks endonuclease activity, there is no permanent change to the
genome [49] and thus off-target effects can also be avoided by using this system.

The CRISPR-Cas toolset has also been rapidly expanding with characterization of several
new Cas9-like proteins. For instance, recently a class 2 type V CRISPR-Cas system, Cpfl,
(CRISPR from Prevotella and Francisella 1), has been shown to effect robust in vitro genome
editing in human cells [50]. Some differences between Cpfl and other Cas9 proteins is that it does

not require an additional trans-activating crRNA (tracrRNA) [51], and that it creates a 4-5 nt
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staggered dsDNA break distal to its Trich PAM, which could thus expand the range of potential
targetable genomic sites. A recent paper compared the specificity and efficiency of Cpfl with Cas9.
They first tested four Cpfl orthologs, and found Acidaminococcus sp. BV3L6 (AsCpfl) and
Lachnospiraceae bacterium N D2006 (LbCpfl) to be the most efficient. They then went on to
compare the frequency of targeted mutations by LbCPfl, AsCpfl, and SpCas9 at ten chromosomal
target sites, each containing two PAM sequences, one recognized by Cpfl (50-TTTN-30) and the
other recognized by SpCas9 (50-NGG-30). They discovered that Cpfl is a less efficient
endonuclease than SpCas9 in some human cell lines, but is highly specific [52]. Notably, mutant
mice have also been generated by injecting crRNAs with Cpfl (AsCpfl and/or LbCpfl) mRNA

into fertilized eggs and do not exhibit overt off-target effects [53].

1.3 Delivery Approaches

To realize the versatility of CRISPR-Cas systems in genome engineering applications,
appropriate delivery systems for the same will be critical. In fact, a key technological barrier to
gene-based therapies has been the development of efficient and safe delivery systems. Towards this,
both viral and nonviral methods have been utilized, with most vectors utilized in gene therapy
clinical trials being engineered viruses, and below we discuss these technologies in the context of
delivery of CRISPR-Cas for gene therapy (Table 1.2).

Table 1.2: Methods of Gene Therapy Delivery.

] Duration of Risk of genomic
Mode of Delivery . 5 . Immunogenicity#
Expression Integration

. Yes (ob d
Retro-viruses Long term es (0 serYe Low

oncogenecity)
Lenti-viruses Long term Yes (low oncogenecity) Low
Adenoviruses Medium term Low High




Table 1.2: Methods of Gene Therapy Delivery (continued).

Mode of Delivery Duratior.l of Risk of gelfomic Immunogenicity#
Expression Integration
Adeno-associated viruses Medium term Low Low
Mini-circle Plasmids Short term Low Low
Conventional Plasmids Transient Low Low
Proteins Transient No Under evaluation
RNA Transient No Low
Nanoparticles/biomaterials Transient Low Under evaluation
Liposomes Transient Low Under evaluation

Some key factors distinguishing current delivery methods are outlined: duration of expression, risk of
genomic integration (which can lead to oncogenicity), and immunogenicity (which is especially important if
repetitive gene therapy treatments are required). Observed efficiency of genome targeting is also a function
of innate properties of the target cells, in particular the mitotic state [38,58,113], and ability to efficiently
deliver the genome engineering effectors [58,113]. “Immunogenicity is also a function of the delivery
payload.

1.3.1 Viral Delivery Systems

Viral vectors, such as retroviruses, lentiviruses, adenoviruses, and adeno-associated viruses
(AAVs) have naturally evolved to transduce mammalian cells efficiently, and consequently have
been a preferred format for gene delivery over the past few decades. These vector systems can in
turn be broadly divided into two major classes, those whose genome integrates into the host
chromatin, such as retroviruses and lentiviruses, and those that persist inside the host nucleus or
cytoplasm, such as adenoviruses, AAVs, sindbis, and sendai viruses [54]. Each of these systems
however come with certain tradeoffs, for instance, retroviral integration into the host chromosome
can lead to increased frequency of random mutagenesis and oncogene activation [55], but
corresponding delivery systems are also best suited for long-term stable expression of their
payloads. Thus nature of the application often governs choice of the delivery chassis and below we
highlight some prominent viral systems relevant to CRISPR-Cas.

A preferred viral delivery system for gene therapy is AAVs. These have been widely

utilized for gene therapy due to their overall safety, mild immune response, long-term transgene
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expression, high-infection efficiency, and are now already being used in clinical trials [56]. A
primary drawback of AAVs, however, is that they have a limited packaging capacity of around 4.7
kb, making it difficult to deliver large Cas9-like effector proteins such as the Streptococcus
pyogenes Cas9 (SpCas9), with a size of around 4.2 kb, a single gRNA, and other components
necessary for effective transcription [57.58]. In order to overcome this packaging issue, distinct
solutions have been suggested. For instance, smaller Cas9 orthologs, such as Straphylococcus
aureus Cas9 (SaCas9), with ~3.3 kb has been successfully packaged into a single AAV [32], and
another small ortholog, Streptococcus thermophilus (St1Cas9) with ~3.3 kb [59,60] could also
potentially be packaged into a single AAV. However, a potential issue with smaller orthologs is it
that they require more complex PAM sequences: SaCas9 recognizes the 5’-NNGRRT-3" PAM and
St1Cas9 recognizes the 5’-NNAGAAW-3" PAM, which restricts the range of targetable sequences
[32]. Moreover, these orthologs are not all equally robust. To circumvent this issue, the PAM
sequence can be engineered utilizing structural information, such as been done in Francisella
novicida FnCas9, in which its PAM 5’-NGG-3’ was altered to a more relaxed 50-YG-30 PAM [61].
In another study, SpCas9 was modified to recognize alternative PAM sequences via bacterial
directed evolution, structural information, and combinatorial design [62]. Alternatively truncated
SpCas9 proteins have been designed [63,64] utilizing the SpCas9 crystal structure [65], however
these do not retain the robustness of their wild-type counterpart. In an elegant study to circumvent
this, a split-Cas9 system was recently designed which takes advantage of inteins from Nostoc
punctiforme. This design utilizes a two-vector system where each half of Cas9 is fused to a
corresponding split-intein moiety, and upon co-expression intein mediated trans-splicing occurs and
the full SpCas9 protein is reconstituted [66]. Additionally, some other studies have also utilized a
dual-AAV system, where one AAV is utilized to deliver the sgRNA and the other to deliver the

SpCas9 [38,67]. The drawback to these dual-AAV systems, however, is that both AAVs must be
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delivered to the same cell to elicit an effect, thereby decreasing the efficiency or alternatively
entailing the use of significantly higher viral titers. In summary, while AAVs are a preferred mode
of delivery for Cas9-gRNA agents, further studies on serotype engineering and Cas9 orthologs must
be done to deliver all desired components and fusions thereof efficaciously.

Another versatile delivery system relevant to CRISPR-Cas are lentiviruses, which have also
been widely utilized for gene therapy. Lentiviruses, originally adapted from HIV-1, are highly
potent viral vectors due to their broad tropism, their large cargo capacity (9.7 kb), and the fact that
they can infect post-mitotic cells [68]. Lentiviruses can thus be readily utilized to deliver Cas9 and
other components necessary for genome editing via a single construct [69]. Additionally, the
tropism of lentiviruses can be easily altered by the addition of envelope proteins targeting distinct
cell surface receptors. This pseudotyping is ideal for transducing certain cell types or tissues that are
otherwise difficult to transduce. Lentiviruses have also been widely utilized for ex vivo gene
therapy, specifically in hematopoietic stem cells (HSCs) and T lymphocytes (T cells). In a recent
review, some relevant genetic therapy clinical trials were highlighted in which lentiviruses were
safely utilized to treat Wiskot-Aldrich syndrome, [(-Thalassaemia, and various T-cell
immunotherapy for cancer [70]. Additionally, some in vivo studies utilizing CRISPR-Cas systems
have also demonstrated robust gene editing (Table 1.1). It should be noted nevertheless that while
lentiviruses are preferred due to their high efficiency of delivery and long-term expression of
payload, their genomic integration, however, is unfavorable due to its potential mutagenic effects,
or silencing/ activation of neighboring loci [71]. In this regard the newest generation of integrase-
deficient lentivirus vectors (IDLV), which carry mutations in the integrase and viral LTRs greatly
reduce the risk of insertional mutagenesis, however these do not completely eliminate this risk [72-
74]. Additionally, immunogenicity is still a risk [75]. Furthermore, the consequences of Cas9

integration into the genome by lentiviruses are not yet fully understood, and although advances in
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lentiviruses have been made [76], there may still be risks of having a nuclease integrate into the
genome. Lentiviruses, however, could be utilized for the delivery of nuclease-deficient dCas9, or

nonintegrating versions of lentiviruses may be utilized for hit-and-run nuclease applications.

1.3.2 Nonviral Delivery Systems

Complementary to the viral systems are a host of nonviral delivery systems that have been
developed over the past few decades. These include methods utilizing nanoparticles such as cationic
nanocarriers [39], liposomes, and polymeric materials. An advantage to these systems is their
overall safety, low immune response, large loading capacity, and general ease of production. On the
other hand, nonviral methods utilized to deliver DNA have to surpass many physical barriers
imposed by the cell to efficiently deliver genomes to the cell [77]. However, given the nearly
complete control over their synthesis and constituents, one could potentially engineer nanoparticles
or polymeric materials to target diseased cells specifically, for instance by coating them with
ligands that are specific to receptors on target or diseased cells, as has been done for drug delivery
and imaging [78].

In this context, both Cas9 and gRNA are anionic, which allows their ready integration into
cationic liposomes or polymers as a delivery system [79]. Correspondingly there have been several
recent studies utilizing nanoparticles for CRISPR-Cas9 delivery. For instance, a recent study
developed bioreducible lipid nanoparticles to deliver Cas9-sgRNA in vitro with genome
efficiencies of 70% [80]. Additionally, a Cas9:gRNA targeting EGFP complex was delivered in
vivo to Atoh1-GFP mice ear hair cells via cationic lipids, enabling up to 20% editing rates [39].
This study demonstrated that by modifying protein charges of Cas9-sgRNA complexes, one can
successfully deliver these via cationic lipids. Additionally, due to the fact that the Cas9—sgRNA

complex is delivered as a protein, with a short half-life, the risk of potential offtarget effects can be
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significantly reduced [81]. These approaches thus have huge potential for utilization in gene therapy
applications. Another alternative approach commonly used for delivery is hydrodynamic injections
— these are high volume injections (8—10% body weight of mice) delivered into the vasculature at
high speeds (5-7 seconds), to enable the delivery of naked DNA or siRNA. Hydrodynamic
injections delivering CRISPRCas9 have since been utilized in several in vivo CRISPR-Cas9 studies
targeting the liver [23,24]. Hydrodynamic injections, however, are not considered to be clinically

feasible due to the potential damage these inflict on the liver and the heart [82].

1.4 Challenges and Future Directions

While CRISPR-Cas systems have been widely utilized for genome engineering, several key
challenges must to be addressed before these tools can be utilized for efficacious gene therapy. For
instance, an important challenge for in vivo CRISPR-Cas therapy is the ability to achieve immune
stealth in order to minimize dosage and enable re-administration of nucleic acid or protein
therapeutics. Classic immunosuppression for the duration of treatment is one option, but this will be
less useful for long-term genome regulatory modifications. Therefore, the delivery vector of choice
must be capable of high transduction efficiency while avoiding immune responses of both of the
delivery system and the CRISPR payload. In this regard, Table 1.2 describes the distinct delivery
systems, both viral and nonviral, and their known immunogenicity and levels of payload
expression. For example, although adenoviruses (Ad) or retroviruses have the advantage of a high
packaging capacity, their high immunogenicity may lead to unwanted side effects [83,84]. A study
found that inflammatory cytokines and chemokines were activated by Kupffer cells in the liver and
MARCO+ macrophages in the spleen in as early as ten minutes post intravenal injection of

adenoviruses in mice [85]. On the other hand, AAVs have lower immunogenicity in comparison,
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but have a small packaging limit. Although viruses are a preferred delivery system due to their
efficacy in infecting cells and tissues, the low immunogenicity of nonviral vectors, such as
nanoparticles could be a preferred method in the future. Nonviral vectors, however, require further
engineering to improve levels of transduction and transient expression in vivo [86,87]. It is
important to note that not only is the immune response an important consideration for delivery
systems, but for the CRISPR-Cas9 payload as well. For instance, Cas9 is a foreign prokaryotic
protein, and could potentially elicit a strong immune response. A recent study demonstrated that
Cas9 indeed evokes cellular and humoral immune responses, with Cas9-specific antibodies elicited
post exposure [88]. Therefore, if a patient were to necessitate repetitive treatments, CRISPR-Cas
efficacy might be reduced by the body’s immune response.

Yet another important challenge to overcome is specificity, or reducing off-target genomic
effects. Specifically, in order to conduct safe clinical treatments, off-target mutations must be
reduced in order to avoid perturbation of areas of the genome with unknown effects. Various groups
have correspondingly characterized SpCas9 specificity [89-91] and several strategies to improve
Cas9 specificity have been reported, including minimizing the amount of Cas9 in the cell [89,92],
utilizing a nickase Cas [9,43,93] and utilizing dCas9 fused to a Fokl nuclease domain [94,95]. An
important factor that can contribute to reducing off-target effects is also the design of gRNAs.
Studies on the specificity of SpCas9 have demonstrated that mismatches between gRNA and target
DNA can be tolerated [43,57,89,95]. Morcover, the farther mismatches are from the PAM
sequence, the more tolerated that they are [57,91]. Additionally, several in silico methods have been
developed to design gRNAs [96-99] including easily accessible online sources, for example,
Benchling (http://benchling.com), which detail the number of mismatches each gRNA will have, in
order to aid the design of the optimal gRNAs for genome engineering. Importantly, one also needs

to balance gRNA activity with specificity. For example research has indicated that guanine rich

15



gRNA sequences, specifically close to the PAM sequence, are favorable, while cytosines are
unfavorable [99]. Furthermore, truncated gRNAs of ~17 nt have been shown to have lower off-
target effects than a ~20 nt gRNA [100]. Another strategy that has been utilized to increase
specificity is using a nickase version of Cas9. Briefly, SpCas9 creates double stranded breaks
through two catalytic domains: RuvC and HNH domains. By editing one of these two domains, one
can create a nickase, which only creates a single-strand break. By designing two gRNAs, one in the
sense and one in the antisense direction, one can then create targeted double-stranded breaks. Since
two gRNAs are involved, the probability of off-target effects is greatly reduced, as off-target single
nicks are typically repaired scarlessly by the cell [43,101]. Another alternative is to utilize an
engineered Cas9, such as the high-fidelity Cas9 (SpCas9-HF1) [102] or ‘enhanced specificity’
SpCas9 (eSpCas9) [103]. The SpCas9-HF1 was engineered based on the hypothesis that there is
excess energy between the SpCas9—gRNA complex and the DNA target, and that disrupting the
Cas9—target DNA interactions might minimize off-target effects. To this effect, an SpCas9 with the
four amino acid mutations, N497A, R661A, Q695A, and Q926A, deemed SpCas9-HF1, reduced
off-target effects, while maintaining on-target activity [102]. In another study, the eSpCas9 was
rationally designed based on the crystal structure of SpCas9, with the hypothesis that disrupting
positive charges between the domains that are involved in stabilizing the nontarget DNA strand,
will weaken nontarget binding. Correspondingly they disrupted interactions between SpCas9 and
the nontarget DNA strand by neutralizing the positive charges between these domains. Their results
demonstrated reduced off-target activity while maintaining on-target activity [103]. In addition to
Cas9 engineering, one can also deliver Cas9 as a protein instead of as a vector, since reducing the
temporal pulse of Cas9 expression can greatly reduce off-target effects [81]. Finally, one can also
utilize genetic circuits to enable temporal control of Cas9, such as small molecule regulated

approaches [33,104—108]. In addition to temporal control, tissue-specific expression, or spatial
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control, is another important challenge. Here tissue-specific promoters can be utilized [109,110].
Additionally, one can engineer targeted integrations at a specific locus, for example, the albumin
locus, which leads not only to high transgene expression, but also is tissue specific to the liver
[111]. Moreover, by engineering viral vectors to target specific tissues, the input titers utilized
could be minimized, which in turn could also potentially minimize the immunogenic response. One
can therefore decrease the chance of off-target effects (genomic and tissue specific) by effective
design of gRNA, and spatiotemporal control of Cas9 or gRNA expression.

Finally, basic science insights into the mechanisms of DNA repair will also be critical:
specifically biasing HR versus NHEJ outcomes is a major challenge that needs to be addressed.
This is critical since for safe gene repair one needs to enable primarily HR events with essentially
no concurrent NHEJ events (which could instead mutagenize the target region of interest). This
aspect is further complicated by the fact that the majority of the human body is post-mitotic and
correspondingly HR machinery and hence activity is significantly diminished. Inspiration for new
technologies to address this may come from nature, for instance in E. coli the lambda red system
can be harnessed to enable DSB independent recombineering [112], or by coopting transposase or
recombinase mediated approaches. On the other hand, growing mechanistic insights into underlying
pathways will also be critical. Indeed in a pioneering study, investigation of the mechanism for
suppression of HR in Gl phase deduced that the mechanisms which inhibit HR in GI1 include
suppression of DNA-end resection coupled with a block in recruitment of BRCA2 to DNA sites
with damage, and leveraging this knowledge the authors were able to create conditions to stimulate
HR in G1 [113]. In another strategy, Cas9 was controlled in a cell-cycle temporal manner by fusing
its N-terminal to human Geminin, converting it into a substrate for APC/Cdhl, the E3 ubiquitin
ligase complex, thereby regulating Cas9 expression to S/G2/M phases, by degrading Cas9 in the G1

phase [114]. Another interesting recent approach here was to inhibit NHEJ by targeting of the DNA
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ligase IV enzyme with the inhibitor Scr7 [115]. Alternatively, as indicated earlier one can also
forego HR/NHEJ pathways altogether. A recent paper developed ‘base editing,” which enables
point mutations without relying on innate HR/NHEJ pathways. This method utilizes dCas9 fused to
a cytidine deaminase enzyme, that mediates direct conversion of cytidine to uridine [9]. In another
study, the interaction of Cas9—sgRNA complex with the target DNA was harnessed in a clever
approach. The authors while measuring the Cas9 dissociation rates found that both Cas9 and dCas9
dissociate very slowly from their target. Upon investigating the release of DNA target post-cleavage
closely, they observed that Cas9 held tightly to one of the two strands of the duplex, leaving the
other free to anneal to complementary ssDNA. They then tested ssDNA donors and confirmed that
single stranded DNA that was complementary to the released strand supported higher frequencies
of gene editing, and that one could thereby systematically increase HR frequencies by tailoring the
orientation, polarity, and length of the donor ssDNA to match the properties of the CasO—-DNA

complex [116].

1.5 Conclusion

Taken together, we believe that with the rapid progress in genome engineering toolsets
based on CRISPR-Cas systems, coupled with the development of new generation of viral and
nonviral delivery approaches will spur many new gene therapeutic applications. As outlined earlier,
several important challenges need to be surmounted towards enabling safe and efficient gene
therapy. For instance, studies need to be performed to better understand Cas9 immunogenicity.
Additionally, finding the ideal delivery system for CRISPR-Cas systems with the optimal
packaging limit, and efficiency also need to be taken into consideration. Finally, finding ways of

eliminating NHEJ and boosting HR efficiency will further increase our abilities to target human
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disease, including in adults. In addition, discovery of new Cas9-like proteins from diverse
organisms might further expand our toolset towards addressing some of the current challenges. We
foresee that further development of CRISPR-Cas systems will eventually pave the way for gene

therapeutic applications.
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Chapter 2 — In situ Gene Therapy via
AAV-CRISPR-Cas9-Mediated Targeted

Gene Regulation

2.1 Abstract

Development of efficacious in vivo delivery platforms for CRISPR-Cas9 based epigenome
engineering will be critical to enable the ability to target human diseases without permanent
modification of the genome. Towards this, we utilized split-Cas9 systems to develop a modular
adeno-associated viral (AAV) vector platform for CRISPR-Cas9 delivery to enable the full
spectrum of targeted in sifu gene regulation functionalities, demonstrating robust transcriptional
repression (up to 80%) and activation (up to 6-fold) of target genes in cell culture and mice. We
also applied our platform for targeted in vivo gene repression mediated gene therapy for retinitis
pigmentosa (RP). Specifically, we engineered targeted repression of Nr/, a master regulator of rod
photoreceptor determination, and demonstrated Nr/ knockdown mediates in sifu reprogramming of
rod cells into cone-like cells that are resistant to RP-specific mutations, with concomitant
prevention of secondary cone loss. Furthermore, we benchmarked our results from Nr/ knockdown,
with those from in vivo Nrl knockout via gene editing. Taken together, our AAV-CRISPR-Cas9
platform for in vivo epigenome engineering enables a robust approach to target disease in a

genomically scarless and potentially reversible manner.
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2.2 Introduction

The recent advent of RNA-guided effectors derived from clustered regularly interspaced
short palindromic repeats (CRISPR)-CRISPR-associated (Cas) systems has transformed our ability

" In addition to gene editing, CRISPR-Cas9 can also be utilized for

to engineer genomes'
transcriptional regulation, in which catalytically inactivated “dead” Cas9 (dCas9) can be fused to
transcriptional effectors to activate or repress gene expression'~ '°. Applications of these systems
for gene therapy, coupled with the growing knowledge of the genetic and pathogenic basis of
disease, are likely to have great impact.

Realizing the full potential for CRISPR based in situ genome and epigenome engineering
entails the development of corresponding safe and efficient gene transfer platforms. In this regard, a
range of novel viral and non-viral based approaches have been developed for in vitro and in vivo
delivery of CRISPRs'’*°. Here we develop a CRISPR delivery platform using adeno-associated
viruses (AAVs), since they are the preferred vectors for gene transfer due to their mild immune
response, low toxicity, long-term transgene expression, and favorable safety profile””**. Although
advantageous as delivery vectors, AAVs suffer from a limited packaging capacity (~4.7 kb). This
limited capacity does not typically accommodate the payload requirements of delivering a dCas9,
the associated guide RNA (gRNA), and also dCas9-fused effector domains for epigenome
engineering. To overcome this limitation, utilizing recent split-Cas9 systems that use two AAV
vectors for CRISPR-Cas9 delivery™ >, we leveraged the resulting packaging capacity in each to
engineer and optimize a broader range of genome regulation functionalities, including multiplex
targeting via single or dual-gRNA delivery.

We applied this system to target retinitis pigmentosa (RP) in a mouse model of the disease.

RP is an inherited retinal dystrophy affecting ~1 in every 4000 individuals in the general population
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and is characterized by progressive degeneration of rod photoreceptor cells in the retina, followed
by deterioration and death of cone photoreceptor cells’**. Affected patients with RP bear mutations
in over 200 causative genes’, which limits the potential effectiveness of conventional gene therapy
strategies. Additionally, targeted gene repair typically relies on endogenous homologous
recombination machinery, which is wusually diminished in activity in post-mitotic cells.
Correspondingly, in this study, we utilized a therapeutic in sifu cellular reprogramming strategy to
overcome these challenges in both gene therapy and endogenous tissue regeneration, by aiming to
switch a mutation-sensitive cell type to a functionally related cell type resistant to that mutation.
Specifically, we targeted Nrl, a master regulator of rod versus cone photoreceptor determination,
which activates Nr2e3, a transcription factor that represses transcription of multiple cone-specific
genes . Consistent with this, transgenic strategies in mice have demonstrated that knockdown of
rod photoreceptor determinant Nr/ in adult rod cells results in reprogramming of rods into cone-like
cells resistant to rod photoreceptor RP-specific mutations, with prevention of secondary cone loss™ .
Recent work has also demonstrated that in adult rod cells, in situ genome-editing of rod
photoreceptor determinant Nr/ results in reprogramming of rods into cone-like cells that are
resistant to rod photoreceptor RP-specific mutations, as well as prevention of secondary cone

3738 Building on these studies, we conducted targeted in situ Nrl gene repression in the mouse

loss
retina to determine whether we could reprogram rods into cone-like cells in a genomically scarless

manner. We also benchmarked these results with those obtained via Cas9 based gene editing of Nrl.
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2.3 Materials and Methods

2.3.1 Vector design and construction

See “Chapter S1: Supplementary Notes: Description of effectors” for annotated sequence
information on the modules used for the AAV vector constructions. Split-Cas9/dCas9 AAV vectors
were constructed by sequential assembly of corresponding gene blocks (IDT) into a custom
synthesized rAAV2 vector backbone. gRNA sequences were inserted into NCas9 or dNCas9
plasmids by cloning oligonucelotides (IDT) encoding spacers into Agel cloning sites via Gibson

assembly.
2.3.2 Guide RNA (gRNA) designs

Editing gRNAs were designed utilizing the in silico tool: MIT CRISPR Design and Broad

Institute  CRISPRko  (https://portals.broadinstitute.org/gpp/public/analysis-tools/sgrna-design).

Regulation gRNAs were designed utilizing an in silico tool to predict gRNAs’’.

2.3.3 Mammalian cell culture

All HEK293T cells were grown in Dulbecco’s Modified Eagle Medium (10%)
supplemented with 10% FBS and 1% Antibiotic-Antimycotic (ThermoFisher Scientific) in an

incubator at 37 °C and 5% CO, atmosphere. HEK 293T cells were plated in 24-well plates for AAV

transductions. Hematopoietic stem cells expressing CD34 (CD34+ cells) were grown in serum free
StemSpan™ SFEM II with StemSpan™ CD34+ Expansion Supplement (10X) (all from StemCell

Technologies). CD34+ cells were plated in 96-well plates for AAV transductions.
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2.3.4 Production of AAVs

AAVS8 was utilized for in vivo studies in the liver, AAV2-Y444F was used for in situ studies
in the eye, AAV6 was utilized for in vitro studies in CD34+ cells, AAV-DJ was utilized for in vitro
studies in HEK293T cells.

Large-scale production: Virus was either prepared by the Gene Transfer, Targeting and

Therapeutics (GT3) core at the Salk Institute of Biological Studies (La Jolla, CA), or in house
utilizing the GT3 core protocol. Briefly, AAV2/8, AAV2/2-Y444F, AAV2/6, 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-Y444F, pXR-6, pXR-
DJ), 7.5 of ng recombinant transfer vector, and 22.5 pg of pAdS helper vector using PEI (1pg/puL
linear PEI in 1xDPBS 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 iodixanol density gradient ultracentrifugation method. The
virus was then dialyzed with 1 x 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".

Small-scale production: Small-scale AAV preps were prepared using 6-well plates

containing HEK293T cells, which were co-transfected with 0.5 pg pXR-capsid, 0.5 pg recombinant

transfer vector, and 1.5 pg pAdS helper vector using PEIL. The cells and supernatant were harvested

33



after 72 hours, and the crude extract was utilized to transduce HEK293T cells in 24 well plates.

Small-scale production virus was utilized to generate data from Figure 2.1 and Figure S1.1.

2.3.5 Lipid-Mediated Cell Transfections

One day prior to transfection, HEK293T cells were seeded in a 24-well plate at a cell
density of 1-2E+5 cells per well. 0.5 nug of each plasmid was added to 25 pl of Opti-MEM medium,
followed by addition of 25 pl of Opti-MEM containing 2 pl of Lipofectamine 2000. The mixture
was incubated at room temperature for 15 min and then added to the cells. The entire solution was
added to the cells in a 24-well plate and mixed by gently swirling the plate. Media was changed
after 24 hours, and the plate was incubated at 37°C for 72 h in a 5% CO; incubator. Cells were

harvested, spun down and frozen at -80°C.

2.3.6 T7TE1 assay

To examine the efficacy of the Nr/ gRNAs, we performed T7E1 assay in immortalized
mouse fibroblasts. Briefly, cells were transfected with pAAV-U6-gRNA and hCas9 (Addgene
41815) using Lipofectamine 2000 (ThermoFisher). Two days after transfection, the cells were
harvested and genomic DNA was extracted with DNeasy Blood & Tissue kit (QIAGEN), and a
T7E1 (NEB) assay was done following manufacturer's instructions. Primers to amplify genomic
regions are listed as following: NRL-F: ACCTCTCTCTGCTCAGTCCC; NRL-R:
GACATGCTGGGCTCCTGTC. The cleavage frequency was calculated from the proportion of cut

bands intensity to total bands intensity.
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2.3.7 Animal AAV Injections

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
and adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
All mice were acquired from Jackson labs. AAV injections were done in adult C57BL/6J mice (10
weeks) through tail-vein injections using SE+11 vg/mouse of each split-Cas9 (total virus of 1E+12
vg/mouse), or in rd10, NRL-EGFP, and C57BL/6J neonates (P7) through subretinal injections as
previously described’”®® using ~1E+10 vg/mouse of each split-Cas9 (total virus of ~2E+10). For
subretinal injections, approximately 0.3ul AAV2-Y444F was introduced into the subretinal space
using a pulled angled glass pipette controlled by a FemtoJet (Eppendorf). The left eyes were
uninjected for within-animal controls. Experimental mice were anesthetized with an intraperitoneal
injection of a mixture of ketamine and xylazine. Pupils were dilated with 1% topical tropicamide.
Subretinal injection was performed under direct visualization using a dissecting and a glass
micropipette (internal diameter 50~75 pum). 1ul of AAV mixture was injected into the subretinal
space through a small scleral incision. A successful injection was judged by creation of a small
subretinal fluid bleb. Fundus examination was performed immediately following injection, and

mice showing any sign of retinal damage such as bleeding were excluded from final animal counts.

2.3.8 Doxycycline administration

Mice transduced with pAAV inducible-Cas9 vectors were given IP injections of 200 mg

Doxycyline in 10 mL 0.9% NaCl with 0.4 mL of 1N HCI, three times a week for four weeks.
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2.3.9 Optokinetic nystagmus (OKN) tests

Visual acuity testing of all animals was conducted at 5 weeks after injection with an
optomotor testing apparatus as previously reported®'. Briefly, a virtual reality chamber was created
with four computer monitors facing into a square. A virtual cylinder, covered with a vertical sine
wave grating, was drawn and projected onto the monitors using software running on a Java
application. The animal was placed on a platform within a clear cylinder (diameter ~30 cm) in the
center of the square. A video camera situated above the animal provided real-time video feedback
on another computer screen. From the mouse’s point of view, the monitors appeared as large
windows through which the animals viewed the rotating cylinder. Each mouse was placed on the
platform in a quiet environment before the test until it became accustomed to the test conditions
with minimal movement. The virtual stripe cylinder was set up at the highest level of contrast
(100%, black 0, white 255, illuminated from above 250 cd/mz), with the number of stripes starting
from 4 per screen (2 black and 2 white). The test began with 1 min of clockwise rotation at a speed
of 13. (The baseline value is 10, at which the bars move 1 pixel/cycle. Values less than 10 delay the
cycle by X*100 ms, with a minimum value of 1). An unbiased observer tracked and recorded the
head movements of the mouse. The test was then repeated with 1 min of counterclockwise rotation.
The data were measured by cycles/degree (c/d) and expressed as mean + s.e.m. with comparison

using a t-test statistical analysis. A p value <0.05 was considered statistically significant.

2.3.10 Histology

Mice were humanely sacrificed by CO,. Eyeballs were dissected, marked with the injection
site and fixed in 4% PFA. Cornea, lens, and vitreous were removed from each eye without

disturbing the retina. The remaining retina containing eyecup was infiltrated with 30% sucrose and
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embedded in OCT compound. Horizontal frozen sections were cut on a cryostat. Care was taken to
obtain retinal sections from control and experimental groups along comparable points along the
dorsal-ventral axis.  Retinal cross-sections were prepared for histological evaluation by

immunofluorescence staining.

2.3.11 Immunofluorescence

Retinal cryosections were rinsed in PBS and blocked in 0.5% Triton X-100 and 5% BSA in
PBS for 1 hour at room temperature, followed by an overnight incubation in primary antibodies at
4°C. After three washed in PBS, sections were incubated with secondary antibody. Cell nuclei were
counterstained with DAPI (49,6-diamidino-2-phenylindole). The following antibodies were used:
mouse anti-Rhodopsin monoclonal antibody (Abcam ab3267), rabbit anti-Opsin polyclonal
antibody (Millipore AB5405), rabbit anti-Cone Arrestin polyclonal antibody (Millipore AB15282).
The following secondary antibodies, Alexa Fluor-488 or 555-conjugated anti-mouse or rabbit
immunoglobulinG (IgG) (Invitrogen) were used at a dilution of 1:500. Sections were mounted with
Fluoromount-G (Southern Biotech) and coverslipped. Images were captured using Olympus

FV1000 confocal microscope.

2.3.12 Gene expression analysis and RT-qPCR

RNA from cells was extracted using RNeasy kit (Qiagen, 74104), from liver using RNeasy
Plus Universal Kit (Qiagen, 73442) and from eyeballs using AllPrep DNA/RNA Mini Kit (Qiagen,
80204). cDNA was synthesized from RNA using Protoscript II Reverse Transcriptase Kit (NEB,
E6560L). Real-time PCR (qPCR) reactions were performed using the KAPA SYBR Fast qPCR Kit

(Kapa Biosystems, KK4601), with gene specific primers (Table S1.2) in technical triplicates and in
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biological triplicates. Relative mRNA expression was calculated using the comparative CT (AACT)
method and normalized to f—actin or GAPDH. Mean fold change and standard deviation were

calculated using Microsoft Excel.

2.3.13 Genomic DNA extraction and NGS preps

Genomic DNA from cells and tissues was extracted using DNeasy Blood and Tissue Kit
(Qiagen, 69504), according to the manufacturer’s protocol. Next generation sequencing libraries
were prepared as follows. Briefly, 4-10 pg of input whole liver gDNA was amplified by PCR with
primers that amplify 150 bp surrounding the sites of interest (Table S.1.2) using KAPA Hifi
HotStart PCR Mix (Kapa Biosystems, KK2602). PCR products were gel purified (Qiagen, 28704),
and further purified (Qiagen PCR Purification Kit, 28104) to eliminate byproducts. Library
construction was done with NEBNext Multiplex Oligos for Illumina kit (NEB, E7335S). 10-25 ng
of input DNA was amplified with indexing primers. Samples were then purified and quantified
using a qPCR library quantification kit (Kapa Biosystems, KK4824). Samples were then pooled and
loaded on an Illumina Miseq (150 bp paired-end run or 150 single-end run) at 4nM concentrations.

Data analysis was performed using CRISPR Genome Analyzer*.

2.3.14 ELISA

Levels of serum Afp were measured using the alpha-fetoprotein (Afp) mouse ELISA kit
(Abcam ab210905) according to manufacturer’s guidelines. First, 50 pL of 2 pg/mL Capture
Antibody was added to each well of a 96-well of a high bind microplate (ab210903). The plates
were sealed and incubated overnight at 4°C on a plate rocker. The plates were manually washed

three times with 350 pL of 1X Wash Buffer (ab206977). To reduce non-specific binding, the plates
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were blocked by adding 300 puL of 1X Blocking Buffer (ab210904) to each well. The plates were
then sealed and incubated at RT for 2 hours. Plates were washed as described above. The Afp
protein standards were diluted in 1X Blocking Buffer (ab210904) and prepared for a two-fold
diluted standard curve. Samples were diluted 1:20 in 1X Blocking Buffer (ab210904), 50 pL of
sample and standard (in duplicates) were added onto the plates and allowed to bind for 2 hours.
Plates were washed as described above. Then, 50 pL of 0.5 ug/mL of Detector Antibody was added
to each well and incubated for 1 hour at RT. The plates were washed as described above. HRP-
Streptavidin solution (ab20901) was added to each well at a 1:7500 dilution and incubated at RT for
1 hour. Plates were washed as described above. Then, 100 pL of TMB Substrate was added to each
well and incubated until optimal blue density was obtained. Finally, 100 pL of stop solution was
added to each well. The absorbance was immediately determined on a microplate reader (BioRad

iMark) at a wavelength of 450 nm.

2.4 Results

2.4.1 In vitro and in vivo genome editing via a dual-A AV split-Cas9 system

We first confirmed that split-Cas9 constructs delivered as AAVs were functional in vitro
and in vivo. Expression cassettes of split-Streptococcus pyogenes (SpCas9) and gRNA were
delivered via a dual-AAYV vector system (Figure S1.1). The first AAV contains a gRNA driven by a
human RNA polymerase III promoter, U6, and a N-terminal Cas9 (NCas9) fused to an N-intein
driven by a CMV promoter, as well as a polyadenylation (polyA) signal®’. The second AAV
cassette contains a CMV driven C-terminal Cas9 (CCas9) fused to a C-intein as well as a polyA
signal. We confirmed targeted genome editing through next-generation sequencing (NGS)* across

two distinct cell types in vitro (Figure S1.1), notably also observing robust AAV6 mediated editing
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in human CD34+ hematopoietic stem cells. We additionally confirmed in vivo genome editing in
adult C57BL/6J mice injected with SE+11 vg/split-Cas9/mouse through the tail-vein (Figure S1.1).
As a hit and run approach suffices for genome editing and is preferable over long-term
nuclease expression, we next engineered small-molecule inducibility’>**** of in vivo CRISPR-Cas9
editing activity. Specifically, we engineered one AAV construct to bear a minimal CMV promoter
with a tetracycline response element (TRE) up-stream of the C-Intein-CCas9 fusion, while the other
bore a full length CMV promoter that drives expression of the N-Intein-NCas9 fusion and a tet-
regulatable-activator (tetA). The binding of tetA to the TRE, upon doxycycline addition, allows for
inducible expression of the CCas9 and thereby temporal regulation of genome editing (Figure
S1.1). We confirmed robust functioning of this system both in vitro and in vivo (Figure S1.1).
Taken together these studies confirmed the functionality of the dual-AAV split-Cas9 format for

CRISPR-Cas9 delivery.

2.4.2 In vitro and in vivo genome regulation via a dual-AAV split-dCas9

system

Next, to engineer targeted genome repression and activation, we utilized a dead split-Cas9
(dCas9) protein and its fusion to repression and activation domains (specifically a KRAB and a
VP64+rTA (VR) domain respectively) (Figure 2.1)'>'*'®%_ Utilizing the dual-AAV strategy
enabled us to package these additional effector domains without exceeding the viral packaging
capacity. We confirmed functionality via in vitro experiments in HEK293T cells targeting CXCR4
for repression and RHOX1 for activation utilizing the AAV-DJ serotype, with control non-targeting
virus (equal viral titers). For in vivo AAV delivery, we performed tail vein injections at titers of

SE+11 vg/split-dCas9/mouse using the AAV8 serotype, and harvested mice livers 4 weeks post-

40



injection. We achieved 80% in vivo repression at the Cd8/ locus (n=4, p<0.0001), and over 2-fold
in vivo activation at the Afp locus (n=4, p=0.0117). Taken together, we confirmed targeted gene
repression and activation, as assayed via quantitative RT-qPCR, in both in vitro and in vivo

scenarios and across multiple genomic loci (Figures 2.1).
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Figure 2.1: Versatile genome regulation via a modular dual-AAV split-dCas9 system. (a)
Schematic of intein-mediated split-dCas9 pAAVs for genome regulation. (b) Approach for modular
usage of effector cassettes to enable genome repression via a KRAB-dCas9 repressor fusion
protein, and genome activation via a dCas9-VP64-RTA fusion protein. (¢) In vitro CXCR4
repression in HEK293T cells utilizing two spacers targeting the CXCR4 locus, as determined by
RT-qPCR. Controls consist of a gRNA targeting the AAVS]1 locus. (n=3; error bars are s.e.m.;
Student’s t-test; p=0.0127). (d) In vivo Cd81 repression in adult mice livers utilizing two spacers
targeting the Cd81 locus, as determined by RT-qPCR. Control mice received non-targeting AAVSE
virus at the same titers, SE+11 vg/split-dCas9/mouse. (n=4; error bars are s.e.m.; Student’s t-test;
p<0.0001). (e) In vitro RHOX activation in HEK293T cells utilizing two spacers targeting the
RHOX locus, as determined by RT-qPCR. Controls consist of a gRNA targeting the AAVS1 locus.
(n=3; error bars are s.e.m.; Student’s t-test; p<0.0001). (f) In vivo Afp activation in adult mice
livers utilizing two spacers targeting Afp locus, as determined by RT-qPCR. Control mice received
non-targeting AAVS virus at the same titers, SE+11 vg/split-dCas9/mouse. (n=4; error bars are
s.e.m.; Student’s t-test; p=0.0117).

To see if we could further improve targeted genome regulation, we screened additional
repression and activation domains by taking advantage of the modular vector designs of our dual-

AAV-CRISPR platform (Figure 2.2). Specifically, for our activation system, we evaluated coupling
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of additional VP64 or P65 domains onto the N-terminal of the dCas9 vector (dNCas9). The
additional domains indeed yielded enhanced activation of a target locus (ASCL/) in HEK293T
cells, with a ~17-fold higher activation with VP64 (n=3, p=0.0387) and ~23-fold higher activation
with P65 (n=3, p=0.0069) (Figure 2.2), implying that tethering of a VP64 or P65 domain on the N-
terminal in addition to the existing VP64-RTA on the C-terminal led to improved gene activation.
We further confirmed this improved architecture in vivo in mice, observing over 6-fold activation at
the Afp locus (n=4, p=0.0271) (Figure 2.2). In addition, to evaluate the in vivo kinetics of CRISPR-
based gene regulation, we performed a time-course ELISA on mice injected with SE+11 vg/split-
dCas9/mouse of AAVE VP64-dCas9-VR-Afp, which were bled weekly for 10 weeks. Control mice
received equal titers of a non-targeting AAVS virus. We observed that Afp activation peaks at week
6, with a 19 ng/mL concentration of Afp in the blood, from a baseline of 3.8 ng/mL (calculated

based on an Afp protein standard curve) (Figure 2.2).
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Figure 2.2: Domain optimization for AAV-CRISPR regulation. (a) Taking advantage of the
extra space in the split-dCas9 system, additional activation domains were fused onto the C-terminal,
and additional repression domains were fused onto the N-terminal. (b) Domain optimization for
AAV-CRISPR activation (left panel): Activity of multiple N-terminal domain fusions: VP64 and
P65 were evaluated and notably addition of a VP64 domain yielded ~17-fold higher gene
expression, and addition of P65 yielded ~23-fold higher expression after transfection. (n=3; error
bars are s.e.m.; one-way ANOVA; p=0.0387 and p=0.0069, respectively; HEK293T cells; locus:
ASCLI). Based on this, a VP64 activation domain was added onto the dNCas9 vector and the in
vivo Afp activation experiments were repeated in mice (right panel) receiving SE+11 vg/split-
dCas9/mouse of AAVS split-VP64-dCas9-VR-Afp. Control mice received non-targeting AAVSE
virus at the same titers, SE+11 vg/split-dCas9/mouse. Mice were harvested at week 4. A >6-fold
activation of Afp was observed with the additional VP64 domain. (n=4; error bars are s.e.m.;
Student’s #-test; p=0.0271). (¢) To determine the in vivo kinetics of CRISPR activation, C57BL/6J
mice were injected with SE+11 vg/split-dCas9/mouse of AAVS split-VP64-dCas9-VR-Afp and
were bled weekly. Control mice received non-targeting AAVS virus at the same titers, SE+11
vg/split-dCas9/mouse. Afp concentrations were calculated based on Afp protein standard curve. Afp
concentration peaked at week 6, at ~19.2 ng/mL compared to a baseline of ~3.8 ng/mL, showing a
~5-fold increase in Afp concentration. (n=6; error bars are s.e.m.; two-way ANOVA with Dunnett’s
multiple comparisons post-hoc test). (d) Domain and guide RNA optimization for AAV-CRISPR
repression: activity of multiple C-terminal domain fusions: KRAB, DNA methyltransferase
(DNMT3A or DNMT3L), and FOG1 were evaluated, however, no significant additional repression
in transient repression assays was observed. Higher repression was observed when utilizing two
gRNAs. (n=3; error bars are s.e.m.; HEK293T cells; locus: CXCR4).
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Next, we focused on optimizing targeted gene repression. While dCas9 alone can cause
repression as it can halt RNA polymerase progression by steric hindrance when targeted
downstream of the transcription start site (TSS), or can competitively interfere with transcription
factor binding when targeted to promoter regions or regulatory elements'>***, KRAB-dCas9 has
been shown to be more potent for gene silencing than dCas9 alone® . To determine whether we
could further improve the repression system, we evaluated fusions of additional KRAB, DNA
methyltransferase domains (DNMT3A or DNMT3L)**, or FOG1” onto the C-terminal of the
dCas9 vector (dCCas9), and also the use of single versus dual-gRNAs. To avoid repeat sequences
in the AAV that can compromise vector stability and viral titers, we utilized a human U6 promoter
and a mouse U6 promoter to drive each individual gRNA, and also used non-homologous trans-
activating small RNA (tracrRNA) sequences’'. However, we did not observe an increase in
repression with the addition of repression domains, implying that a single KRAB domain suffices
for our transient repression assays in HEK293T cells, but the use of dual-gRNAs consistently

yielded enhanced gene repression (Figure 2.2, Figure S1.2).

2.4.3 In situ cellular reprogramming of rod photoreceptors

Having established a robust in vivo genome regulation system, we next focused on applying
the same in a therapeutically relevant mouse model of disease, specifically focusing on retinitis
pigmentosa (RP). For these studies we utilized a AAV2 mutant containing a tyrosine to
phenylalanine substitution (Y444F) due to its high retinal transduction efficiency”’. To further boost
gene targeting, we utilized a dual-gRNA approach per above. We designed corresponding Cas9-
based editing (split-Cas9-Nrl), and dCas9-based repression system (split-KRAB-dCas9-Nrl) where
the KRAB repressor domain is fused to the N-terminal of the dCas9 protein (Figure 2.3). We first

delivered the split-Cas9-Nrl vectors into mouse embryonic fibroblasts (MEFs) and assessed gene
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editing rates through a T7E1 assay, which cuts mismatched dsDNA, and confirmed editing rates of

about ~25% (Figure S1.3).
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Figure 2.3: Dual-AAYV split-dCas9 repression strategy rescues retinal function in rd10 mice.
(a) Schematic of AAV construction for split-Cas9-Nrl gene editing vectors. To avoid repeat
sequences in the AAV, a human U6 promoter and a mouse U6 promoter were utilized to drive each
individual gRNA. (b) Approach for modular usage of effector cassettes to enable genome
repression via a split-KRAB-dCas9-Nrl repressor. (¢) Target sequences for Nr/ genome editing and
repression. PAM sequences are underlined. (d) Immunofluorescence analysis of mCAR" cells in
rd10 mouse retina treated with AAV-split-Cas9-Nrl or AAV-split-KRAB-dCas9-Nrl. Mice were
treated at P7 and harvested at P50. Rhodopsin, green; mCAR, Red; DAPI, blue. (e) Quantification
of mCAR" cells in rd10 mice retina treated with AAV-split-Cas9-Nrl or AAV-split-KRAB-dCas9-
Nrl. Results are shown as mean + s.e.m. (*p<0.05. Student’s t-test, n=3). (f) Increased ONL
thickness in rd10 mice retina treated with AAV-split-Cas9-Nrl and AAV-split-KRAB-dCas9-Nrl.
ONL, outer nuclear layer. Results are shown as mean + s.e.m. (*p<0.05. Student’s #-test, n=3). (g)
Quantification of b wave amplitude in AAV-split-Cas9-Nrl and AAV-split-KRAB-dCas9-Nrl
injected, and un-injected rd10 mice. Results are shown as mean + s.e.m. (*p<0.05. Paired student’s
t-test, n=3). (h) Quantification of visual acuity in rd10 mouse retina treated with AAV-split-Cas9-
Nrl and AAV-split-KRAB-dCas9-Nrl. Results are shown as mean + s.e.m. (*p<0.05. Student’s ¢-
test, n=3)

47



[

gRNA gRNA
1 2

C

N-Cas9

C-Cas9

Cas9
gRNAT

N-
Intein

{ pA

Nrl

i

: H

)

repress edit

gRNAs  gRNAs
o
-
°
£
3
o
o
+ o
<
ZE
© %
= ®
z 0
=
-
. B
<
z
(74
o
z
e f
25 .

»

m)
»
(=]

»
(=)

A
5
2o o
Ao\ S o
WO QY
o “gy‘

%.
%

mCAR™* cells/200 pm
o o > >
3 &
ONL thickness (!

%

KRAB

b dCas9
- ! N —2 gRNAT
-
N-dCas9 ‘ Intein '{ [
-
B—m Cacaso o

_U

Photopic b wave value (uV)

° 3 S 8
b |
Visual acuity (c/d)
o o
o o »
o
g2

Nrl gRNAs Target Sequence

Edit gRNA1 GTATGGTGTGGAGCCCAACG AGG

Edit gRNA2 GAGCCTTCTGAGGGCCGATC TGG
Repress gRNA1  TCCCTGTATTCAGAACAAGG GGG
Repress gRNA2 AGTCACTGTCAGAACCAGAA AGG

50 ym

N \ Ky ) )
¢ Wy e o Mo PP
SR R N RGeS
O W e o Q_yfb
o *g? o N\



We next used quantitative RT-qPCR to measure the relative expression levels of
photoreceptor-specific genes in reprogrammed retinas and controls. We confirmed down-regulation
of Nrl, with simultaneous upregulation of cone specific genes, i.e. Arr3, Opnlmw, PDE6C, GNAT2
(Figure S1.3). To assay rod reprogramming into cone-like cells, we transduced transgenic Nrl-
EGFP mice bearing GFP-labeled rod photoreceptor cells, with 2E+10 vg/split-Cas9/mouse of
AAV-split-Cas9 or 2E+10 vg/split-dCas9/mouse of AAV-split-KRAB-dCas9 systems targeting Nr/
into the subretinal space at postnatal day 7 (P7). These were then sacrificed for histology at P30 via
flash-freezing, sectioning, and staining of retinas for a cone marker, cone arrestin (mCAR). We
indeed observed a reprogrammed photoreceptor phenotype with both our split-Cas9-Nrl and split-
KRAB-dCas9-Nrl in vivo, with a decrease in Nrl-GFP+ rod photoreceptors (Figure S1.3) and an
increase in the number of mCAR positive cells (Figure S1.3). We next repeated the above
experiments in normal wild-type C57BL6 mice. Consistent with the results in Nrl-EGFP transgenic
mice, we again observed a reprogrammed photoreceptor phenotype in the retina, characterized by a
significant increase in the number of mCAR and mOpsin positive cells (Figure S1.3). Taken
together, the above experiments confirmed the efficacy of our dual-AAV-CRISPR platform in

engineering in situ cellular reprogramming of retinal rod cells.

2.4.4 Prevention of photoreceptor degeneration in a RP mouse model

Next, to validate our approach in a RP mouse model, we targeted Nr/ in rd10 mice, a model
of autosomal recessive RP. These mice carry a spontaneous mutation of the rod-phosphodiesterase
gene, and exhibit rod degeneration around P18. By P60, rods are no longer detectable, with
accompanying cone photoreceptor degeneration™. To assess if conversion of rods to cones is
sufficient to reverse degeneration and rescue visual function, we subretinally injected split-Cas9-Nrl

or split-KRAB-dCas9-Nrl in rd10 mice at P7. While untreated eyes had sparsely distributed
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photoreceptor cell nuclei in the outer nuclear layer (ONL), split-Cas9-Nrl or split-KRAB-dCas9-Nrl
treated eyes had ~2-3 layers of ONL, indicating that the treatment prevented photoreceptor
degeneration and preserved ONL (Figure 2.3). To determine the effect of the treatment on cone
physiological function and visual acuity, we also measured optic kinetic nystagmus (OKN) to
quantify visual acuity 6 weeks after injection (P50). All eyes treated with split-KRAB-dCas9-Nrl
had improved visual function as indicated by significantly higher visual acuity (Figure 2.3). Taken
together, our split-KRAB-dCas9 AAV system thus paves the way for fine control of in sifu gene
expression for gene therapy of RP, and importantly also enables a scarless approach for in vivo

genome engineering.

2.5 Discussion

Collectively, our integrated AAV-CRISPR delivery platform provides a facile and robust
method to edit and regulate the expression of endogenous genes via Cas9 and dCas9 based

effectors. In recent work, others and we have demonstrated the use of AAV-split-Cas9s~°

. Here,
we establish a modular vector architecture whereby we also couple dCas9 and several
transcriptional regulators with ease, thereby engineering the full spectrum of genome editing and
regulation (both activation and repression) functionalities. This system has several advantages,
including the utilization of a split-Cas9 system, which due to the limited cargo capacity of AAVs
(~4.7kb), is an optimal approach to enable desired genome engineering applications. Additionally,
one can utilize desired accessory elements of interest to optimize transcription of the payloads. We

show that our AAV-CRISPR system can be utilized to achieve a high level of in vivo transcriptional

repression (up to 80%) (Figure 2.1) and in vivo transcriptional activation (up to 6 fold increase)
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(Figure 2.1), as well as for editing in vitro in HEK293T cells and CD34+ HSCs, and in vivo in
C57BL/6J mice (Figure S1.1).

Furthermore, we demonstrated for the first time the utility of AAV-KRAB-dCas9 mediated
in situ gene repression in the context of gene therapy, specifically, to prevent vision loss in a mouse
model of retinitis pigmentosa (rd10 mice) (Figure 2.3). With our approach, we demonstrate
reprogramming of rod to cone-like cell fate, with rescue of visual function, by targeted inactivation
or repression of Nrl. Gene targeting efficiency was significantly improved with our dual-gRNA
strategy. Using our cellular reprogramming approach, we demonstrate significant rescue and
preservation of cone function. However, this approach may also reduce rod photoreceptor number
and function, and therefore lead to night blindness. Nonetheless, studies have indicated that RP
patients are willing to tolerate night blindness, as it is considered an acceptable risk given the
potential for significant restoration of cone function, and therefore of daylight vision. Furthermore,
as RP in advanced stages of the disease eventually leads to loss of both rods and cones, and
therefore to legal blindness, this reprogramming strategy would represent an attractive therapeutic
approach.

We note that secondary cone degeneration and death in RP may be due to toxic factors
released from dying rods that damage cones, or to an unfavorable environment from ONL collapse
that cannot maintain sufficient structural or physiological support for cones. It can be hypothesized
that the preservation of rod cell bodies may thus provide the requisite support necessary to prevent
secondary cone death. Indeed, Gnatl”" knockout mice, which have severe rod dysfunction, have
cones with near normal histology and function without significant rod degeneration or ONL

54,55
collapse™

. In fact, our current study showed increased ONL thickness in eyes treated with AAV-
split-Cas9-Nrl and AAV-split-KRAB-dCas9-Nrl. Moving forward it will however be important to

perform long-term studies in the mice to determine the effects of prolonged Nr/ repression. As such,
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an advantage of using a repression based system via the dual AAV-split-KRAB-dCas9 is that this
strategy provides a potentially reversible approach for gene therapy, with no risk of mutagenesis

1215 In addition, recessive mutations in NRL

due to the inactivation of the Cas9 nuclease activity
can cause retinal degeneration, which is why an in vivo gene repression (versus gene editing) of Nr/
to rescue cone degeneration is advantageous given the deleterious long-term effects of Nr/ ablation.

An additional advantage of utilizing this system is that one can also potentially multiplex
gene activation or repression’®, which could be beneficial for complex diseases that have multiple
loci involved. Additionally, genes that are typically difficult to edit could also be readily accessed
through the dCas9 system. Finally, since dCas9 lacks endonuclease activity, and there is no
permanent change to the genome, off-target effects that can lead to oncogenesis can also be
avoided. We also note some potential limitations of our system: utilizing a split-Cas9 system will
have reduced targeting efficiency as both components, CCas9 and NCas9, have to be co-delivered
to the target cell of interest to reconstitute Cas9 activity. Additionally, since dCas9 does not enable
a permanent change to the genome, multiple treatments might be necessary. We however expect
that with steady improvements in techniques for localized tissue-specific delivery and optimization
of AAV production, these aspects will be progressively addressed.

Taken together, we believe that our CRISPR-dCas9 mediated in situ cellular reprogramming
approach represents a promising strategy in the prevention of tissue degradation and restoration of
normal tissue function, and points to an important approach towards the treatment of human
diseases in a gene and mutation independent context. We also anticipate our programmable multi-

functional AAV based synthetic delivery platform, through its ready programmability in CRISPR

effector incorporation, will have broad utility in basic science and translational applications.
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Chapter 3 — Exploring protein
orthogonality in immune space: a case

study with AAV and Cas9 orthologs.

3.1 Abstract

A major hurdle in protein-based therapeutics, including CRISPR-Cas gene targeting
approaches, is the interaction with the adaptive immune system which can lead to neutralization by
circulating antibodies and clearance of treated cells by cytotoxic T-lymphocytes. To address this
issue, we propose here the sequential use of orthologous proteins whose function is constrained by
natural selection, but whose structure is subject to diversification via forces such as genetic drift.
This would, in principle, allow for repeated treatments by ‘immune orthogonal’ orthologs without
reduced efficacy due to lack of immune cross-reactivity among the proteins. To explore and
validate this concept we chose 284 DNA targeting and 84 RNA targeting CRISPR effectors
(including Cas9, Cpfl/Casl2a, and Casl3a, b, and c), and 167 Adeno-associated virus (AAV)
capsid protein orthologs and developed a pipeline to compare total sequence similarity as well as
predicted binding to class I and class II Major Histocompatibility Complex (MHC) proteins.
Interestingly, MHC binding predictions revealed wide diversity among the set of DNA-targeting
Cas orthologs, with 79% of pairs predicted not to elicit cross-reacting immune responses, while no
global immune orthogonality among AAV serotypes was observed. We validated the

computationally predicted immune orthogonality among three important Cas9 orthologs, from S.
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pyogenes, S. aureus, and C. jejuni observing cross-reacting antibodies against AAV but not Cas9
orthologs in sera from immunized mice. Finally, to demonstrate the efficacy of multiple dosing with
immune orthogonal orthologs, we delivered AAV-Cas9 targeting PCSK9 into BALB/c mice
previously immunized against the AAV vector and/or the Cas9 payload, demonstrating that editing
efficiency is compromised by immune recognition of either the AAV or Cas9, but, importantly, this
effect is abrogated when using immune orthogonal orthologs. Moving forward, we anticipate this
framework can be applied to prescribe sequential transient regimens of immune orthogonal protein
therapeutics to circumvent pre-existing or induced immunity, and eventually, to rationally engineer

immune orthogonality among protein orthologs.

3.2 Introduction

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 [1-4]. 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 [5-11].

A common approach to circumventing these issues has been to utilize human proteins, or to

humanize proteins by substitution of non-human components [12,13]. However, this approach is
60



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 [13]. Another way to circumvent an
immune response to protein therapeutics is the removal of immunogenic T cell epitopes [14-16].
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 [16,17], 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
[18-21].

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 [22,23]. This provides an even greater challenge as repeated exposure to the same antigen
can elicit a more robust secondary immune response [24], which may completely inhibit subsequent
dosage or even sensitize the immune system to antigens remaining from the initial exposure. In
order to facilitate efficacious repeat protein therapies, we propose the use of orthologous proteins
whose function is constrained by natural selection, but whose structure is subject to diversification

by genetic drift. An ortholog, given sufficient sequence divergence, will not cross-react with the
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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 [25-35]. Comparative genomics has
demonstrated that Cas9 proteins are widely distributed across bacterial species and have diversified
over an extensive evolutionary history [36-40]. Although there may be pre-existing immunity to
Cas9s from pathogenic or commensal species [41-43], we hypothesized this diversity could provide
a mechanism to circumvent inducing immunological memory by utilizing orthologous Cas9
proteins for each treatment.

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 are
associated with low immunogenicity and toxicity [8,9], which promotes transgene expression
[44,45] and treatment efficacy. Despite the relatively low immunogenicity of AAV vectors,
antibodies against both the capsid and transgene may still be elicited [10,46-52]. Additionally, the
prevalence of neutralizing antibodies (NAB) against AAVs in the human population [53] and cross-
reactivity between serotypes [54] remains a hurdle for efficacious AAV therapy. Although AAVs
were initially considered non-immunogenic due to their poor transduction of antigen-presenting
cells (APCs) [55], it is now known that they can transduce dendritic cells (DCs) [56] and trigger
innate immune responses through Toll-like receptor (TLR) signaling pathways [57]. The ability to
transduce DCs is dependent on AAV serotype and genome, and may be predictive of overall
immunogenicity [58]. 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
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in response to Cas9 [52], highlighting the need to confront this issue when further developing gene
therapies.

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
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 II MHC molecules [59,60]. 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.

3.3 Methods

3.3.1 K-mer Analyses

For Cas9, we initially chose 91 orthologs cited in exploratory studies cataloging the
diversity of the Cas9 protein [36,40,84-87], 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 Casl3a, b and c. For AAVs, we analyzed 167
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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 II 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.

3.3.2 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 4.0 [88] 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 netMHClIpan

3.1[89] for class II (alleles can be found at http:/www.cbs.dtu.dk/services/NetMHClIpan-

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) [90] 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
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.
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3.3.3 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.

3.3.4 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 [91,92]. The first AAV contains a
gRNA driven by a human RNA polymerase III promoter, U6, and a N-terminal Cas9 (NCas9) 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 oligonucelotides (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)
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3.3.5 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 [93]. 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 pAdS helper vector using PEI (1ug/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
iodixanol 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".

3.3.6 Animal studies

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.
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3.3.7 CFA immunizations

CFA immunizations were prepared by mixing CFA (Sigma-Aldrich) with 5 ug 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.

3.3.8 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 ng 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
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
IgG1l (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

67



(Bethyl) was added to each well. Optical density (OD) at 450 nm was measured using a plate reader

(BioRad iMark).

3.3.9 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 ug 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 [94] and NHEJ-repaired cleavage events resulting in a mutation were quantified

using CRISPResso [95].

3.3.10 Splenocyte Clearance Assay

Splenocyte clearance assays were performed similarly to previous work [96]. Briefly,
spleens from adult C57BL/6J mice were harvested and treated to remove erythrocytes and dead
cells. These cells were then diluted to 10" 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 ug/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 were then injected
into naive or CFA-immunized mice at week 1 or 3.5 retro-orbitally at 3-6 x 10" 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.
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3.3.11 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 3.3c.

3.3.12 Epitope prediction and peptide synthesis

The MHC-binding peptides for our mouse model were predicted using the netMHC-4.0
and netMHClIpan-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.

3.3.13 IFN-y ELISPOT assay

CD8+ 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 10° LPS-blasts loaded with 10 pg 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
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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.

3.4 Results

3.4.1 Immune response to AAV and Cas9

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 3.1a). To determine the humoral immune response kinetics to
AAV-CRISPR therapeutics (Figure 3.1b), focusing as an exemplar on the AAVS8 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 Low Density Lipoprotein (LDL) levels and protect against cardiovascular
disease. Consistent with a previous study [61], 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 3.1c). We noted that a subset of the mice
developed IgG1 antibodies against the SaCas9 protein (Figure 3.1d). Additionally, mice developed
humoral immunity to the AAVS8 capsid within one-week post-injection (Figure 3.1e). Finally, we
also confirmed a CD4+ T-cell response against AAVS and SaCas9 for a subset of predicted MHCII
epitopes on these proteins using an ELISPOT (Figure S2.1). To evaluate the feasibility of multiple
dosing with AAV-Cas9, we next investigated whether immune orthogonal sets of AAV and Cas9

orthologs exist.
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Figure 3.1: Protein based therapeutics elicit an adaptive immune response: experimental and
in silico analyses. (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
explored the CRISPR-Cas9 systems and corresponding delivery vehicles based on AAVs. (¢) Mice
were injected retro-orbitally with 10'* vg/mouse of AAV8-SaCas9 targeting the PCSK9 gene or a
non-targeting control (empty vector). A decrease in PCSK9 serum levels, due to successful gene
targeting, can be seen in mice receiving AAV-SaCas9-PCSK9 virus (n=6 mice for each group).
Each line represents an individual mouse. (d) Immune response to the payload was detected in
ELISAs for the SaCas9 protein. (n=12) Each line represents an individual mouse. (e) Immune
response to the delivery vehicle was detected in ELISAs for the AAVS virus capsid (n=12 mice).
Each line represents an individual mouse. (f) /n silico workflow used to find immune orthogonal
protein homolog cliques. (g) 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, while MHC I and MHC II 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. (h) Same as (g) but for
AAV VP1 capsid proteins. All AAV pairs contain overlapping MHC-binding peptides.
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3.4.2 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 S2.1) and 167 AAV orthologs
(Table S2.2) 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
Type 1 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,h, S2.2). 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 S2.3).
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-reacting immune
responses, i.e. they are predicted to be orthogonal in immune space (Figure 3.1g). On the contrary,
among AAV capsid (VPI1 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 AAVs [62]. This analysis
suggests, consistent with previous observations [63,64], 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 (AAVS5) 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 S2.4), though there is significant variation
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not captured by that regression, suggesting that MHC-binding predictions can refine the choice of

sequential orthologs beyond phylogenetic distance alone.

3.4.3 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 S2.3). To determine whether either of these proteins
have cross-reacting antibody responses, we injected mice with 10'? vg of either AAVS or AAVDJ
capsids containing SaCas9 or SpCas9 transgenes via retro-orbital injections and harvested serum at
days 0 (pre-injection), and periodically over 4-6 weeks (Figure 3.2a). 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 3.2b). 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 3.2c). 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 S2.5), confirming immune orthogonality for a set

of 3 unique Cas9 orthologs.
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3.4.4 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 [63], we found
shared immunogenic peptides among all human AAV serotypes (Figure S2.6). We confirmed the
lack of orthogonality for two serotypes, AAV8 and AAVDJ, in which we found that antibodies
produced in mice injected with AAVE or AAVDIJ react to both AAVS and AAVD]J antigens (Figure
3.2d). 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 AAVS5 [64,65], 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 ELISAs, where mice injected with
AAV2 did not elicit antibodies against AAVS5 and AAVS, and mice injected with AAVS5 did not

elicit antibodies against AAVDJ and AAVS8 (Figure 3.2d).
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Figure 3.2: Experimental validation of Cas9 and AAV immunogenicity predictions. (a) Mice
were exposed to antigens via retro-orbital injections at 10'* vg/mouse. Serum was harvested prior to
injection on day 0, and at multiple points over the course of 4-6 weeks. (b) anti-SpCas9 antibodies
generated in mice injected with SpCas9 (n=6) and SaCas9 (n=12), and anti-SaCas9 antibodies
generated in mice injected with SpCas9 (n=6) and SaCas9 (n=12). Results are shown as mean +
s.e.m. Each data point represents an individual mouse. (c) anti-SpCas9 and anti-SaCas9 antibodies
generated by mice injected with AAVS SpCas9 (n=12; left panel), or AAVDJ SpCas9 (n=12; right
panel). Results are shown as mean + s.e.m. Each data point represents an individual mouse. (d)
anti-AAV8/DJ/2/5 antibodies generated against mice injected with AAVS or AAVDJ (n=4 for all
panels), or with AAV2 or AAVS (n=5-6 for all panels). Results are shown as mean + s.e.m. Each
data point represents an individual mouse.
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3.4.5 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 (Figures 3.3A, S2.7). 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 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 (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 (Figure 3.3B, 3.3C).

Although we do not necessarily expect this observed orthogonality between AAVS 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 AAVS5 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 AAVS5-
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SaCas9 developed an antibody response. We correlated the level of serum antibodies induced upon
SaCas9 immunization with the efficiency of PCSKO9 editing after the second dose, finding that mice
with a stronger antibody response showed lower editing efficiency (Figure 3.3D). 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 3.3E). Subsequent dosing with AAV8-SaCas9
targeting PCSKO9 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 3.3F, 3.3G). Additionally, we
also tested the ability of CFA-Cas9 immunized mice to clear injected splenocytes pulsed with
immunogenic 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 (Figure S2.8).

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
immune recall, enables effective gene-editing from repeated administrations of these therapeutic

modalities.
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Figure 3.3: Multiple dosing with immune orthogonal orthologs circumvents immune
inhibition of gene editing. (a) Mice were initially immunized with saline, AAV8-mCherry, AAVS5-
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 harvested prior
to the first injection, and again at each subsequent week for 8 weeks. Mice were exposed to
antigens via retro-orbital injections at 10'> vg/mouse. (b) 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 AAVS, but not when
mice are first immunized against AAVS. Previous immunization with AAV5-SaCas9 reduces, but
does not eliminate editing, whereas previous dosing with AAV5-SpCas9 has no effect on editing.
Show are the full time-course data for each week. (¢) Genome editing rates, quantified by
sequencing, are entirely abolished when mice are immunized against AAVS8, and moderately
inhibited when immunized against SaCas9. No effect is seen when mice are immunized against
AAVS5 or SpCas9. (d) Per mouse SaCas9 and SpCas9 antibody levels (refer Figure S7) were
correlated with PCSK9 levels at weeks 7 and 8 to determine if mice mounting stronger immune
responses had reduced editing. 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). (e) Mice were immunized with CFA
+ 5 ug Cas9 1 week prior to active AAV-SaCas9 injections. (f) At week 3, mice immunized with
SaCas9 show a significantly reduced editing rate compared to mice injected with CFA+PBS. No
change in editing rate is seen when immunized with SpCas9. (g) Serum PCSK9 reduction is
partially inhibited when mice are immunized with CFA+SaCas9, but not CFA+PBS or
CFA+SpCas9.
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3.5 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 [42,53], which may
lead to clearance of transduced cells. In addition, circulating antibodies can neutralize the 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 [66-69]. Similar to what has been done in cancer antibody therapeutics [70],
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 [71]. 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 [72]. Multiple lower, non-toxic doses delivered
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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.

To circumvent this issue, 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 [41-43] 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
orthologs based on their species of origin as commensal, pathogenic, environmental, or
extremophile, and compared the immune orthogonality between these groups (Figure S2.9).

Preliminary analysis suggests that there may be extremophile Cas9s divergent enough as to be
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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.

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 AAVS5 minimizes immune cross-reactivity in mice and non-
human primates, as demonstrated by a recent study in which chimeric-AAVS5 immunized mice and
non-human primates successfully received a second dose of treatment with AAV1 [65]. However,
in the human setting we predict that there may be substantially more immune overlap between
AAVS5 and other AAVs. Additionally, it has been shown that memory B-cells heavily contribute to
the antibody response to similar but not identical antigens [73], 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.

Although we characterize the adaptive immune response to both the AAV VPI and Cas9
proteins, it is not expected that these will induce the same type nor kinetics of response due to the
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 Il pathway. It may also induce a CTL
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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 [56]. After expression, Cas9 may be
presented on class I MHC molecules through the canonical pathway, or presented on class I MHC
molecules after being encapsulated in autophagosomes (a substantial fraction of MHCII-bound
peptides is derived from internal proteins through autophagy) [74]. 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 I MHC
molecules through the canonical pathway, or on class | MHC molecules through cross-presentation,
a process important for anti-viral immune responses.

Previous work has identified that MHC affinity is highly dependent on anchor residues at
either end of the binding pocket [75]. 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
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
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major protein engineering challenge. New technologies for directly measuring TCR affinity with
MHC-presented antigens [76] will also further clarify the key antigenic peptides contributing to the
immune response, and will be useful to inform approaches here.

We also note some limitations to our work. Mainly, we have used two inbred mice strains,
C57BL/6J and BALB/c, as our model, which have limited MHC diversity [77], 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. In this regard, we attempted to measure the human T-cell response with the IFN-y
ELISPOT assay for a subset of predicted MHCI and MHC II peptides (refer Tables S2.3, S2.4),
corroborating recent studies of pre-existing immunity to Sp- and SaCas9 in humans [16,41,42] that
showed measurable effector and regulatory T-cell responses. In our C57BL/6J model, we observed
a low CD4+ T-cell response against specific MHCII peptides with mice injected with SaCas9
(Figure S2.1). One promising approach is to harness the ability of Treg cells to promote a more
tolerogenic immune response to therapeutic proteins [42]. 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 [78-82]. 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. Finally, recent work has indicated that MHC class I peptides may have

significant contribution from spliced host and pathogen-derived peptides created by proteasomal
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processing [83]. 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.
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Chapter 4 - In situ repression of a sodium
channel leads to long-term amelioration

of pain

4.1 Abstract

Chronic pain affects more than 100 million Americans and 1.5 billion people worldwide.
Current therapeutic regimens for chronic pain rely largely on opioids despite their limited efficacy,
unwanted side effects, and risk of addiction. Interestingly, the human genome encodes genes that
have been linked to contributing to the pathobiology of chronic pain. Specifically, genetic studies
have correlated a hereditary loss-of-function mutation in a human-voltage gated sodium channel
isoform — Nay1.7 — with a rare genetic disorder, Congenital Insensitivity to Pain (CIP), which leads
to insensitivity to pain without other neurodevelopmental alterations. However, the high sequence
identity between Nay subtypes has frustrated most efforts to develop selective inhibitors. Here, we
investigated the epigenetic repression of Nayl.7 as a potential treatment for chronic pain. To
achieve this, we first transfected Neuro2a cells with two genetic engineering tools, KRAB-
CRISPR-dCas9 and KRAB-Zinc-Fingers, for targeted in vitro Nayl.7 repression. We observed
71% and 88% repression of Nayl.7 using KRAB-CRISPR-dCas9 and KRAB-Zinc-Fingers,
respectively. Next, we tested these genome engineering tools in a mouse model of Carrageenan-
induced inflammatory pain. Our results demonstrate robust in vivo repression of Nayl.7 and a
phenotypic improvement in thermal pain tolerance in the inflammatory state. We foresee that these

tools have tremendous potential, such as for preemptive administration in anticipation of a pain
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stimulus (pre-operatively), or during an established chronic pain state. The use of in situ epigenome
engineering may therefore represent a viable non-opioid alternative for the treatment of chronic

pain and other chronic diseases.

4.2 Introduction

Chronic pain affects between 19% to 50% of the world population [1-4], with more than 100
million people affected in the U.S. alone [5]. Moreover, the number of chronic pain patients is
expected to increase by 2035 due to the aging global population and prevalence of chronic diseases
[6,7]. While chronic pain is more prevalent than cancer, diabetes and cardiovascular disease
combined [8], drug development has not undergone the remarkable progress seen in these other
therapeutic areas. Current treatments of preference for chronic pain rely on opioids, which can have
adverse side effects and high addiction risk. Despite decades of research, broad-acting, long-lasting,
non-addictive, and effective therapeutics for chronic pain have remained elusive.

Notably, the human genome encodes multiple genes that play a critical role in pain
regulation, such as conferring protection from excessive pain. There are nine voltage gated sodium
channel subtypes, of which Nayl.7 [9,10], Nayl.8 [11-13], and Nayl.9 [14,15] have been
implicated in nociceptive transmission and contribution to the hyperexcitability in primary afferent
nociceptive and sympathetic neurons. Previous studies have demonstrated that decreased Nay1.7,
Nay1.8 and Nayl.9 activity leads to a reduction in inflammatory or neuropathic pain [9-16]. In
addition, characterization of mutations in these channels has confirmed a causative link to human
pain disorders [17-23]. Since the discovery of the relationship between individuals with loss-of-
function Nayl.7 (SCN9A) mutations and Congenital Insensitivity to Pain (CIP), this sodium

channel has been an attractive target for developing chronic pain therapies [24]. However, efforts to
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develop selective small molecule inhibitors have been hampered due to the high sequence similarity
between Nay subtypes, and many small-molecule drugs targeting Nay1.7 have failed due to side
effects caused by lack of targeting specificity. Additionally, antibody-based therapies lack potency
due to their ability to bind only a specific (open or closed) conformation of the channel [25], with
binding not always translating into successful channel inhibition [26,27]. Consequently, no drug
targeting this gene has reached the final phase of clinical trials [28]. We therefore took an
alternative approach by epigenetically modulating the expression of Nayl.7, such that one could
engineer highly specific, long-lasting, and reversible treatments for pain.

The CRISPR-Cas9 system has emerged as a potent tool for genome manipulation, and has
shown therapeutic efficacy in multiple animal models of human diseases [29-35] through its ability
to target and precisely edit disease-causing DNA mutations. However, certain diseases would not
benefit from editing, leading to permanent alteration of the underlying gene’s function. For
example, although pain can often be a discomforting sensory and emotional experience, it plays a
critical role in alerting of tissue damage initiation or of alteration in a biological process, and hence,
permanent ablation of pain could have detrimental consequences. For these reasons, we have
employed a catalytically inactivated “dead” Cas9 (dCas9) fused to a repressor domain (Kriippel-
associated box -KRAB-) to enable non-permanent gene repression of Nayl.7. Previously, we and
others have shown that through addition of a KRAB epigenetic repressor motif to dCas9, gene
repression can be enhanced with a high level of specificity both in vitro [36-40] and in vivo [41,
42]. This transcriptional modulation system takes advantage of the high specificity of CRISPR-
Cas9 while simultaneously increasing the safety profile, as no permanent modification of the
genome is performed. As a second approach for in situ epigenome repression of Nay1.7, we utilized
Zinc-Fingers containing a KRAB repressor (KRAB-ZFs). KRAB-ZFs constitute the largest

individual family of transcriptional repressors encoded by the genomes of higher organisms, and
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obtain gene-specific transcriptional repression by interacting with chromatin-remodeling factors
[43].

Pain that we perceive is felt through a process called nociception. Nociception occurs when
pain signals are transmitted from the point of sensation to the central nervous system by the
activation of pain-sensing primary afferent nociceptive neurons. Pain signals from these peripheral
sites are conducted from the point of sensation into the spinal cord in a somatotopic fashion at
levels from the most caudal (sacral) to the most rostral (cervical). In the spinal cord, at the level of
the first order synapse, this input is encoded and transmitted to the brain, where it is processed into
the pain experience. Just before entering the spinal cord, sensory signals pass through the cell
bodies of the primary afferent, and are collectively called the dorsal root ganglion (DRG). It is now
appreciated that these cell bodies, synthesizing the receptors and channels (including Nay1.7)
robustly contribute to the excitability of the nociceptive primary afferent following tissue and nerve
injury. Therefore, because nociceptive signals all pass through the DRG, localized treatments
targeting the DRG specifically can optimally block pain signals [44], while also having the
advantage of requiring a lower drug dosage, therefore increasing the therapeutic index.
Consequently, we chose to administer our therapy via an intrathecal route of administration, which
more efficiently targets DRG neurons compared to systemic administration [45]. Here, we first
tested various KRAB-dCas9 and KRAB-ZFs constructs in a mouse neuroblastoma cell line that
highly expresses Nay1.7 (Neuro2a) and confirmed robust repression. We next packaged the two
KRAB-Zinc-Finger constructs with the strongest in vitro repression into AAV9, which has been
shown to transduce DRGs [46], and injected these intrathecally into C57BL/6J mice. Three weeks
later, we induced inflammation via injection of Carrageenan into the ipsilateral hind paw, and tested
for thermal hyperalgesia. Remarkably, our results demonstrated robust in vivo repression of Nay1.7

concomitant with a decrease in thermal hyperalgesia. As many pain states occurring after chronic
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inflammation and nerve injury represent an enduring condition, typically requiring constant re-
medication, these genetic approaches provide ongoing and controllable regulation of this aberrant
processing. Harnessing these in situ engineering approaches could therefore represent a viable
replacement for opioids and serve as a potential therapeutic approach chronic pain and for other

chronic disorders.

4.3 Methods

4.3.1 Vector Design and Construction

Cas9 and Zinc-Finger AAV vectors were constructed by sequential assembly of
corresponding gene blocks (Integrated DNA Technologies) into a custom synthesized rAAV2
vector backbone. gRNA sequences were inserted into dNCas9 plasmids by cloning oligonucleotides
(IDT) encoding spacers into Agel cloning sites via Gibson assembly. gRNAs were designed

utilizing an in silico tool to predict gRNAs [47].

4.3.2 Mammalian Cell Culture

Neuro2a cells were grown in EMEM supplemented with 10% fetal bovine serum (FBS) and
1% Antibiotic-Antimycotic (Thermo Fisher Scientific) in an incubator at 37°C and 5% CO2

atmosphere.

4.3.3 Lipid-Mediated Cell Transfections

One day prior to transfection, Neuro2a cells were seeded in a 24-well plate at a cell density
of 1 or 2E+5 cells per well. 0.5 pg of each plasmid was added to 25 pL of Opti-MEM medium,

followed by addition of 25 puL of Opti-MEM containing 2 pL of Lipofectamine 2000. The mixture
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was incubated at room temperature for 15 min. The entire solution was then added to the cells in a
24-well plate and mixed by gently swirling the plate. Media was changed after 24 h, and the plate
was incubated at 37°C for 72 h in a 5% CO2 incubator. Cells were harvested, spun down, and

frozen at 80°C.

4.3.4 Production of AAVs

Virus was prepared by the Gene Transfer, Targeting and Therapeutics (GT3) core at the
Salk Institute of Biological Studies (La Jolla, CA) or in-house utilizing the GT3 core protocol.
Briefly, AAV2/1, AAV2/5, and AAV2/9 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 h before transfection. Each
virus was produced in five 15 cm plates, where each plate was transfected with 10 pg of pXR-
capsid (pXR-1, pXR-5, and pXR-9), 10 of pg recombinant transfer vector, and 10 pg of pHelper
vector using polyethylenimine (PEI; 1 mg/mL linear PEI in DPBS [pH 4.5], using HCI) at a
PEL:DNA mass ratio of 4:1. The mixture was incubated for 10 min at room temperature and then
applied dropwise onto the media. The virus was harvested after 72 h and purified using an iodixanol
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 Scientific) using 50-
kDa filters (Millipore) to a final volume of ~100 pL 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’
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4.3.5 Animals Experiments

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 Laboratory. Two month old adult male C57BL/6 mice (25-
30g) were housed with food and water provided ad libitum, under a 12 h light/dark cycle with up to

5 mice per cage.

4.3.6 Intrathecal AAV Injections

Anesthesia was induced with 2.5 % isoflurane delivered in equal parts O2 and room air in a
closed chamber until a loss of the righting reflex was observed. The lower back of mice were
shaven and swabbed with 70% ethanol. Mice were then intrathecally (i.t.) injected using a Hamilton
syringe and 30G needle as previously described [48] between vertebrae L4 and L5 with 5 puL. of
AAV for a total of ~1E+12 vg/mouse. A tail flick was considered indicative of appropriate needle
placement. Following injection, all mice resumed motor activity consistent with that observed prior

to i.t. injection.

4.3.7 Intraplantar Carrageenan Injection

Carrageenan-induced inflammation is a classic model of edema formation and hyperalgesia
[49-51]. Three weeks after AAV pre-treatment, anesthesia was induced as described above. Lambda
Carrageenan (Sigma Aldrich; 2% (W/V) 0.9% NaCl, 20 puL) was subcutaneously injected with a
30G needle into the plantar (ventral) surface of the ipsilateral paw. An equal amount of isotonic
saline was injected into the contralateral paw. Paw thickness was measured with a caliper before
and 4h after Carrageenan/saline injections as an index of edema/inflammation. Hargreaves testing
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was performed before injection (t=0) and (t= 30, 60, 120, 240 minutes and 24 hours post-injection).
The experimenter was blinded to the composition of treatment groups. Mice were euthanized after

the 24-hour time point.

4.3.8 Thermal Withdrawal Latency (Hargreaves Test)

To determine the acute nociceptive thermal threshold, the Hargreaves’ test was conducted
using a plantar test device (Ugo Basile, Italy) [52]. Animals were allowed to freely move within a
transparent plastic enclosement (6 cm diameter x 16 cm height) on a glass floor 40 min before the
test. A mobile radiant heat source was then placed under the glass floor and focused onto the hind
paw. Paw withdrawal latencies were measured with a cutoff time of 30 seconds. An IR intensity of
40 was employed. The heat stimulation was repeated three times on each hind paw with a 10 min
interval to obtain the mean latency of paw withdrawal. The experimenter was blinded to

composition of treatment groups.

4.3.9 Tissue collection

After the 24-hour time Carrageenan time point, spinal cords were collected via
hydroextrusion (injection of 2 mL of iced saline though a short blunt 20 gauge needle placed into
the spinal canal following decapitation). After spinal cord tissue harvest, the L4-L6 DRGs on each
side were combined and frozen as for the spinal cord. Samples were placed in DNase/RNase-free

1.5 mL centrifuge tubes, quickly frozen on dry ice, and then stored at 80°C for future analysis.

4.3.10 Gene Expression Analysis and RT-qPCR

RNA from cells was extracted using RNeasy Kit (QIAGEN; 74104) and from DRGs using

RNeasy Micro Kit (QIAGEN; 74004). cDNA was synthesized from RNA using Protoscript 11
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Reverse Transcriptase Kit (NEB; E6560L). Real-time PCR (qPCR) reactions were performed using
the KAPA SYBR Fast qPCR Kit (Kapa Biosystems; KK4601), with gene-specific primers (Table
S3.3) in technical triplicates and in biological triplicates (Neuro2a cells). Relative mRNA
expression was normalized to GAPDH levels and fold change was calculated using the comparative
CT (AACT) method and normalized to GAPDH. Mean fold change and SD were calculated using

Microsoft Excel.

4.3.11 Statistical analysis

Results are expressed as mean +/- standard error (SE). Statistical analysis was performed using
GraphPad Prism (version 8.0, GraphPad Software, San Diego, CA, USA). Results were analyzed
using one-way ANOVA (for multiple groups), or two-way ANOVA with the Bonferroni post hoc
test (for multiple groups time-course experiments). Differences in area under the curves (AUCs)
were analyzed by one-way ANOVA followed by Bonferroni post hoc test. Differences between

groups with p < 0.05 were considered statistically significant.

4.4 Results

4.4.1 In vitro optimization of KRAB-CRISPR-dCas9 gRNAs and KRAB-

Zinc-Finger constructs.

We first compared in vitro repression of Nay1.7 using KRAB-CRISPR-dCas9 and KRAB-
Zinc-Finger constructs. To that end, we cloned ten guide-RNAS (gRNAs)—designed by an in silico
model [47] that accurately predicts highly effective gRNAs based on chromatin, position, and

sequence features—into our previously developed split-dCas9 platform [41]. We also cloned the
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two gRNAs that were predicted to have the highest efficiency (SCN9A-1 and SCN9A-2) into a
single construct, since we have shown that higher efficacy can be achieved by using multiple
gRNAs [41]. We then designed KRAB-Zinc-Finger constructs targeting a single (pD4, pD18, gD9,
and gD25) or dual Nay1.7 DNA sequence (pD4+PD18 and gD9+gD25). Next, we transfected our
constructs into a mouse neuroblastoma cell line that expresses Nayl.7 (Neuro2a) and confirmed
robust repression of Nay1.7 with RT-qPCR. Six of ten gRNAs repressed the Nay1.7 transcript by
>50% compared to the non-targeting control (empty control), with gRNA-2 having the highest
repression level (56%; p < 0.0001) and with the dual-gRNA having repression levels of 71% (p <
0.0001) (Figure 4.1). Interestingly, unlike with dual-gRNA systems that are known to have stronger
efficacy than single-gRNA systems, we found the dual-ZF constructs to have lower efficacy than
the single-ZF constructs. Two single-ZF constructs in particular, ZF-pD18 and ZF-gD25, had
strong repression levels, with 68% and 88% respectively (p < 0.0001) compared to the negative

control (mCherry), which we chose for future in vivo studies (Figure 4.1).
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Figure 4.1: In vitro optimization of KRAB-CRISPR-dCas9 gRNAs and KRAB-Zinc-Fingers
for Nay1.7 repression. /n vitro Nay1.7 repression in a mouse neuroblastoma cell line (Neuro2a)
using KRAB-CRISPR-dCas9 or KRAB-Zinc-Fingers targeting Nay1.7 as determined by RT-qPCR.
A non-targeting gRNA (empty) was used as a control for KRAB-CRISPR-dCas9 constructs
targeting Nay1.7, while mCherry was used as a control for KRAB-Zinc-Fingers constructs targeting
Nayl.7 (n=3; error bars are SEM; one-way ANOVA; ****p <(0.0001).

4.4.2 In vivo validation of KRAB-ZF and KRAB-CRISPR-dCas9 treatment

efficacy in a Carrageenan Model of Pain

Having established robust in vitro Nayl.7 repression, we next focused on testing the
effectiveness of the best KRAB-ZF constructs from the in vitro optimization, (pD18 and gD25), in
a Carrageenan-induced model of inflammatory pain. Thermal pain sensitivity was first measured in
all mice with the Hargreaves assay in order to establish a baseline level of sensitivity. We then
intrathecally (i.t.) injected mice with AAV9-mCherry (negative control; n=5), AAV9-KRAB-ZF-
pD18 (n=6), AAV9-KRAB-ZF-gD25 (n=6), or saline (n=5). Three weeks later, and one hour before
Carrageenan administration, the mice that received saline were injected with intraperitoneal

Gabapentin, a synthetic analogue of gamma aminobutyric acid, (positive control; 100 mg/kg),

106



which is known to reduce Carrageenan-induced thermal hyperalgesia in rodents [53,54]. One hour
after, inflammation was induced in all four groups of mice by injecting the ipsilateral hind paw with
Carrageenan, while the contralateral hind paw was injected with saline to serve as an in-mouse
control. We then tested mice for thermal pain sensitivity at 30 minutes, and 1, 2, 4, and 24 hours
after Carrageenan injection. As expected, compared to saline-injected paws, Carrageenan-injected
paws had an increase in thermal hyperalgesia, measured by a decrease in paw withdrawal latency
(PWL) after application of a thermal stimulus (Figure 4.2b-d).

We then calculated the paw withdrawal latencies for all groups at each time point and
compared these to the AAV9-mCherry Carrageenan injected control using a two-way ANOVA
calculation to determine whether there was any significant reduction in thermal hyperalgesia (Table
4.1). We observed all groups to have significantly higher PWL in the saline-injected hind paws as
compared to the Carrageenan-injected AAV9-mCherry hind paws. However, when comparing
Carrageenan-injected hind paws, only AAV9-KRAB-ZF-gD25 had significantly higher PWL at all
the time points following Carrageenan injection when compared to the AAV9-mCherry control. We
did see significance in PWL for the Gabapentin positive control group at the 30 minutes and 1 hour
time points. However, the PWL for the Gabapentin group were not significant for the remainder of
the experiment. We then calculated the area under the curve (AUC) to add the mean withdrawal
latencies for all the groups at all time points. Both KRAB-ZF groups had a significant increase in
PWL in Carrageenan-injected paws (133% improvement p=0.0222 for ZF-gD25; 124%
improvement with p=0.0430 for ZF-pD18), while the Carrageenan-injected Gabapentin group was
not significant when compared to the Carrageenan-injected AAV9-mCherry control (Figure 4.2b-
d). Although the half-life of Gabapentin is between 5-7 hours, no effect was seen beyond the 1-hour
time point as noted above. In fact, the AAV9-KRAB-ZF-gD25 group had 62% higher PWL than

the Gabapentin positive control group.
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Twenty-four hours after Carrageenan administration, mice were euthanized and DRGs (L4-
L6) were extracted. The expression levels of Nayl.7 were determined by RT-qPCR, and a
significant repression of Nay1.7 was observed in AAV9-KRAB-ZF-gD25 and Gabapentin groups
(Figure 4.2e). Our results are consistent with previous studies that demonstrated the inhibitory
effect of Gabapentin on Nay1.7 expression levels, ultimately leading to a reduction of neuronal
excitability [55]. As an index of edema/inflammation, we measured the ipsilateral and contralateral
paws with a caliper before and 4 hours after Carrageenan injection, which is the time point with the
highest thermal hyperalgesia. We observed significant edema formation in both experimental and
control groups, indicating that Nay1.7 repression has no effect on inflammation (Supplementary
Figure S3.1). Although it has been previously reported that Gabapentin can lower inflammation on
rat paw edema induced by Carrageenan [56], we did not find any reduction in inflammation in the
Gabapentin group. This could be due to a difference in animal model, gabapentin dosage, or the
concentration of carrageenan injected (they inject 1% carrageenan whereas we inject 2%

carrageenan).
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Figure 4.2: In vivo efficacy of KRAB-Zinc-Fingers in a Carrageenan inflammatory pain
model. (a) Schematic of AAV-KRAB-Zinc-Finger gene repression vector. (b,c,d) Time course of
thermal hyperalgesia after the injection of Carrageenan (solid lines) or saline (dotted lines) into the
hind paw of mice injected with Gabapentin (100mg/kg, n=5), AAV9-KRAB-ZFgD25-SCN9A
(n=6), AAV9-KRAB-ZFpD18-SCN9A (n=6), or AAV9-mCherry (n=5) are plotted. Mean
withdrawal latencies (PWL) are shown. The areas under the curve (AUC) of the thermal-
hyperalgesia time-course are plotted to the right. A significant increase in PWL is seen in the
Carrageenan-injected paws of mice injected with AAV9-KRAB-ZFgD25 (p=0.222) and AAV9Y-
KRAB-ZFpD18 (p=0.0430), but not in the Gabapentin group. (e) Nayl.7 repression from mice
DRG (L4-L6) as determined by RT-qPCR is shown (error bars are SEM).
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After having established robust in vivo efficacy via KRAB-ZF, we went on to replicate these
results with KRAB-ZF and also tested KRAB-CRISPR-dCas9. To increase robustness of our
results, we increased the group size to ten mice per group. Similarly, thermal pain sensitivity was
first measured in all mice with the Hargreaves assay in order to establish a baseline level of
sensitivity. We then intrathecally (i.t.) injected mice with AAV9-mCherry (negative control; n=10),
AAV9-KRAB-ZF-gD25 (n=10), AAV9-KRAB-CRISPR-dCas9-dual-SCN9A (n=10), and AAV9-
KRAB-CRISPR-dCas9-empty (negative control; n=10). Three weeks later, inflammation was
induced in all four groups of mice by injecting the ipsilateral hind paw with Carrageenan, while the
contralateral hind paw was injected with saline to serve as an in-mouse control. We then tested
mice for thermal pain sensitivity at 30 minutes, and 1, 2, 4, and 24 hours after Carrageenan
injection. We calculated the paw withdrawal latencies for all groups at each time point and
compared KRAB-ZF-gD25 to the AAV9-mCherry Carrageenan injected control and AAV9Y-
KRAB-CRISPR-dCas9-dual-SCN9A to the AAV9-KRAB-CRISPR-dCas9-empty group using a
two-way ANOVA calculation to determine whether there was any significant reduction in thermal
hyperalgesia. We observed that both AAV9-KRAB-ZF-gD25 and AAV9-KRAB-CRISPR-dCas9-
dual-SCN9A had significantly higher PWL as compared to the Carrageenan-injected AAV9-
mCherry and AAV9-KRAB-CRISPR-dCas9-empty hind paws, with 221% and 112% improvement,
respectively (Figure 4.3a,b). The expression levels of Nay1.7 were determined by RT-qPCR, and a
significant repression of Nayl.7 was observed in KRAB-ZF-gD25 and KRAB-CRISPR-dCas9-
dual-SCN9A groups (Figure 4.3c).
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Figure 4.3: In vivo efficacy of KRAB-Zinc-Fingers and KRAB-CRISPR-dCas9 in a
Carrageenan inflammatory pain model. (a) Time course of thermal hyperalgesia after the
injection of Carrageenan (solid lines) or saline (dotted lines) into the hind paw of mice injected
AAV9-mCherry (n=10), AAV9-KRAB-ZFgD25-SCN9A (n=10) are plotted. Mean paw withdrawal
latencies are shown. The areas under the curve (AUC) of the thermal-hyperalgesia time-course are
plotted to the right. A significant increase in PWL is seen in the Carrageenan-injected paws of mice
injected with AAV9-KRAB-ZFgD25 (p=0.02). (b) Time course of thermal hyperalgesia after the
injection of Carrageenan (solid lines) or saline (dotted lines) into the hindpaw of mice injected with
AAV9-KRAB-CRISPR-dCas9-dual-SCN9A  (n=10), or AAV9-KRAB-CRISPR-dCas9-empty
(n=10) are plotted. Mean withdrawal latencies (PWL) are shown. The areas under the curve (AUC)
of the thermal-hyperalgesia time-course are plotted to the right. A significant increase in PWL is
seen in the Carrageenan-injected paws of mice injected with AAV9-KRAB-CRISPR-dCas9-dual-
SCNI9A (p=0.0325) (c¢) Nay1.7 repression from mice DRG (L4-L6) as determined by RT-qPCR is
shown.
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Table 4.1: Significance of paw withdrawal latencies in mice receiving AAV9-KRAB-ZFs and
Gabapentin (100 mg/kg) as compared to AAV9-mCherry Carrageenan-injected paw (negative
control).

Group Prezg:;:\l?:;nan Post-Carrageenan
0 minutes 30 minutes 1 hour 2hours 4 hours 24 hours

AAV9-KRAB-ZF-pD18 (+Carrageenan) n.s. ** n.s. n.s. * b

AAV9-KRAB-ZF-pD18 (-Carrageenan) n.s. e ol ok bl ek
AAV9-KRAB-ZF-gD25 (+Carrageenan) n.s. bl bl il * >

AAV9-KRAB-ZF-gD25 (-Carrageenan) n.s. e ol ok bl ek
Gabapentin (100 mg/kg) (+Carrageenan) n.s. * * n.s. n.s n.s.
Gabapentin (100 mg/kg) (-Carrageenan) n.s. ok el ek ok el

Two-way ANOVA with Bonferroni post hoc test; ****p<0.0001, ***p < 0.001, **p <0.01, *p <0.05; n.s.=not
significant).

4.5 Discussion

In this study, the efficacy of in vitro repression of Nay1.7 using two genome engineering
platforms—KRAB-dCas9 and KRAB-Zinc-Fingers—was investigated. We observed robust in
vitro repression of Nay1.7. In addition, we tested KRAB-Zinc-Fingers and KRAB-CRISPR-dCas9
targeting Nayl.7 in vivo, and found that mice that were injected with KRAB-ZF-gD25 had
suppressed inflammatory hyperalgesia, with a ~67% repression of Nayl.7 being sufficient for
pain amelioration and ~51% repression of Nay1.7 using KRAB-CRISPR-dCas9 being sufficient for
pain amelioration. Previous studies have shown clear evidence in the correlation between an
increased Nayl.7 expression in nociceptive neurons and the development of inflammatory
hyperalgesia in a Carrageenan-induced model. Thus, our study demonstrates that in situ repression
of Nav1.7 blocks consequent inflammatory hyperalgesia.

While this study has established evidence for the efficacy of repressing Nay1.7 transcription
in treating inflammatory hyperalgesia, there are other aspects that may be investigated and

optimized. Within experimental groups, mice often exhibited large phenotypic variations. In order
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to account for this in the future, larger sample sizes should be utilized for stronger statistical power.
In addition, we performed Carrageenan inflammatory hyperalgesia studies three weeks after AAV
injections due to known high expression of AAV vectors at this time point. However, long-term
studies need to be performed to evaluate the actual duration of treatment and whether any
compensatory mechanisms take place due to Nayl.7 repression. In addition, because in theory
KRAB-dCas9 and KRAB-ZFs provide transient pain relief, further studies to determine the efficacy
of repeat-dosing also need to be explored. In addition, another avenue to pursue in the future is to
target other sodium channels, such as Nay1.3 [57], Nay1.8 [11-13], Nay1.9 [14,15], which have
also been associated with neuropathic and inflammatory pain. As such, single or combinatorial
repression of these channels could be performed for improved analgesia.

We also note some drawbacks of our study. We chose Gabapentin due to evidence that it
decreases Carrageenan-induced thermal hyperalgesia in rodents and because it is known to repress
Nay1.7. However, in our study, Gabapentin only significantly increased paw withdrawal latency at
two time-points after Carrageenan administration, and therefore, did not result in a very robust
positive control. Because only one dosage of Gabapentin was utilized for these experiments, an
additional group of mice receiving a different Gabapentin dosage can be utilized as a secondary
positive control. Another reason that Gabapentin might not be the best positive control is that
although Gabapentin has been shown to work in ameliorating thermal hyperalgesia in rodents, it
does not work in humans with inflammatory pain [58]. For future experiments, other positive
controls that may be utilized include morphine or a well-documented Nay1.7 inhibitor, such as
Tetrodotoxin (TTX) [59,60]. Furthermore, additional models of inflammatory pain should be tested
to further validate our results. Carrageenan produces a model of persistent pain and hyperalgesia
that best represents an acute phase from 1-24 hours and that converts to chronic inflammation by

two weeks [61]. Therefore, the above experiments can be repeated two-weeks after administering
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Carrageenan to determine efficacy in a chronic inflammatory pain state. Another pain model that
could be tested, for example, is the Complete Freund’s adjuvant (CFA) model, which when injected
into the tail, paw, muscle, and joint, can result in higher chronic inflammation than Carrageenan.
Mice injected with CFA develop thermal and mechanical hyperalgesia, reduced weight bearing, a
decreased physical activity. For these reasons, CFA is used to model chronic inflammatory pain
conditions that might occur with rheumatoid arthritis or tendonitis. Other inflammatory pain models
that could be tested are rheumatoid arthritis models, in which mice are injected with collagen type
IT antibodies (CAIA) or serum from K/BxN transgenic mice, which mimic the pathology of
rheumatoid arthritis such as: widespread inflammation with the greatest effect distally, cartilage
degradation, and elevated inflammatory cytokines in the joint fluid [62].

As a potential clinical treatment, KRAB-dCas9 and KRAB-ZFs show promise for treating
chronic inflammatory pain. These systems allow for transient gene therapy, which is advantageous
in the framework of chronic pain, as permanent pain insensitivity is not desired. While the
treatment is transient, the weeks-long duration still presents a significant advantage compared to
existing drugs which must be taken daily or hourly, and which may have undesirable addictive
qualities. Taken together, the results of these studies show a promising new avenue for treatment of

chronic pain, a significant and increasingly urgent issue in our society.
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Chapter 5 - Conclusions

5.1 Recapitulation

In the past decades, advances in genomics have transformed our understanding of genome
mutations leading to disease. In addition, changes in gene regulation have also been attributed to
disease states, such as in cancer and neurodegenerative diseases. Therefore, tools with the ability to
perturb the genome are needed to enable therapeutic amelioration of these disease states. The work
presented in this thesis focuses on developing a CRISPR-Cas9 platform via AAVs for in situ
genome engineering applications for potential translatability to human use.

We first developed an integrated AAV-based CRISPR-Cas9 platform that provides a facile
and robust method to edit and regulate the expression of endogenous genes via Cas9 and dCas9
based effectors. This system has several advantages, including the utilization of a split-Cas9 system,
which due to the limited cargo capacity of AAVs (~4.7kb), is an optimal approach to enable desired
genome engineering applications. In addition, the modular vector architecture of this platform
couples dCas9 and several transcriptional regulators with ease, thereby engineering the full
spectrum of genome editing and regulation (both activation and repression functionalities). Using
this platform, we demonstrated for the first time the utility of AAV-KRAB-dCas9 mediated in situ
gene repression in the context of gene therapy, specifically, to prevent vision loss in a mouse model
of retinitis pigmentosa. We note some potential limitations of the our system: mainly, utilizing a
split-Cas9 system will have reduced targeting efficiency as both components, C-Cas9 and N-Cas9,
have to be co-delivered to the target cell of interest to restore Cas9 activity. Additionally, because
dCas9 does not enable a permanent change to the genome, multiple treatments for efficacious

treatment of retinitis pigmentosa might be necessary. We, however, expect that, with steady
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improvements in techniques for localized tissue-specific delivery and optimization of AAV
production, these aspects will be progressively addressed. Taken together, we believe that our
CRISPR-dCas9 mediated in situ cellular reprogramming approach represents a promising strategy
towards the treatment of human diseases in a gene and mutation independent context.

Next, we focused on tackling an important issue that CRISPR-Cas9 and AAVs will face
when trying to reach the clinic, which is the interaction with the adaptive immune system. We
proposed the sequential use of immune orthologous proteins whose structure is subject to
diversification via genetic drift to address the pre-existing immunity and re-dosing issues. This
would, in principle, allow for repeated treatments by ‘immune orthogonal’ orthologs without
reduced efficacy due to the lack of immune cross-reactivity among the proteins. To explore and
validate this concept we chose 284 DNA targeting and 84 RNA targeting CRISPR effectors and
167 Adeno-associated virus (AAV) capsid protein orthologs and developed a pipeline to compare
total sequence similarity as well as predicted binding to class I and class II Major
Histocompatibility Complex (MHC) proteins. Our predictions revealed that 79% of DNA-targeting
Cas orthologs do not elicit cross-reacting immune responses, while no global immune orthogonality
among AAV serotypes was observed. We then validated three Cas9 orthologs that were predicted to
be immune orthogonal: S. pyogenes, S. aureus, and C. jejuni in which we did not observe cross-
reacting antibodies against Cas9 orthologs in sera from immunized mice. Finally, to demonstrate
the efficacy of multiple dosing with immune orthogonal orthologs, we delivered AAV-Cas9
targeting PCSK9 into BALB/c mice previously immunized against the AAV vector and/or the Cas9
payload, demonstrating that editing efficiency is compromised by immune recognition of either the
AAYV or Cas9, but, importantly, this effect is abrogated when using immune orthogonal orthologs.
We note some limitations to this work. First, we utilized two inbred mice strains as our models,

C57BL/6J and BALB/c, which have limited MHC diversity and might not recapitulate other human
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immunological features, such as differences in antigen processing and presentation. Another
limitation to our work is the lack of implementation of B-cell epitopes into our 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 in silico models will allow for
better predictions in the future. 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.

Lastly, we focused on implementing our previously developed platforms to target a mutant-
independent disease—chronic pain. Chronic pain affects over 100 million Americans, which is
more than cancer, diabetes, and heart disease combined. Chronic pain patients rely on opioid
narcotics, which have high addiction risk and adverse side effects, including increased sensitivity to
pain. Since the discovery of the relationship between humans with Nay1.7 (SCN9A) mutations and
congenital insensitivity to pain, this sodium channel has been an attractive target for developing
chronic pain therapies. However, efforts to develop selective small molecule inhibitors have been
hampered due to the high sequence identity between Nay subtypes, including Nay1.5, which is
expressed in the heart. We therefore used our KRAB-CRISPR-dCas9 platform, as well as a
platform based on human transcription factors, KRAB-Zinc-Fingers, to epigenetically repress
Nay1.7. We first optimized these constructs in vitro and demonstrated robust repression of Nay1.7
in Neuro2A cells. We then chose the two constructs with the highest in vitro efficacy, (KRAB-ZF-
gD25 and KRAB-ZF-pD18), packaged these into AAV9 and delivered these intrathecally into mice.
After inducing inflammation by injecting Carrageenan into the ipsilateral paws, we tested for
thermal withdrawal latency using the Hargreaves model. We observed a 133% increase in paw-
withdrawal latency in Carrageenan-injected hind paws of mice that were injected with AAV9-

KRAB-ZF-gD25 as compared to the negative control (p=0.0222), with a corresponding 67%
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repression of Navl.7 (p=0.0038). We observe some caveats to our study. First, the Gabapentin
positive control was only significantly better than the negative control at two time points, and as
such, a more robust positive control should be utilized in future studies. In addition, Carrageenan
produces a model of persistent pain and hyperalgesia that best represents an acute phase from 1-24
hours and that converts to chronic inflammation by two weeks. Because we terminated our study
after 24 hours, additional studies in inflammatory pain models that better recapitulate chronic pain
need to be performed. Taken together, we believe that CRISPR-dCas9 and Zinc-Finger mediated in

situ gene repression represents a promising strategy in the treatment of chronic pain.

5.2 Perspectives for the future

Although the advances in this thesis represent a step forward to the eventual application of
CRISPR-Cas9 to the clinic, there are still many hurdles to overcome. A hurdle faced by the gene
therapy field in general are efficient, specific, and safe in vivo delivery methods. In this thesis, we
utilized AAVs due to their mild immune response, low toxicity, long-term transgene expression and
favorable safety profile. In fact, AAVs are the only viral vectors approved for clinical use in Europe
(Glybera), and are being utilized in multiple U.S. clinical trials for treatment of Hemophilia B and
spinal muscular atrophy [1,2]. However, an important issue with therapeutic AAV delivery, as
discussed in Chapter 3, is the presence of neutralizing antibodies and CD8+ T-cell mediated
cytotoxic immune response towards transduced cells presenting AAV capisd antigens, which
remains a significant barrier to successful application of AAV therapies. Some advances are being
made to reduce capsid immunogenicity such as modifying AAV capsids by proteasomal de-
targeting of AAV vectors, which has shown to decrease both antigen presentation on MHC class I

of capsid-derived peptides [3] and the generation of NAbs that are cross-reactive to the parental
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serotype. [4,5] In addition, modifications to the nature and the sequence of the vector genome have
been reported to impact the AAV immunogenicity in mouse models [6]. In order to help patients
with neutralizing antibodies against AAVs, capsid serotype switching may be a solution [7,8], or
the use of immunosuppressive drugs might be required [9,10]. The latter, however, will be less
useful for long-term genome regulatory modifications. In addition to AAVs, other delivery methods
for CRISPR-Cas9 have been developed for mouse models, which could eventually be used in the
clinic, including cationic liposomes [11] and gold nanoparticles [12]. Further studies and
development of safe and efficacious delivery methods with low immunogenicity need to be
explored before translation of CRISPR-Cas9 therapeutics into the clinic.

Another challenge for CRISPR-Cas9 translation into the clinic are potential off-target
effects. To minimize the incidence of off-target effects, variants of Cas9 enzymes are being
engineered with higher fidelity [13,14]. In addition, the transient expression of Cas9 as a
ribonucleoprotein, instead of as a vector, has shown to lower the possibility of off-target effects
[15], since reducing the temporal pulse of Cas9 expression can greatly reduce off-target effects. In
addition, the nuclease-null Cas9 version (dCas9) fused to a Fokl nuclease or a nickase Cas9, which
have also been shown to have higher specificity [16,17,18], could also be utilized. For diseases that
do not require permanent genome changes, the use of dCas9 for non-permanent genome regulation
could also be utilized.

Finally, immunogenicity of therapeutic CRISPR-Cas9 components could also be a hurdle
that needs to be overcome. Cas9 is a foreign prokaryotic protein, which has been shown to elicit
cellular and humoral responses, with Cas9-specific antibodies elicited post exposure [8, 19]. In
addition, anti-Cas9 responses have been found to be present in healthy human adults [20]. Choosing
the appropriate delivery system might help dampen immune response to Cas9. For instance, studies

have shown strong immune responses when transgenes have been delivered by adenoviruses but not
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by adeno-associated viruses [21-24]. One could also shield the Cas9 protein with chemical
conjugates to evade humoral responses [25]. Additionally, Cas9 could be ‘humanized’ whereby the
nonhuman regions of the Cas9 protein are replaced by the human equivalent. Finally, as suggested
in chapter 3, one could in theory prescribe the use of sequential immune-orthogonal Cas9 proteins
for efficacious repeat dosing. Taken together, the rapid progress in genome engineering toolsets
based on CRISPR-Cas systems, coupled with the development of new generation of viral and

nonviral delivery approaches will lead the way for efficacious gene therapy applications.

5.3 References

1. Nathwani, AC, Rosales, C, McIntosh, J, Rastegarlari, G, Nathwani, D, Raj, D, Nawathe, S,
Waddington, SN, Bronson, R, Jackson, S (2011). Long-term safety and efficacy following
systemic administration of a self-complementary AAV vector encoding human FIX
pseudotyped with serotype 5 and 8 capsid proteins. Mol. Ther. 19: 876-885.

2. Mendell, JR, Al-Zaidy, S, Shell, R, Arnold, WD, Rodino-Klapac, LR, Prior, TW, Lowes L,
Alfano L, Berry K, Church K (2017). Single-dose gene-replacement therapy for spinal
muscular atrophy. N. Engl. J. Med. 377: 1713—-1722.

3. Martino, AT, Basner-Tschakarjan, E, Markusic, DM, Finn, JD, Hinderer, C, Zhou, S, Ostrov,
DA, Srivastava, A, Ertl, HC, Terhorst, C (2013). Engineered AAV vector minimizes in vivo
targeting of transduced hepatocytes by capsid-specific CD8+ T cells. Blood. 121:2224—
2233.

4, Gabriel, N, Hareendran, S, Sen, D, Gadkari, RA, Sudha, G, Selot, R, Hussain, M,
Dhaksnamoorthy, R, Samuel, R, Srinivasan, N (2013). Bioengineering of AAV2 capsid at
specific serine, threonine, or lysine residues improves its transduction efficiency in vitro and
in vivo. Hum. Gene Ther. Methods. 24:80-93.

5. Sen, D, Gadkari, RA, Sudha, G, Gabriel, N, Kumar, YS, Selot, R, Samuel, R, Rajalingam, S,
Ramya, V, Nair, SC (2013). Targeted modifications in adeno-associated virus serotype 8
capsid improves its hepatic gene transfer efficiency in vivo. Hum. Gene Ther. Methods. 24:
104-116.

6. Colella, P, Ronzitti, G, Mingozzi, F (2017). Emerging Issues in AAV-Mediated In Vivo
Gene Therapy. Mol. Ther. Methods Clin. Dev. 8: 87-104.

128



10.

11.

12.

13.

14.

15.

16.

17.

Majowicz, A, Salas, D, Zabaleta, N, Rodriguez-Garcia, E, Gonzalez-Aseguinolaza, G, Petry,
H, Ferreira, V (2017). Successful repeated hepatic gene delivery in mice and non-human
primates achieved by sequential administration of AAV5ch and AAV1. Mol. Ther. 25: 1831—
1842.

Moreno, AM, Palmer, N, Aleman, F, Chen, G, Pla, A, Jiang, N, Chew, WL, Law, M, Mali, P
(2019) Exploring protein orthogonality in immune space: a case study with AAV and Cas9
orthologs. Nature Biomedical Engineering (2019) in press.

Nathwani, AC, Tuddenham, EG, Rangarajan, S, Rosales, C, McIntosh, J, Linch, DC,
Chowdary, P, Riddell, A, Pie, AJ, Harrington, C (2011). Adenovirus-associated virus vector-
mediated gene transfer in hemophilia B. N. Engl. J. Med. 365: 2357-2365.

Nathwani, AC, Reiss, UM, Tuddenham, EG, Rosales, C, Chowdary, P, Mclntosh, J, Della
Peruta, M, Lheriteau, E, Patel, N, Raj, D (2014). Long-term safety and efficacy of factor IX
gene therapy in hemophilia B. N. Engl. J. Med. 371: 1994-2004.

Zhang, L, Wang, P, Feng, Q, Wang, N, Chen, Z, Huang, Y, Cheng, W (2017). Lipid
nanoparticle-mediated efficient delivery of CRISPR/Cas9 for tumor therapy. Npg Asia
Mater. 9: e441.

Lee, B, Lee, K, Panda, S, Gonzales-Rojas, R, Chong, A, Bugay, V, Park, HM, Brenner, R,
Murthy, N, Lee, HY (2018). Nanoparticle delivery of CRISPR into the brain rescues a mouse

model of fragile X syndrome from exaggerated repetitive behaviours. Nat. Biomed. Eng. 2:
497-507.

Kleinstiver, BP, Pattanayak, V, Prew, MS, Tsai, SQ, Nguyen, NT, Zheng, Z, Joung, JK
(2016) High-fidelity CRISPR—Cas9 nucleases with no detectable genome-wide off- target
effects. Nature 529: 490-5.

Vakulskas, CA, Dever, DP, Rettig, GR, Turk, R, Jacobi, AM, Collingwood, MA, Bode, NM,
McNeill, MS, Yan, S, Camarena, J, Lee, CM, Park, SH, Wiebking, V, Bak, RO, Gomez-
Ospina, N, Pavel-Dinu, M, Sun, W, Bao, G, Porteus, MH, Behlke, MA (2018). A high-
fidelity Cas9 mutant delivered as a ribonucleoprotein complex enables efficient gene editing
in human hematopoietic stem and progenitor cells. Nat Med. 24: 1216-24.

Kim, S, Kim, D, Cho, SW, Kim, J, Kim, JS (2014). Highly efficient RNA-guided genome
editing in human cells via delivery of purified Cas9 ribonucleoproteins. Genome Res
24:1012-9.

Tsai, SQ, Wyvekens, N, Khayter, C, Foden, JA, Thapar, V, Reyon, D, Goodwin, MJ, Aryee,
MJ, Joung, JK (2014). Dimeric CRISPR RNA-guided FokI nucleases for highly specific
genome editing. Nat Biotechnol. 32: 569-576.

Guilinger, JP, Thompson, DB, Liu, DR (2014). Fusion of catalytically inactive Cas9 to FokI
nuclease improves the specificity of genome modification. Nat Biotechnol. 32:577-582.

129



18.

19.

20.

21.

22.

23.

24.

25.

Zhang, XH, Tee, LY, Wang, XG, Yang, SH (2015). Off-target effects in CRISPR/Cas9-
mediated genome engineering. Mol Ther Nucl Acids. 4: e264.

Chew, WL, Tabebordbar, M, Cheng, JKW, Mali, P, Wu, EY, Ng, AHM, Zhu, K, Wagers,
AJ, Church, GM (2016). A multifuncitonal AAV-CRISPR-Cas9 and its host reponse. Nat
Methods. 13: 868-874.

Charlesworth, CT, Deshpande, PS, Dever, DP, Dejene, B, Gomez-Ospina, N, Mantri, S,
Pavel-Dinu, M, Camarena, J, Weinberg, KI, Porteus, MH (2019). Identification of Pre-
Existing Adaptive Immunity to Cas9 Proteins in Humans. Nat. Med. 25: 249-254.

Jooss, K, Yang, Y, Fisher, KJ, Wilson, JM (1998). Transduction of dendritic cells by DNA
viral vectors directs the immune response to transgene products in muscle fibers. J Virol. 72:
4212-4223.

Fisher, KJ, Jooss, K, Alston, J, Yang, Y, Haecker, SE, High, K, Pathak, R, Raper, SE,
Wilson, JM (1997). Recombinant adeno-associated virus for muscle directed gene therapy.
Nat Med 3: 306-312.

Xiao, X, Li, J, Samulski, RJ (1996). Efficient long-term gene transfer into muscle tissue of

immunocompetent mice by adeno-associated virus vector. J Virol. 70: 8098—8108.

Kessler, PD, Podsakoff, GM, Chen, X, McQuiston, SA, Colosi, PC, Matelis, LA, Kurtzman,
GJ, Byrne, BJ (1996). Gene delivery to skeletal muscle results in sustained expres- sion and
systemic delivery of a therapeutic protein. Proc Natl Acad Sci USA. 93:14082—-14087.

Zelikin, AN, Ehrhardt, C, Healy, AM (2016). Materials and methods for delivery of
biological drugs. Nat Chem 8:997-1007.

130



Chapter S1: Supplement to Chapter 2

S1.1 Supplementary Figures and Tables

a b
RS ~ ) N cassette editing inducible editing
-Cas! 5
RN. A
@ BRNA (1-573) Intein l ‘ A |
== a - T2A A e
(Ctivator
D (M20tTA)
D i SIS o S - SR
ntein o
1/ tetOx 7
c d e
AAVDJppyss, 293Ts AAV6 pays1, hCD34+  AAV8,,g, in vivo liver in vitro AAVS1 editing in vivo ApoB editing
) W 1. | dectuch ' L5
9 o o 15
i 46% || 7.2% 5.1% B pitCasoAnvs > M split-Cas9 AAVS
S| E +DOX E‘ +DOX
g I M -pOX M 00X
S| g £
{2} 4
© 50. §0,S
3| é ©
K .
2| ;
- o K K
" >
[ L | . X - & $ $
coordinates coordinates coordinates 0‘9 —
o inducible split-Cas9 AAVs

Figure S1.1: Genome editing via a modular dual-AAYV split-Cas9 system. (a) Schematic of
intein-mediated split-Cas9 pAAVs for genome editing. (b) Approach for modular usage of effector
and regulatory cassettes to enable genome editing and inducible genome editing applications. (c)
From left to right, indel frequency and distribution at the A4AVSI locus in vitro in HEK293T cells
and in CD34+ hematopoietic stem cells, and in vivo at the ApoB locus. For all panels shown, the x-
axis is centered on the predicted SpCas9 cut site (3bp upstream of the PAM) and the data shown is
next generation sequencing (NGS) analysis of sequences 30 bp upstream to 30 bp downstream of
the PAM sequence. (d) Relative activity of in vitro AAVSI locus editing with split-Cas9 AAVs as
compared to inducible split-Cas9 (iCas9) AAVs, media supplied with doxycycline. (n=3; dox:
200ug/ml; error bars are s.e.m.; Student’s z-test; p=0.0106). (e) Relative activity of in vivo ApoB
editing between split-Cas9 AAVs and inducible split-Cas9 (iCas9) AAVs. Mice were transduced
with SE+11 vg/split-Cas9/mouse. Mice transduced with iCas9 AAVs were administered saline with
or without doxycycline. (n=3; dox: 200 mg; total of 12 IP injections; error bars are s.e.m.; Student’s
t-test; p=0.0248).
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Figure S1.2: Domain optimization for AAV-CRISPR repression. (a) Additional repression
domains were fused onto the C-terminal. (b) Four additional domains were separately fused onto
the C-terminal (KRAB, DNMT3A, DNMT3L, or FOG1) and were delivered to HEK293T cells
targeting the B2M locus using four different gRNAs. (n=3; error bars are s.e.m.; one-way ANOVA;
*HAxp<0.0001).
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Figure S1.3: Nrl genome editing and repression in Nrl-EGFP mice. (a) T7E1 assay of Nr/
gRNAs in mouse embryonic fibroblasts (MEFs). MEFs were co-transfected with split-Cas9-Nrl
vectors or non-targeting split-Cas9 vectors as a control. T7E1 assay was carried out using genomic
DNA. The arrows indicate cleaved DNA produced by T7E1 enzyme that is specific to heteroduplex
DNA caused by genome editing. The mutation frequency was calculated from the proportion of cut
bands intensity to total bands intensity. A 25% editing rate was seen for split-Cas9-Nrl. (b) RT-
qPCR analysis of rod and cone specific markers in wild-type mouse retina treated with AAV-split-
Cas9-Nrl or AAV-split-dCas9-KRAB-Nrl vectors. RNA from each group were extracted form
whole retina tissue. Results are shown as mean + s.e.m. (*p<0.05. Student’s #-test, n=3). (c¢)
Immunofluorescence analysis of mCAR+ cells in Nrl-EGFP mouse retina treated with AAV-split-
Cas9-Nrl or AAV-split-KRAB-dCas9-Nrl. Mice were treated at P7 and harvested at P30. GFP,
green; mCAR, Red; DAPI, blue. (d) Quantification of mCAR+ cells in Nrl-EGFP mouse retina
treated with AAV-split-Cas9-Nrl or AAV-split-KRAB-dCas9-Nrl. Results are shown as mean +
s.e.m. (*p<0.05. Student’s ¢-test, n=3). (e) Quantification of mCAR+ cells in wt mouse retina
treated with AAV-split-Cas9-Nrl or AAV-split-KRAB-dCas9-Nrl. Results are shown as mean +
s.e.m. (*p<0.05. Student’s t-test). (f) Quantification of M-Opsin+ cells in wt mouse retina treated
with AAV-split-Cas9-Nrl or AAV-split-KRAB-dCas9-Nrl. Results are shown as mean + s.e.m.
(*p<0.05. Student’s r-test)

133



Nrl-EGFP
wt control

Nrl gRNA +

Nrl gRNA +

Cas9

o

== Nrl gRNAs/split Cas9

Nrl gRNAs/KRAB dCas9
. = Control
T a4
Split-Cas9 + 5§33
Control gRNA1+2 9 § "
- I
T7E1 - + - + a8 e
X g 2 o
— o8 .l
e ———— 2% i .
- - = E
® 5 11
x e
0
+ o ~o \ (; "\r
‘\'19 S <<5’ ev- & \*“ &
fe) ¥V ©
l | 1 |
rod genes cone genes

e f
40 * 40 *
* *

i g
£ 30 2 30 o
3 8 &
8 S @
~N -
3 20 2 20 3
@ o +
o + £
+ o ]
% 10 g0 9
[&] T

£
£ =

0 0
N A A o 2 2
«© ® ° & \a > o
oo(‘\ QQS\P;BQ g@\\v&pgg o QQSX 399 Qq‘* °°6
A2, C% W\, & A2, % (2O, &
W N0 A O
< « R @3

134

© p2 v o
oo(\" gq.\\ QQQ :§S\bo'°‘°
L
R *@



Table S1.1: Chapter 2 Guide RNA spacer sequences.

Function Organism Gene Sequence
Editing Homo sapiens | AAVSI1 GGGGCCACTAGGGACAGGAT
Editing Mus musculus ApoB ACCCCACCATCCATCCGCCA
Editing Mus musculus Nrl-1 GTATGGTGTGGAGCCCAACG
Editing Mus musculus Nrl-2 GAGCCTTCTGAGGGCCGATC
Regulation Homo sapiens | CXCR4-1 CGGGTGGTCGGTAGTGAGTC
Regulation Homo sapiens | CXCR4-2 | CAGACGCGAGGAAGGAGGGCGC
Regulation Homo sapiens | RHOX1-1 GACGCGTGCTCTCCCTCATC
Regulation Homo sapiens | RHOX1-2 GCTGTGGGTTGGGCCTGCTG
Regulation Homo sapiens | B2M-1 AGGGTAGGAGAGACTCACGC
Regulation Homo sapiens B2M-2 CTCCCGCTCTGCACCCTCTG
Regulation Homo sapiens | B2M-3 GCGGGCCACCAAGGAGAACT
Regulation Homo sapiens B2M-4 TTTGGCCTACGGCGACGGGA
Regulation Homo sapiens | ASCLI-1 CGGGAGAAAGGAACGGGAGG
Regulation Homo sapiens | ASCL1-2 AAGAACTTGAAGCAAAGCGC
Regulation Mus musculus | Cd81-1 GATAGTGACTCTCGCGCCTC
Regulation Mus musculus | Cd81-2 CGTTGCGGAGAATGAGACGT
Regulation Mus musculus Afp-1 GGACAAAGACCACTTCAGAG
Regulation Mus musculus Afp-2 GCCAATAATTAACAGAGCAG
Regulation Mus musculus Nrl-1 TCCCTGTATTCAGAACAAGG
Regulation Mus musculus Nrl-2 AGTCACTGTCAGAACCAGAA
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Table S1.2: List of oligonucleotide sequences: qPCR primers.

Organism Gene Forward Reverse

H. sapiens CXCR4 GAAGCTGTTGGCTGAAAA | CTCACTGACGTTGGCAA
GG AGA

H. sapiens RHOX1 GGAGATTTAGGAAGTATG | AAAACCTCCTCTCTTAC
GGGTTAGTG TTTTCTACTTC

H. sapiens ASCLI1 CGCGGCCAACAAGAAGA | CGACGAGTAGGATGAG
TG ACCG

H. sapiens B2M TATGCCTGCCGTGTGAAC | GGCATCTTCAAACCTCC
CATGT ATGATGCT

H. sapiens GAPDH | ACAGTCAGCCGCATCTTC | ACGACCAAATCCGTTGA
TT CTC

H. sapiens B-ACTIN | CATGTACGTTGCTATCCA | CTCCTTAATGTCACGCA
GGC CGAT

Mus musculus ApoB GCTCAACTCAGGTTACCG | AGGGTGTACTGGCAAGT
TGA TTGG

Mus musculus Afp CTTCCCTCATCCTCCTGCT | ACAAACTGGGTAAAGGT
AC GATGG

Mus musculus Cd8&1 GCTCTTCGTCTTCAATTTC | TGTTGGGTGCCGGTTTG
GTCT TT

Mus musculus Gapdh TGGCCTTCCGTGTTCCTAC | GAGTTGCTGTTGAAGTC

GCA

Mus musculus B-actin GTGACGTTGACATCCGTA | GCCGGACTCATCGTACT
AAGA CcC

Mus musculus Nrl CCTTCTGAGGGCCGATCT | GACATGCTGGGCTCCTG
G TC

Mus musculus Nr2e3 ACCAGTCCCAGGTGATGC | CTCAAAGATGGGAGCA
TA GGAG

Mus musculus Crx AAACTGAGCTGGGATGCT | TTGTGCCCCCTCAATCT
GT AAC

Mus musculus Rho TCAGTCTGCATCCCTCCTC | CCCAGTTTCCATCCATTT
T TG

Mus musculus PDEG6b GCCGTGTTTCATGGCTTT | TCCAAAGTTACATTCGA

TCTTTTT

Mus musculus GNATI1 CCCCTCAAATACCGTCCT | GCTGCTGTAGGTCCAAG
TT AGG

Mus musculus Opnlmw | TCTCTTTGGAAAGAAGGT | TGAGAAGGGAGGTAAA
TGATG ACATGG

Mus musculus Opnlsw CAGAATGGCCTCACCTCA | AGGAGCAGCAGGTGTA
TT AGGA

Mus musculus PDE6¢ ATCCAAAAGAGCCTCCTT | TTTCCAGGTCAGCAATG
GA GAT
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Table S1.2: List of oligonucleotide sequences: PCR primers (continued).

Mus musculus GNAT2 | AAACCACCCCAAAGCCTA | GAAATAAGCAGGCTCGC
AC ATC
Table S1.3: List of oligonucleotide sequences: NGS primers
Function | Organism | Gene | Primers Sequences
Editing Homo AAVSI1 | Forward | ACACTCTTTCCCTACACGACGCTCTTCCG
sapiens ATCT CGGTTAATGTGGCTCTGGTTCTGG
Reverse | GACTGGAGTTCAGACGTGTGCTCTTCCGA
TCTGGGGTTAGACCCAATATCAGGAGAC
TAG
Editing Mus ApoB | Forward | ACACTCTTTCCCTACACGACGCTCTTCCG
musculus ATCT TGTAGAGCAAGCAGCAGGGGC
Reverse | GACTGGAGTTCAGACGTGTGCTCTTCCGA
TCT GGTGTCCAAGAACAGTAGCAGGAAC

S1.2 Supplementary Notes: Description of effectors.

I. Split-dCas9 modules

Cintein+dCCas9 (H480A)
MIKIATRKYLGKONVYDIGVERDHNFALKNGFIASCEFDSVEISGVEDREN
ASLGTYHDLLKIIKDKDFLDNEENEDILEDIVLTLTLFEDREMIEERLKT
YAHLFDDKVMKQLKRRRYTGWGRLSRKLINGIRDKQSGKTILDFLKSDGF
ANRNFMOLTHDDSLTFKEDIQKAQVSGQGDSLHEHIANLAGSPATKKGIL
QTVKVVDELVKVMGRHKPENIVIEMARENQTTOKGOKNSRERMKRIEEGT
KELGSQILKEHPVENTQLONEKLYLYYLONGRDMYVDQELDINRLSDYDV
DIIVPQSFLKDDSIDNKVLTRSDKNRGKSDNVPSEEVVKKMKNYWRQLLN
AKLITORKEFDNLTKAERGGLSELDKAGFIKRQLVETROQITKHVAQILDSR
MNTKYDENDKLIREVKVITLKSKLVSDFRKDFQFYKVREINNYHHAHDAY
LNAVVGTALTIKKYPKLESEFVYGDYKVYDVRKMIAKSEQEIGKATAKYFF
YSNIMNFFKTEITLANGEIRKRPLIETNGETGEIVWDKGRDFATVRKVLS
MPOQVNIVKKTEVQTGGFSKESILPKRNSDKLTARKKDWDPKKYGGEDSPT
VAYSVLVVAKVEKGKSKKLKSVKELLGITIMERSSFEKNPIDFLEAKGYK
EVKKDLITKLPKYSLFELENGRKRMLASAGELQKGNELALPSKYVNFLYL
ASHYEKLKGSPEDNEQKOQLFVEQHKHYLDEITEQISEFSKRVILADANLD
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KVLSAYNKHRDKPIREQAENITHLFTLTNLGAPAAFKYFDTTIDRKRYTS
TKEVLDATLIHQSITGLYETRIDLSQLGGDAYPYDVPDYASLGSGSPKKK
RKVEDPKKKRKVD

dNCas9+N-intein (D10A)
MGPKKKRKVAAADYKDDDDKGIHGVPAADKKYSIGLIIGTNSVGWAVITD
EYKVPSKKEFKVLGNTDRHSTKKNLIGALLEFDSGETAEATRLKRTARRRYT
RRKNRICYLQEIFSNEMAKVDDSFFHRLEESFLVEEDKKHERHPTIFGNIV
DEVAYHEKYPTIYHLRKKLVDSTDKADLRLIYLALAHMIKFRGHFLIEGD
LNPDNSDVDKLEFIQLVQTYNQLFEENPINASGVDAKATLSARLSKSRRLE
NLTAQLPGEKKNGLFGNLIALSLGLTPNFKSNFDLAEDAKLQLSKDTYDD
DLDNLLAQIGDQYADLFLAAKNLSDAILLSDILRVNTEITKAPLSASMIK
RYDEHHODLTLLKALVROQQLPEKYKETFFDQSKNGYAGY IDGGASQEEFEY
KFIKPILEKMDGTEELLVKLNREDLLRKQRTFDNGSIPHQIHLGELHATL
RROEDFYPFLKDNREKIEKILTFRIPYYVGPLARGNSRFAWMTRKSEETT
TPWNFEEVVDKGASAQSFIERMTNEDKNLPNEKVLPKHSLLYEYFTVYNE
LTKVKYVTEGMRKPAFLSGEQKKATVDLLFKTNRKVTVKQLKEDYFKKTIE
CLSYETEILTVEYGLLPIGKIVEKRIECTVYSVDNNGNIYTQPVAQWHDR
GEQEVFEYCLEDGSLIRATKDHKFMTVDGOMLPIDETIFERELDLMRVDNL
PN

I1. Transcriptional regulation modules

VP64
EAGSGRADALDDFDLDMLGSDALDDEDLDMLGSDALDDEFDLDMLGSDALD
DFDLDMLINSR

RTA
RDSREGMFLPKPEAGSAISDVFEGREVCQPKRIRPFHPPGSPWANRPLPA
SLAPTPTGPVHEPVGSLTPAPVPOPLDPAPAVTPEASHLLEDPDEETSQA
VKALREMADTVIPQKEEAATICGOMDLSHPPPRGHLDELTTTLESMTEDLN
LDSPLTPELNEILDTFLNDECLLHAMHISTGLSIFDTSLFE
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P65
SQYLPDTDDRHRIEEKRKRTYETFKSIMKKSPESGPTDPRPPPRRIAVPS

RSSASVPKPAPQPYPEFTSSLSTINYDEFPTMVEPSGQISQASALAPAPPQ
VLPOAPAPAPAPAMVSALAQAPAPVPVLAPGPPOAVAPPAPKPTQAGEGT
LSEALLQLOQFDDEDLGALLGNSTDPAVEFTDLASVDNSEFQOLLNQGIPVA
PHTTEPMLMEYPEATTRLVTGAQRPPDPAPAPLGAPGLPNGLLSGDEDFES
SIADMDFSALL

KRAB
DAKSLTAWSRTLVTEFKDVEVDFTREEWKLLDTAQQIVYRNVMLENYKNLV

SLGYQLTKPDVILRLEKGEEP

DNMT3A
TYGLLRRREDWPSRLOMEFFANNHDQEFDPPKVYPPVPAEKRKPIRVLSLF

DGIATGLLVLKDLGIQVDRYIASEVCEDSITVGMVRHQGKIMYVGDVRSV
TOKHIQEWGPEFDLVIGGSPCNDLSIVNPARKGLYEGTGRLEFFEFYRLLHD
ARPKEGDDRPFFWLFENVVAMGVSDKRDISRFLESNPVMIDAKEVSAAHR
ARYFWGNLPGMNRPLASTVNDKLELQECLEHGRIAKFSKVRTITTRSNST
KOGKDOQHFPVFMNEKEDILWCTEMERVFGFPVHYTDVSNMSRLARQRLLG
RSWSVPVIRHLFAPLKEYFACV

DNMT3L
MAATPALDPEAEPSMDVILVGSSELSSSVSPGTGRDLIAYEVKANQRNIE

DICICCGSLQVHTQHPLFEGGICAPCKDKFLDALEFLYDDDGYQSYCSICC
SGETLLICGNPDCTRCYCFECVDSLVGPGTSGKVHAMSNWVCYLCLPSSR
SGLLORRRKWRSQLKAFYDRESENPLEMFETVPVWRROQPVRVLSLFEDIK
KELTSLGFLESGSDPGQLKHVVDVTDTVRKDVEEWGPEDLVYGATPPLGH
TCDRPPSWYLFQFHRLLOYARPKPGSPRPFFWMEVDNLVLNKEDLDVASR
FLEMEPVTIPDVHGGSLONAVRVWSNIPATRSRHWALVSEEELSTLLAQNK
QSSKLAAKWPTKLVKNCEFLPLREYFKYFSTELTSSL

FOG1
MSRRKQSNPRQIKRSLGDMEAREEVQLVGASHMEQKATAPEAPSP
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Chapter S2: Supplement to Chapter 3

S2.1 Supplementary Figures
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Figure S2.1: Experimental validation of a MHCII peptide predictions via IFN-y ELISPOT.
Mice were injected retro-orbitally with 1012 vg/mouse of AAV8-SaCas9 targeting the PCSK9 gene
and were sacrificed after 6 weeks (n=6, error bars are s.e.m.). Purified CD4+ T cells from
splenocytes were seeded at 2x105 cells per well in triplicate. 1x105 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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Figure S2.2: Immune orthogonality of RNA-targeting CRISPR effector proteins (Casl13).
Immune orthogonality was analyzed using both k-mer comparisons with 0 or 1 substitutions and
netMHC binding predictions similar to Figure 1G, but for RNA-targeting CRISPR effectors
consisting of 89 Cas13a, b, and c orthologs. Both DNA- and RNA-targeting effectors have a large
proportion of immune orthogonal pairs.
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Cas9 cliques: 6-mer peptide overlaps
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Figure S2.3: 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.
pvogenes, S. aureus, B. longum, A. muciniphila, and O. laneus.
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Figure S2.4: In silico analyses and comparisons of immunogenicity of Cas9 and AAV
orthologs. Linear regressions exclude pairs of orthologs with no overlap. (a) Cas9 MHC class I
peptide overlap vs. phylogenetic distance. (b) AAV MHC class I peptide overlap vs. phylogenetic
distance. (¢) Cas9 MHC class II peptide overlap vs. phylogenetic distance. (d) AAV MHC class 11
peptide overlap vs. phylogenetic distance.

143



AAV cliques
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Figure S2.5: Major AAYV serotype groups. (a) AAV immune orthogonal cliques over 81 HLA
alleles. AAVS5 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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AAV- & AAV-SpCas9 serum AAV- & AAV- serum
ELISA vs. SpCas9 protein ELISA vs. protein
2.0+ 2.0
1.5 — 1.54
g g T
c c
8 B
-g 1.0 5 1.0
: 2
2 0.54 0.54
ade Lo [ == Qe
0.0 T T 0.0 °. ;
N ,;A-u 03(- 0‘(-
< @ & &

Figure S2.6: Confirming immune orthogonality of C. jejuni Cas9 to Sp- and SaCas9. Mice
injected retro-orbitally with 10'* vg/mouse AAV8-CjCas9 targeting PCSK9 showed no significant

response to Sp- or SaCas9.
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Figure S2.7: Time course analysis of multiple dosing with immune orthogonal orthologs. (a)
Mice were initially immunized (via retro-orbital injections of saline or AAV-CRISPRs at 1012
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) 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.
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Figure S2.8: Cas9-specific splenocyte clearance in vivo. (a) Splenocytes were prepared by
labeling with the fluorescent dye CTV or CFSE, and pulsing with either a pool of immunogenic
Cas9 epitopes or DMSO. A 1:1 mixture of these cells were injected retro-orbitally at a total of 6 x
107 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) At 3.5 weeks post-immunization,
Cas9-pulsed splenocytes are specifically cleared at an average rate of ~39%.
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Extremophile Cas9 proteins
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Figure S2.9: Exploring pre-existing CRISPR immunity. Cas9 orthologs were grouped into
pathogens, commensals, environmentals, and extremophiles based on their species of origin (see
species classification methods). Extremophile orthologs were assayed against pools of all 9-mer
peptides originating from Cas9s from pathogenic, commensal, and environmental species. A few
orthologs, 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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Chapter S3: Supplement to Chapter 4

S3.1: Supplementary Figures
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Figure S3.1: Paw Thickness (mm) in the ipsilateral hind paw of mice before and after
Carrageenan administration.

S3.2: Supplementary Notes: Sequences and Designs

Table S3.1: Chapter 4 Guide RNA spacer sequences

gRNA Sequence
SCNIA-1 GACAGTGGGCAGGATTGAAA
SCNO9A-2 GGCAGGTGCACTCACCGGGT
SCNO9A-3 GAGCTCAGGGAGCATCGAGG
SCN9A-4 GAGAGTCGCAATTGGAGCGC
SCNO9A-5 GCCAGACCAGCCTGCACAGT
SCNIA-6 GAGCGCAGGCTAGGCCTGCA
SCN9A-7 GCTAGGAGTCCGGGATACCC
SCNIA-8 GAATCCGCAGGTGCACTCAC
SCN9A-9 GACCAGCCTGCACAGTGGGC
SCN9A-10 GCGACGCGGTTGGCAGCCGA
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Table S3.2: Zinc-Finger Target Sequences

ZF Name ZF Target Location ZF Target Sequence
pD4 449a geGGCGAGGTGATGGAAGGGccttttta
pD18 657a agGAGGGAGCTAGGGGTGGGgacccgag
gD9 r413a tctAGTGCTAATGTTTCCGAGaagccact
gD25 r644a gTAGACGGTGCAGGGCGGAgacctgge

Table S3.3: Chapter 4 qPCR primers

Gene Forward Reverse
SCNI9A TGGATTCCCTTCGT GTCGCAGATACATCCTCTTGTTT
TCACAG
GAPDH TGGCCTTCCGTGTT GAGTTGCTGTTGAAGTCGCA
CCTAC

Zinc-Finger Designs

>pD4
mRSMHDYKDHDGDYKDHDIDY
KDDDDKMAPKKKRKVGIHGV
PAAMAERPFQCRICMRNESR
SAHLSRHIRTHTGEKPFACD
ICGRKFAQSGNLARHTKIHT
GSQKPFQCRICMRNESRSDA
MSQHIRTHTGEKPFACDICG
RKFARNASRTRHTKTIHTGSQ
KPFQCRICMRNFSRSANLAR
HIRTHTGEKPFACDICGRKF
ADRSHLARHTKIHLRQKDAA
RGSRTLVTFKDVEVDFTREE
WKLLDTAQQTIVYRNVMLENY
KNLVSLGYQLTKPDVILRLE
KGEEPWLVDYKDDDDKRS

>pD18
mRSMHDYKDHDGDYKDHDIDY
KDDDDKMAPKKKRKVGIHGV
PAAMAERPFQCRICMRNESR
SANLARHIRTHTGEKPFACD
ICGRKFADSSDRKKHTKIHT
GSQKPFQCRICMRNFESTSGS
LSRHIRTHTGEKPFACDICG
RKFAHSLSLKNHTKTIHTGSQ
KPFQCRICMRNFSQSSDLSR
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HIRTHTGEKPFACDICGRKF
AWKWNLRAHTKIHLROQKDAA
RGSRTLVTFKDVEVDFTREE
WKLLDTAQQIVYRNVMLENY
KNLVSLGYQLTKPDVILRLE
KGEEPWLVDYKDDDDKRS

>gD9
mRSMHDYKDHDGDYKDHDIDY
KDDDDKMAPKKKRKVGIHGV
PAAMAERPFQCRICMRNESR
SAHLSRHIRTHTGEKPEFACD
ICGRKFATSGHLSRHTKIHT
GSQKPFQCRICMRNFEFSRSDH
LSQHIRTHTGEKPFACDICG
RKFAASSTRTKHTKIHTGSQ
KPFQCRICMRNFSQSSHLTR
HIRTHTGEKPFACDICGRKEF
ARSDNLTRHTKIHLRQKDAA
RGSRTLVTFKDVEVDFTREE
WKLLDTAQQTIVYRNVMLENY
KNLVSLGYQLTKPDVILRLE
KGEEPWLVDYKDDDDKRS

>gD25
mRSMHDYKDHDGDYKDHDIDY
KDDDDKMAPKKKRKVGIHGV
PAAMAERPFQCRICMRNESD
RSHLTRHIRTHTGEKPFACD
ICGRKFADRSHLARHTKIHT
GSQKPFQCRICMRNFESRSDN
LSEHIRTHTGEKPFACDICG
RKFARSAALARHTKIHTGSQ
KPFQCRICMRNFSRSDTLSQ
HIRTHTGEKPFACDICGRKF
ATRDHRIKHTKIHLRQKDAA
RGSRTLVTFKDVEVDFTREE
WKLLDTAQQTIVYRNVMLENY
KNLVSLGYQLTKPDVILRLE
KGEEPWLVDYKDDDDKRS

>pD4-T2A-pD18
mMRSMHDYKDHDGDYKDHDIDY
KDDDDKMAPKKKRKVGIHGV
PAAMAERPFQCRICMRNFSR
SAHLSRHIRTHTGEKPFACD
ICGRKFAQSGNLARHTKIHT
GSQKPFQCRICMRNFSRSDA
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MSQHIRTHTGEKPFACDICG
RKFARNASRTRHTKIHTGSQ
KPFQCRICMRNESRSANLAR
HIRTHTGEKPFACDICGRKF
ADRSHLARHTKIHLRQKDAA
RGSRTLVTFKDVEVDFTREE
WKLLDTAQQIVYRNVMLENY
KNLVSLGYQLTKPDVILRLE
KGEEPWLVDYKDDDDKRS
GSGEGRGSLLTCGDVEENPGP
mRSMHDYKDHDGDYKDHDIDY
KDDDDKMAPKKKRKVGIHGV
PAAMAERPFQCRICMRNESR
SANLARHIRTHTGEKPFACD
ICGRKFADSSDRKKHTKIHT
GSQKPFQCRICMRNESTSGS
LSRHIRTHTGEKPFACDICG
RKFAHSLSLKNHTKIHTGSQ
KPFQCRICMRNESQSSDLSR
HIRTHTGEKPFACDICGRKF
AWKWNLRAHTKIHLROQKDAA
RGSRTLVTFKDVEVDFTREE
WKLLDTAQQIVYRNVMLENY
KNLVSLGYQLTKPDVILRLE
KGEEPWLVDYKDDDDKRS

>gD9-T2A-gD25
mRSMHDYKDHDGDYKDHDIDY
KDDDDKMAPKKKRKVGIHGV
PAAMAERPFQCRICMRNEFSR
SAHLSRHIRTHTGEKPFACD
ICGRKFATSGHLSRHTKIHT
GSQKPFQCRICMRNFSRSDH
LSQHIRTHTGEKPFACDICG
RKFAASSTRTKHTKIHTGSO
KPFQCRICMRNFSQSSHLTR
HIRTHTGEKPFACDICGRKF
ARSDNLTRHTKIHLRQKDAA
RGSRTLVTFKDVEVDFTREE
WKLLDTAQQIVYRNVMLENY
KNLVSLGYQLTKPDVILRLE
KGEEPWLVDYKDDDDKRS
GSGEGRGSLLTCGDVEENPGP
mRSMHDYKDHDGDYKDHDIDY
KDDDDKMAPKKKRKVGIHGV
PAAMAERPFQCRICMRNFSD
RSHLTRHIRTHTGEKPFACD
TCGRKFADRSHLARHTKIHT
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GSQKPFQCRICMRNESRSDN
LSEHIRTHTGEKPFACDICG
RKFARSAALARHTKIHTGSQ
KPEFQCRICMRNESRSDTLSQ
HIRTHTGEKPFACDICGRKF
ATRDHRIKHTKIHLROQKDAA
RGSRTLVTFKDVEVDFTREE
WKLLDTAQQIVYRNVMLENY
KNLVSLGYQLTKPDVILRLE
KGEEPWLVDYKDDDDKRS
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