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ABSTRACT

The CRISPR/Cas9 gene-editing tool is currently in clinical trials as the excitement
about its therapeutic potential is exponentially growing. However, many of the developed
CRISPR based genome engineering methods cannot be broadly translated in clinical
settings due to their unintended consequences. These consequences, such as immune
reactions to CRISPR, immunogenic adverse events following receiving of adeno-
associated virus (AAV) as one of the clinically relevant delivery agents, and CRISPR off-
target activity in the genome, reinforces the necessity for improving the safety of
CRISPR and the gene therapy vehicles. Research into designing more advanced CRISPR
systems will allow for the increased ability of editing efficiency and safety for human
applications. This work 1- develops strategies for decreasing the immunogenicity of
CRISPR/Cas9 system components and improving the safety of CRISPR-based gene
therapies for human subjects, 2- demonstrates the utility of this system in vivo for
transient repression of components of innate and adaptive immunity, and 3- examines an
inducible all-in-one CRISPR-based control switch to pave the way for controllable

CRISPR-based therapies.

Aims

Aim 1: Developing strategies for decreasing the immunogenicity of CRISPR/Cas9
system components and improving the safety of CRISPR-based gene therapies for human
subjects. Here, the pre-existing immune response to SpCas9 in healthy individuals is

characterized and the immunodominant T cell epitopes are identified with the aim of



developing SpCas9 proteins that have diminished capacity to invoke human adaptive
response.

Aim 2: Developing synthetic immunomodulation in vivo using a CRISPR-based
enhanced transcriptional repressor. Here, the principles of transcription modulation of
genes in vivo are explored and optimized. Then, the utility of this system in vivo for
transient repression of components of host immune response against AAV-mediated gene
therapy is demonstrated.

Aim 3: Employment of CRISPR multi-functionality to engineer an all-in-one
inducible safety switch to gain control over CRISPR functionality in vivo. It is essential
to develop and test CRISPR logic circuits with incorporated safety switches to gain
precise control over the CRISPR function in human applications. Here, the development
of CRISPR-mediated therapies to temporally control CRIPSR activity and prevent its

function whenever necessary is discussed.



DEDICATION
To Dr. Pouran Shariat-Razavi, my first teacher who thought me to believe in hard work
and that so much could be done with little; my mother who inspired me to be a strong
independent woman who achieves her goals through education and believing in herself;
my father for teaching me to have big dreams; and my sisters for the effort that they put
in me to teach me how to be a leader and showing me their love and support at every step
of this journey. | owe my greatest gratitude to my husband, whose love, encouragement,

and support sustained me throughout my PhD.



ACKNOWLEDGMENTS

I would like to acknowledge the members of my committee, Dr. Mo Ebrahimkhani, and
Dr. Josh LaBaer for their time, and expertise throughout this project. Special thanks to
my supervisor, Dr. Samira Kiani, who guided and encouraged me to continue the hard
work and be hopeful when the road got tough. Without her persistent help, completion of

this work was impossible.



TABLE OF CONTENTS

Page
LIST OF TABLES ........o oottt Xi
LIST OF FIGURES ...ttt Xii

CHAPTER
1. ENGINEERED CRISPR SYSTEMS FOR NEXT GENERATION GENE
THERAPIES. ... 1
1.1. Potential of Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) as Next Generation Gene Therapy.......ccccovveveeerereseseereseseeesesesenas 1
1.2. In Vivo Gene Editing Enabled by CRISPR...........cccooiieiiieiee e 4

1.3. Challenges of CRISPR-based Gene Therapies and Engineering Approaches to

AArESS THEM ..o 9
1.3.1. Challenge 1: Diminishing Off-target Activity in the Genome.................... 9
1.3.2. Challenge 2: Enhancing Gene Editing Efficiency In Vivo ........................ 11
1.3.3. Challenge 3: Efficient Transcriptional Modulation..............c.ccccceveeveunnee. 14
1.3.4. Challenge 4: DEIIVEIY .......ccoviueiiceieieeceesese e 17
1.3.5. Challenge 5: Immune Response to the Gene Editing Tool ....................... 21

1.3.6. Challenge 6: Spatiotemporal Control: Rational Engineering Approaches

for Spatiotemporal Control of CRISPR ..o, 22
1.4. Opportunities and Future PerspectiVES..........cccoveveieeeieeicieeceee e 27
RETEIBINCES ...ttt 30

2. MULTIFUNCTIONAL CRISPR-CAS9 WITH ENGINEERED IMMUNE-

SILENCED HUMAN T CELL EPITOPES. ..o 51

\Y



CHAPTER Page

2.1, INEFOAUCTION ..o 53
2.2. Materials and MENOUS...........c.ceueiiiieee s 55
2.2.1. Detection of Cas9-specific Serum Antibodies in Healthy Controls.......... 55
2.2.2. Cas9 Candidate T-cell Epitope PrediCtion ...........ccccovevvverieiesersescesnne 56
2.2.3. ExVivo Stimulation and Epitope Mapping of Cas9 by ELISpot............... 57
2.2.4. Autologous APC Generation from Healthy Individual PBMCs............... 58
2.2.5. T-cell Stimulation by Autologous APCS..........cccccevveveieierieieseieeesee s 59
2.2.6. Flow Cytometry Staining for T-Cells .........cccoeviieiiiiieiieececee 60
2.2.7. Pentamer Staining for T-cell Immunophenotyping .........ccccccovvevvveiicnnnene. 60
2.2.8. Vector Design and CONSIIUCLION .........ccccovierieiiieesesiee e 61
2.2.9. Cell Culture for Endogenous Target Mutation and Activation.................. 62
2.2.10. Fluorescent Reporter Assay for Quantifying Cas9..........ccccccevevvrericennene. 62
2.2.11. Quantitative RT-PCR ANAIYSIS .......cccovvveiieieiseeeesee e 63
2.2.12. Endogenous Indel ANAlYSIS .........ccccovievieiieiceseesesee s 63
2.2.13. RNA Sequencing for Quantifying Activator Specificity............c.cccevnee. 64
2.3, RESUILS ... 65
2.3.1. Detection of Cas9-specific Serum Antibodies in Healthy Controls.......... 65
2.3.2. Cas9 Candidate T-cell Epitope Prediction ...........ccccevvvvveneiisiceseceen, 67

2.3.3. T-cell Epitope Mapping of Cas9 and Identification of Two
Immunodominant EPItOPES ......ccccvevveiiiiiiiice e 68
2.3.4. Muted Cas9 Proteins Have Lower Immune Recognition and Maintain
Their Function and SPecCifiCity .........ccccoeieiiiiiiiicecceeee e 70

Vi



CHAPTER Page
2.3.5. Immune Responses to Non-HLA-A*02:01 Cas9 EpItopes..........cccevnene. 76

2.3.6. Immune Responses to MHC Class Il Cas9 Epitopes.........cccccevvrervernene. 78

2.4, DISCUSSIONS ...ttt st eses ettt b bttt b e 79
REFEIENCES ...t 82

3. SYNTHETIC IMMUNOMODULATION WITH A CRISPR SUPER-

REPRESSOR IN VIVO ..o 89
3.1 INEFOUUCTION ...t 89
3.2. Materials and MENOUS...........c.cucueuiiriirreeee s 90
3.2.1. Vector Design and CONSIIUCLION ........cccceieeiicieseieeseese e 90
3.2.2. AAV Packaging and Purification............cccccoccevvveviisciseseie e 91
3.2.3. Cell CURUIE ... 91
3.2.4. Transfection of In Vitro Cultured Cells...........ccccoeiiinnnnniiccie 92
3.2.5. Quantitative RT-PCR (QRT-PCR) ANalysiS ........ccccovreivrerreeserieeseeenenes 93
3.2.6. Plasma ANALYSIS ........ccooeiiuerieiieise et 93
3.2.7. ELISA-based Chemiluminescent ASSAY .........ccccevveereresreseereseseeesseessenns 93
3.2.8. ANtIDOAY ELISA ..o e 94
3.2.9.  LACIALE ASSAY ...eoiviiiieiieiiesieeie sttt sttt 96
3.2.10. Examination of Liver Injury After LPS Injection............ccccevvevvivieinnenenn. 96
3.2.11 ANIMAIS e 96
3.2.12. Retro-Orbital INJECHIONS ......cecieiciiiicieeceece e 97
3.2.13. TUSSUE HANVESL.......ocviiiiiiiiieie e 97
3.2.14. In Vivo LPS AdMINISEratioNn .........ccoveeiiriiiinieciseceseeeeeeseeeesee s 97



CHAPTER Page
3.2.15. In Vivo Pepjet AdMINISIrAtioN ........ccccovierieerieeseseeeseesesie e 97
3.2.16. RNA Sequencing and Data ANalysis ........c.ccccevvvereeieieseseie e 98
3.2.17. Statistical ANAIYSIS.......cccovieiieiieiecese e 99

3.3 RESUIES ... 100
3.3.1. CRISPR-mediated Repression with MS2-HplaKRAB Is Superior to
MS2-KRAB IN VItr0.....cviieiiiiisiiseeisiseesee e 100

3.3.2. CRISPR-mediated Repression of Myd88 Locus Can Efficiently be
Achieved In Vivo by Recruitment of MS2-HP1aKRAB to gRNA.......... 103

3.3.3. CRISPR-mediated Repression of Myd88 Leads to Modulation of Humoral
Response Against AAV-mediated Gene Therapy ........ccoccevvevvevieienienns 107

3.3.4. CRISPR-mediated Myd88 Repression Does Not Create Visible Adverse
Effect iN LONG TEIM ..o 113

3.3.5. CRISPR-mediated Myd88 Repression In Vivo Can Act as a Prophylactic
Measure Against Septicemia in Cas9 Transgenic and C57BL/6 Mice...114

3.3.6. Nanoparticle-mediated Delivery of Myd88 Targeting CRISPR Super-
repressors After Exposure to LPS Can Serve as a Therapeutic Modality

AQaINSt SEPLICEMIA ....cvvcviiceiiiciee e 113

3.4, DISCUSSIONS ...ttt ettt ettt bttt bt n e et 121
RETEIBNCES ... 123

4. ESTABLISHING TEMPORAL CONTROL OVER CRISPR-BASED

TECHNIQUES FOR SAFER GENE THERAPY APPROACHES ...........cccc.... 130

A1, INEFOQUCTION ..ot et e e et e e e et e e e e et e e eeeneeeeeaenneaeeeanneaeeans 130



CHAPTER Page

4.2. Materials and MEethOdS...........couiiirrrniieicciss e 131
4.2.1. Vector Design and CONStrUCTION ........cccevverieericieseseecees s 131
4.2.2. AAV VECIOIS ..ottt s 131
4.2.3. AAV Packaging and PUrification ...........cc.ccccevvverinineieserese e 132
424, Cell CURUIE ... 132
4.2.5. Transfection of In Vitro Cultured Cells...........ccccoeorinniniiiiie 132
4.2.6. Quantitative RT-PCR (QRT-PCR) ANalysis .......cc.ccecevvrerieeneieresiensnene 133
4.2.7. DNA Isolation and Real-time PCR for AAV Genomic Copies.............. 133
4.2.8. Fluorescent REPOIEr ASSAY .........cccovveriereiereereseeesesieresseseesessesessessesessenes 134
4.2.9. ANIMAIS ...t 135
4.2.10. Retro-Orbital INJECtIONS .......ccoveveicieececee e 135
4.2.10. TISSUE HAIVESL.......oviciciiiiiii e 135
4.2.12. In Vivo Tetracycling DeliVery.........ccccoocevieiiciicicecee e 136
4.2.13. Statistical ANAlYSIS........cccvcviieiiiiceceee e 136

4.3, RESUIES ... 136

4.4, DISCUSSIONS .....evvuuiaiireseseeteteseststsssesesesbesssese st ae s e s bbb st e et bbbt n s 143

RETEIBNCES ... 143

5. DISCUSSION. ... .ottt 145

REFERENGCES. ... .o 148
APPENDIX

A. SUPPORTING INFORMATION FOR MULTIFUNCTIONAL CRISPR-CAS9

WITH ENGINEERED IMMUNOSILENCED HUMAN T CELL EPITOPES ..166

iX



APPENDIX Page
B. SUPPORTING INFORMATION FOR SYNTHETIC
IMMUNOMODULATION WITH A CRISPR SUPER-REPRESSOR IN VIVO 184
C. AUTHORSHIP AND CONTRIBUTIONS TO CHAPTERS1 AND 2 ........... 197

BIOGRAPHICAL SKETCH ..ot 201



LIST OF TABLES

Table Page
S 2.1. Predicted Cas9 Immunogenic T-cell EPItOPES ......ccovvvevverirereisese e 172
S 2.2. Sequences of Primers Used in This StUdY. ........ccccevvieveieneieceseeseeeesee e 173
S 2.3. Sequences of gRNAs Uused in ThiS StUAY ........ccccovveveieieieneiciseeeesee e 173

S 2.4. Sequence Homology of Epitope a to Amino Acid Sequences from Known Proteins.

S 2.6. Multiple Comparison Results of Mutated Epitope ELISpot Screening.................. 176

S 2.7. Sequences of SpCas9 Non-HLA-A*02:01 Class | Epitopes Used to Screen for Pre-
existing T-cell Reactivity Against SpCas9 in Healthy Donors. ..........ccccccceeveevvernee. 176

S 2.8. Sequences of Long Peptides that Include Epitopes in the Top 2% of Predicted MHC
Class 11 Binders that Were Used to Screen for SpCas9 Class Il Immune Reactivity. 177

S 3.1. Repression Levels of Myd88, Icam-1, and Tnfa Assessed by qRT-PCR in Lung,

Blood, and Bone Marrow 3 Weeks Post Retro-orbital Injection of AAV.................. 194
S 321 TANTGRINAS- 5710 37 i 194
S 3.2.2. 20Nt GRINAS- 57 10 37 it 195
S 3.3.1. M0ouSE QPCR PrIMErS- 57 10 37 ...iieiieieerieisterieesie e 195
S 3.3.2. HUMaN gPCR PrIMErS- 57 10 37 ...oiiiieieeiieisiese e 196

Xi



LIST OF FIGURES

Figure Page
1.1. Challenges and Answers of CRISPR for In Vivo Gene Therapy. ......cccceevvvevvnenieennne 5
1.2. Modes of Delivery of Cas9 and gRNA for Genome Editing. ........ccccoevevvvereiviciennnns 19

1.3. Rational Engineering Approaches to Control “When”, “Where”, and “How” CRISPR
Functions for Safer In Vivo Gene Therapies. ........cccccvvevveereiesereeeseeseseeeseese e 23
2.1. Detection of Pre-existing B-cell and T-cell Immune Responses to SpCas9 in Healthy
Donors and Identification of Two Immunodominant T-cell EPitopes..........ccccccvvvevnene. 66

2.2. SpCas9 Immunodominant Epitope Specific CD8+ T-cell Recognition is Abolished

After ANChor ReSIAUE MULALION. ........ceiiiiririreiccce e 71
2.3. Mutated SpCas9 Protein (Cas9-B2) Retains its Function and Specificity...................... 74
2.4. Immune Responses to Non-HLA-A*02:01 and Class Il Epitopes of SpCas9............... 77
3.1. Aptamer-mediated CRISPR Repression IN Vitr0 ........cccccoveeeieeieiie e 102

3.2. CRISPR-based Targeted Myd88 Repression In Vitro and In Vivo Using MS2
REPIESSOIS ..ttt sttt b et e b e et e b e et r et e et e na b e e 105
3.3. Prophylactic Administration of AAV1/MyD88 In Vivo Leads to Modulation of
Humoral Immunity AQaiNSt AAV .......c.ciiieeiee et 109
3.4. Long-term Efficacy of AAV/Myd88 Repression IN ViVO .........ccccccevvveveierieesciesinnns 112
3.5. CRISPR-based Modulation of Host Inflammatory Response Can be a Prophylactic
Measure Against LPS-mediated Septicemia in Cas9 Transgenic and WT Mice.......... 115
3.6. Developing Protection Following LPS-mediated Septicemia Using a Dual AAV
CRISPR/Cas9 Strategy With AAV1/Cas9 and AAV1 Carrying gRNA-MS2-

HPLAKRAB ... s 117



Figure Page

3.7. Therapeutic Delivery of Nanoparticles Carrying DNA Encoding Myd88-targeting

CRISPR Confers Protection Against LPS-mediated Septicemia..........ccccoeevvrervennnnen. 120
4.1. Build and Test Multifunctional CRISPR-based Control Switches. .......cccccoveveveennne. 138
4.2. Validation of CRISPR Control SWItCh IN ViVO.........eeoeeeeeeeeeeee e, 140

S 2.1. Representative Flow Cytometry Gating for Analysis of Cas9 Function on Synthetic
PIOMOTETS. ... 167
S 2.2. Reduced T-cell Response to Epitopes o and B After Mutation of the Anchor
RESIAUES. ...ttt 168
S 2.3. Schematic of the Experiment Assessing Cas9-B2 Cleavage Capacity at a Synthetic
PIOMOTET ...t s 169
S 2.4. Analysis of Cleavage Capacity of Cas9-a2 as Compared to WT-Cas9 in a Synthetic
PIOMOET ...t 170
S 3.1. Evaluation of Endogenous Myd88 Gene Expression Uusing Different CRISPR-
mediated REPreSSOr CIICUILS.........ciiciieeeteciee e ns 185
S 3.2. In Vivo Analysis of AAV1 Tropism Towards Different TiSSUES........ccccceveviervriennes 186
S 3.3. RNA-seq Analyses of Bone Marrow Samples Collected from Mice Treated With
AAV1/Myd88-MS2-HPlaKrab Versus AAV1/Myd88-MS2-Krab..........cccccceeevrnneee 187
S 3.4. Evaluation of Endogenous Myd88 Gene Expression Following Multiple AAV
AAMINISTFALION ..ot 189
S 3.5. Analysis of a Set of Immune-related Transcripts Following LPS Injury ................. 190
S 3.6. Assessing the Level of a Panel of Immune Related Genes in Lung and Bone Marrow

FOHOWING LPS INJECHION.......oiiiiiiiiie ettt 191



Figure Page
S 3.7. Targeted Gene Silencing in Wild-type Mice Using a Dual CRISPR/Cas9 System

With AAV1/Cas9 and AAV1 Carrying gRNA-MS2- HP1aKRAB...........cccccevveiviiennee 192
S 3.8. Assessing the Repression Efficiency of AAV1-Myd88 Targeting a Different Region

OF MYAB8 IN LIV ...ttt nesnens 193

Xiv



CHAPTER 1

ENGINEERED CRISPR SYSTEMS FOR NEXT GENERATION GENE THERAPIES

Author Contribution: M.P. and F.M. designed and wrote the manuscript and initial
sketch of figures. S.K. and MRE edited and wrote the manuscript and figures. This
manuscript highlights advancements in engineering CRISPR system that can be directly
applicable in safer and more specific genome engineering approaches towards next
generation gene therapies. M.P. as the first author of the manuscript did a very good job
in going through all the published manuscript focusing on advancements in engineering
CRISPR systems specially used for mammalian cells. As the senior graduate student
specialized in this field, 1 supervised his efforts and provided inputs and directions. At the

end, | worked on reshaping the manuscript and refining the structure.

1.1. Potential of clustered regularly interspaced short palindromic repeats (CRISPR)

as next generation gene therapy

Gene therapy is now a viable therapeutic strategy for a range of clinical conditions.
According to the Journal of Gene Medicine Clinical Trials database, in USA alone, about
1532 gene therapy trials have been performed since 1989, with cancer and monogenic
diseases being most prevalent indications. With the advent of precision medicine
initiative and improvement of gene editing and delivery techniques, it is imperative that
the number of gene therapy trials will increase in the next decades to functionally
examine and validate genetic information obtained from patients. Despite their

tremendous potentials to treat many conditions, gene therapies have classically faced a
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number of challenges ranging from economic feasibility to patients’ safety. Earlier gene
therapies faced push back as patients such as Jesse Gelsinger (1999) died due to
complications of the therapies that originated from immune response to the delivery virus.
Safety, therefore, became a key concern. Controlling immune response to gene therapy,
as well as its spatiotemporal limitation such that target tissue specificity is met, non-target
tissues are unaffected and non-specific genetic mutagenesis (such as germline
modification) is avoided, are key components of safety for gene therapies. Transgene
sizes have also been classically limited by the payload capacity of delivery vectors,
making it quite difficult to deliver large piece of genes or multiple transgenes to the same
cell in vivo.

Clustered regularly interspaced short palindromic repeats (CRISPR) is a unique
technology when gene therapies are concerned. CRISPR was first discovered during early
sequencing of bacterial genomes when short exogenous viral/phage DNA sequences were
found integrated into endogenous genomic DNA.X? The biology of this artifact was
slowly uncovered as an immune-like system for protecting bacteria/archaea from
infection.>* If the microorganism survived a pathogenic invader, the CRISPR system
could record a piece of the invader’s DNA into its genome and use it to protect against
repeat infection.>® The widely studied CRISPR system from Streptococcus Pyogenes (sp)
is a type Il bacterial defense-system for recognizing, targeting, and eliminating foreign
DNA.®7 In these bacteria, the exogenous DNA is transcribed into a pre-CRISPR RNA
(pre-crRNA), which is annealed to trans-activating small RNA (tracr-RNA).2 This
complex is then processed by RNase Il creating a mature CRISPR RNA (crRNA)-tracr
RNA capable of guiding Cas9 (ribo)nuclease to foreign DNA for cleavage.® The 20
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nucleotides on the 5° end of crRNA are complementary to the target DNA sequence.®

After recognizing the three nucleotides of protospacer adjacent motif (PAM) on 3’ end of
target sequence at foreign DNA, Cas9 binds, unwinds DNA and performs DNA cleavage.
This DNA double strand break (DSB) is mediated by the HNH and the RuvC nuclease
domains of Cas9, that cleave the target strand and non-target strand of DNA,
respectively.® crRNA and tracr-RNA fusions have been synthetically produced,
engineered and shortened into guide RNA’s (gRNA) for simple, programmable targeting
of genomic sequences in virtually any species.®°® As CRISPR technology became more
accessible, other engineered CRISPR components began appearing that are based on
modifying the Cas9 protein (and its nuclease activity) and gRNAs. Such advancements
have started to be used in conjunction with one another, producing strategies for
multiplex genome engineering. These products have rapidly enabled gene knock out,
homology directed repair driven gene correction, site directed transcriptional activation
and repression of genes, single nucleotide substitutions, imaging of genomic loci or
synthetic gene circuits in a wide variety of organisms.!+-14

CRISPR offers several advantages for gene therapies. It is a cost-effective tool for
genomic manipulation with an ease of engineering and programmability superior to prior
gene editing tools such as zinc finger nucleases and transcription activator-like effector
nucleases (TALENS). Moreover, multiplexing through delivery of small gRNAs enable
simultaneous manipulation of multiple endogenous genes using available delivery
platforms, an advancement which was not easily achievable before. CRISPR clinical
trials have started and will yield new information on how this system works in humans
and illuminate its limitations. As CRISPR enters human trials, safety and controllability

3



of this tool in vivo will gain significance. In this review, we focus on challenges of
CRISPR-based gene therapies and advancements in engineering CRISPR that can be
directly applicable for designing safer and controllable CRISPR as next generation

human gene therapies.

1.2. Invivo gene editing enabled by CRISPR

Recent in vivo studies give insight into the potential of using the CRISPR technology
for gene therapies. Most of these studies employ the site-directed DNA endonuclease
activity of CRISPR-Cas9 for gene disruption or editing.>3® For the purpose of this
review, we focus only on studies that have examined CRISPR functionality in mice. One
prominent application of CRISPR is to correct hereditary conditions that arise following
monogenic or polygenic mutations by disrupting dominant mutated genes or deleting the
mutated region. Duchenne muscular dystrophy (DMD) caused by mutations in dystrophin
was one of the early targets of such CRISPR application in vivo. A number of groups
tested CRISPR to restore expression of dystrophin and treat DMD by exploiting non-
homologous end joining (NHEJ) mediated DNA repair machinery to delete/disrupt the
mutated region of dystrophin following DNA DSB induced by CRISPR.? 374 In one of
the early studies, multiple gRNAs were employed to create a large deletion of 10 exons
(45-55), where 62% of mutations of DMD patients lie. This deletion repaired the reading
frame for dystrophin and coded a truncated mRNA of the protein.?® This truncation is
known to display mild symptoms of dystrophy, an improvement for most patients. In
another study, Zhang et al. reported the correction of DMD mutations in patient-derived

induced pluripotent stem cells (iPSCs) and mouse, by delivery of the newly discovered
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Prevotella and Francisella CRISPR (Cpfl) nuclease.** They successfully restored
dystrophin expression with correction of DMD mutations through both edition of a
nonsense mutation or skipping of an out-of-frame DMD exon.**? CRISPR faces a
number of challenges that need to be overcome for safer human translation. These
challenges include (A) potential off target cleavage in the genome, (B) requirement of
enhanced HDR efficiency for gene editing, (C) efficiency of transcriptional modulation
with CRISPR, (D) delivery, (E) immune response and (F) spatiotemporal control.
Research in the field of CRISPR design and engineering is unraveling different
technologies and CRISPR variants to address these needs. We have summarized some of

the solutions under each category in Figure 1.1.
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Figure 1.1. Challenges and answers of CRISPR for in vivo gene therapy.

CRISPR can be delivered in the form of DNA, RNA, or ribonucleoproteins (RNPs).
Each form of delivery has advantages and disadvantages. DNA enables long term
expression and spatiotemporal control of Cas9/gRNA expression using cell/context
specific transcription factors. In addition, they can be packaged into available viral (such
as AAV), non-viral delivery methods or injected directly to the site of interest. However,
DNA can integrate into genome and requires transcription and translation machineries for
expression of CRISPR, which can further prolong the process. RNA can be also delivered
using similar strategies. However, by diminishing the risk of integration in the genome,
RNA can present a safer option for gene therapies. RNA is short lived which can be an
unfavorable feature in conditions where longer term expression is desired. RNPs bypass
transcription and translation and exert their effect with a faster kinetics inside the cells.
By being short-lived RNPs can exert less off target effects in the genome. RNPs can be
delivered by electroporation or through nanoparticles, however, the efficiency of delivery
requires further improvement in this case.

Ruan et al. demonstrated that CRISPR/Cas9 system represents a promising
therapeutic approach for the treatment of patients with Leber congenital amaurosis
(LCA10), which is severe retinal dystrophy caused by generation of a cryptic splice
donor site in CEP290 gene. They achieved effective deletion of the intronic mutation in
the CEP290 and restored the expression of wild-type CEP290 by delivering
CRIPSR/Cas9 via adeno associated virus (AAV).*® Later, Yu et al. developed a
promising treatment for patients with retinitis pigmentosa that causes blindness due to

loss of photoreceptors, by performing in vivo knockdown of Nrl via delivering
6



CRISPR/Cas9. Nrl gene encodes neural retina-specific leucine zipper protein, a rod fate
determinant during photoreceptor development. In this study survival of rods and
function of cones were considerably improved by treatment with CRISPR/Cas9 in three
different mouse models of retinal degeneration.** In another study, Murlidharan et al.
engineered an AAV strain that shows high tropism towards neural cells.They used this
virus (AAV2g8) to deliver gRNA targeting the schizophrenia risk gene MIR137
(encoding MIR137) in Cas9 knockin mice, which resulted in brain-specific deletion of
this gene.*® Similar studies using nanoparticles are also being explored. Mianne et al.
tested local delivery of CRISPR to mouse inner ear hair cells using cationic liposomal
reagents.*® The study delivered protein Cas9:gRNA complexes which garnered a 20%
mutation efficiency in hair cells.*® These studies collectively propose CRIPSR/Cas9 as a
promising gene therapy platform for diseases of nervous system. CRISPR also shows
promise as a novel anti-viral therapy. It was recently used for excising of HIV DNA in
mouse and rat through tail-vein injection of a recombinant AAV9 virus containing sa-
Cas9 and gRNAs. The approach resulted in excision of about 978bp HIV data from
different organs including liver, lung, spleen and circulating lymphocytes.*’

Harnessing homology directed repair (HDR) machinery for precise correction of
genetic mutation or insertion of genetic materials in desired loci, has been another highly
desirable application of CRISPR. One of the first studies focused on adult, type I
tyrosinemia mouse model. The disease phenotype , a fatal mutation characterized by liver
damage particularly in hepatocytes, is caused by a mutation in fumarylacetoacetate
hydrolase (fah).?* CRISPR and repair template were delivered through hydrodynamic
injection and resulted in >.4% gene correction in the hepatocyte population.?* The
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corrected cells outcompeted their mutated counterparts thereby replenishing a healthy
hepatocyte community and recovering a normal phenotype . Though this study reveals
the potential of in vivo gene correction, its very low efficiency would limit the therapeutic
action in most diseases. A follow up study increased the efficiency to >6% by using
gRNA and donor DNA template incorporated within a single AAV along with Cas9
mRNA delivered by a lipid nanoparticle.*® Another group used a dual-AAV strategy that
enabled the Cas9-mediated correction of a metabolic liver disease in newborn mice with
up to ~10% gene correction in hepatocytes.*®

HDR is also being studied in diseases of the eye and blood. Wu et al. attempted to
repair mutated Crygc to correct cataracts in mice zygotes. They showed that, although
HDR-repairs occur less frequently, both the homologous allele and an exogenously
delivered oligonucleotide can be used as repair templates.’® Out of 78 born pups, 13
(17%) were repaired by HDR and 11 (14%) by non-homologous end joining (NHEJ).
HDR-mediated repair was shown to completely recover phenotypic characterizations — in
this case the loss of cataract symptoms.*® Guan et al. demonstrated correction of over
0.56% of F9 Y371D, which is a mutation that causes severe hemophilia B in adult mice.>
Editing of F9 alleles in hepatocytes was done upon receiving naked DNA constructs
containing Cas9 components that target the F9 Y371D mutation and restored
hemostasis.>°

While gene editing is a prominent application of CRISPR for gene therapies, transient
transcriptional activation or repression of genes is desirable when we consider changing
the course of complex diseases such metabolic diseases, or tissue regeneration. However,
CRISPR mediated transcriptional modulation seems to be more challenging in vivo.
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Studies using CRISPR for transcriptional modulation in vivo are beginning to emerge.
Recently, Chew et al. showcased the ability to activate the expression of endogenous
genes by delivering Cas9 fused to an activation domain packaged into an AAV system.®!
Although the authors achieved moderate level of activation, challenges, such as an
immune response to CRISPR, complicated the analysis of the result. However, this study
demonstrates the feasibility of CRISPR for genome modulation and sets the stage for

future optimization studies.

1.3. Challenges of CRISPR-based gene therapies and engineering approaches to

address them

CRISPR-based therapeutics face several challenges that necessitate further work
before clinical applications can be tested. Increasing CRISPR specificity to control
genomic off-target effect, improving CRISPR gene editing efficiency, spatiotemporal
regulation of the CRISPR activity in vivo, controlling possible adverse immune responses
to CRISPR, and the appropriate method of delivery are among the challenges that need to
be properly addressed for human translation of CRISPR. In the next section, we will
describe advances in CRISPR engineering that are beginning to address these challenges

(Figure 1.1).

1.3.1. Challenge 1: Diminishing off-target activity in the genome

One requirement to human translation of CRISPR, is to ensure precise on target
activity of Cas9 in the genome. Off-target genetic mutations need to be efficiently

detected and prevented. To increase the specificity of sp-Cas9 for gene editing, a number



of Cas9 protein variants have been developed (Figure 1.1-A).>2** The structurally-guided
mutations between the HNH and RuvC of sp-Cas9 nuclease domains, gave way to Cas9
nickase, which is mutated in one of the nuclease domains to produce only single-stranded
cleavage. Paired nickase that target sequences in opposite strands of DNA can decrease
off-target effects by 50- to 1500-fold without influencing on-target function.>® A similar
approach relies on the fusion of catalytically inactive Cas9 (dCas9) with a heterodimeric
DNA nuclease catalytic domain of Fokl, which created RNA-guided Fokl-dCas9
nucleases (RFNs).>* This complex, requires dimerization of two Fokl-dCas9 complexes
for DNA cleavage. Hence, it shows a ~140-fold increase in specificity compared to
wildtype Cas9 and a four-fold increase compared to paired Cas9 nickases.

Later studies revealed the structure of sp-Cas9 protein charged grooves that mediated
the stabilization of non-target DNA strands following sp-Cas9 binding.>? The removal of
these grooves by mutations in Cas9 protein increased the need for higher strength binding
between base pairs thereby increasing the discrimination between matched and
mismatched base pairs.>? This enhanced sp-Cas9 possesses improved ability to recognize
single/double-base mismatches between the target-strand and gRNA, which results in a
~10 fold reduction in off-target cleavage.®® Following similar notion, Kleinstiver et al.
developed a high fidelity sp-Cas9 protein (sp-Cas9-HF1), which demonstrated almost
complete loss of off-target cleavage when targeted to standard non-repetitive regions.>®

Alongside engineering of sp-Cas9 for improved specificity, precise detection of off-
target effects on the genomic loci is important. Several approaches have been developed
for this purpose. To ensure accurate detection of off-target mutations, deep sequencing of
entire genome is a preferred method, especially when human applications are concerned.
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Methods such as genome-wide, unbiased identification of DSB enabled by sequencing
(GUIDE-seq), which employs double strand oligodeoxynucleotide tags integrated in site
of DNA cleavage in the genome, are examples of strategies that can be employed to
comprehensively detect CRISPR off-target cleavage and DNA breakpoint hotspots.®’
Very recently, circularization for in vitro reporting of cleavage effects by sequencing
(CIRCLE-seq), has been proposed as a superior in vitro technique to detect genome-wide
off target mutation of CRISPR.%® These and similar techniques are enhancing our abilities
to detect and examine CRISPR off target functions and set the stage for further

engineering strategies to remove unintended effects of CRISPR for human application.

1.3.2. Challenge 2: Enhancing gene editing efficiency in vivo

One impediment to therapeutic gene correction is the efficiency and type of DNA
repair following the CRISPR induced DNA DSB. The most popular methods of gene
editing are taking advantage of two DNA repair pathways, NHEJ and HDR. NHEJ,
which can repair a variety of DNA damages including DSBs, is active throughout the cell
cycle, and does not require a repair template.>® NEHJ is an efficient method of DNA
repair that is active in both dividing and non-diving cells. It mediates ligation of two
DNA break ends, is error-prone and can nonspecifically lead to insertions/deletions in
genes and disruption of reading frames. HDR, in contrary, takes advantage of a template
to repair DNA by copying the exact sequences of the template and pasting it within the
DSB site. HDR-mediated gene editing enables precise correction of genetic mutation or
insertion of genetic materials in desired genetic loci. However, It mainly occurs during

S/G2 phases of the cell cycle, when the sister chromatid is present to act as a repair
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template.’’ As such, HDR-mediated repair of genes is less efficient than NHEJ and in
non-dividing cells will prove difficult. This challenge gains even more significance when
complications of in vivo physiology and delivery are considered. Along this notion,
several strategies have been suggested to increase HDR efficiency following CRISPR
mediated DNA DSB (Figure 1.1-B).

Yang et al. showed increased genetic editing efficiency when stem cells are
synchronized into S/G2 ,providing context for HDR-driven gene correction.®*%? HDR has
also been shown to be enhanced by using single stranded DNA donors that
asymmetrically align with the DSB.% This particular strategy provided a 60% increase in
HDR efficiency taking advantage of the mechanism for DSB creation and DNA strand
release during Cas9-mediated edits.*® One of these mechanisms is the ordered release of
DNA strands, particularly the distal non-target strand which is released from Cas9 first.*®
This along with the ssDNA donor enhances the chance of HDR-mediated repair, the
dynamics of which are examined by Richardson et al. ° To enhance HDR following
CRISPR mediated DNA cleavage, Chu et al. employed shRNAs or small molecules that
repress NHEJ key molecules KU70, KU80 or DNA ligase IV and showed up to eight-
fold improvement of HDR in human and mouse cell lines.®* Similarly, Yu et al.
performed small molecule screening to enhance (L755507 and Brefeldin A) HDR up to
nine fold in stem cells.®® Paquet et al. showed that HDR-mediated mono versus dual-
allelic repair can be achieved by choosing a distance between gRNA target sites and the
mutation site. If bi-allelic repair is desired, then the proximity of the gRNA to the

mutation must be lessened. On the other end, increasing the distance between the
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mutation and gRNA target site decreases HDR efficiency, hence the sub-optimum repair
leads to single allele correction and heterozygosity for the target gene.®

Circumventing the limitations of HDR has also become a major scientific interest.
Strategies utilizing NHEJ mechanisms to deliver short-homologous templates have been
described.®”%® Homology-independent targeted integration (HITI) is a recently introduced
method that uses NHEJ to allow for directed gene alteration.®® HITI takes advantage of a
rationally designed gRNA that targets the site of interest and recuts the insertion site if
the strands reanneal, or if the template is input in an undesired direction. This increases
the probability that the DNA template is input in the correction orientation. HITI is more
effective than HDR in HEK293 cells — improving efficiency to between 40-60%. HITI
also corrected mouse neurons in vitro with efficiencies up to 55.9% while HDR had
efficiencies between ~1-3%.%° HITD’s ability to repair non-dividing cell lineages is
particularly important for gene therapies in vivo while simultaneously being an efficient
gene repair mechanism.

Other recent methods attempt gene correction without dependence on NHEJ or HDR
repair mechanisms. The use of cytidine deaminases allows for targeted C to T
conversions without introducing double stranded breaks using Zinc Fingers, TALE, and
Cas9.”%" Kondor et al. created base editors (BE), using dCas9 and Cas9 nickase in
fusion to either apolipoprotein B mRNA editing enzyme catalytic polypeptide-like family
proteins (APOBECS) or other activation induced cytidine deaminases.” In their third
generation of constructs (Cas9 nickase fused to APOBEC and uracil glycosylase
inhibitor) the authors observed up to 37% efficiency of base editing.”* Later, Yang et al.
achieved a 2.5% C to T base editing in HEK293 cells using zinc finger and TALEs fused
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to similar enzymes. These advancements increase our ability to correct genes without
relying on traditional DNA repair machinery. This is particularly important in cases of
non-dividing cells and when in vivo delivery is concerned. The repertoire of CRISPR

base editors and their functionality is now actively being expanded.’?

1.3.3. Challenge 3: Efficient transcriptional modulation

Catalytically inactive Cas9 (dCas9) was one of the first variants created where its
nuclease activity was removed by two point mutations within the catalytic domains of the
protein, preventing DSBs but retaining RNA-guided genomic targeting.”® dCas9 has been
repurposed to function as a transcriptional modulator alone or in fusion with known
transcriptional modulators. dCas9 does not induce DSB, therefore it can serve as a safer
option than Cas9 nuclease for gene therapy and eliminates the risk of permanently
altering DNA at unwanted sites (e.g., germline DNA) (Figure 1.1-C). This variant of
Cas9 can be exploited in conditions where gene activation or imprinting are the cause of
diseases. In addition, transient and multiplexed modulation of endogenous genes, a
feature that is enabled by CRISPR technology, can be an attractive cure for acute or
chronic response to injury, where inflammatory cascade involving multiple genes
becomes dysregulated.

Although dCas9 alone has been shown to decrease transcription from endogenous and
synthetic promoters through steric hindrance, protein fusions were developed to enhance
the effect. Examples of primary fusion proteins used for CRISPR-based transcriptional
modulation include repressors such as the Krippel-associated box (KRAB) or four

concatenated mSin3 interaction domains (SID4X). In case of transcriptional activation,
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VP16, VP64, VP160 and p65 activation domains have been tested in fusion with dCas9
protein.”*"® While these strategies achieved significant modulation of endogenous genes,
for observing a clinically relevant phenotype in vivo, the ability to enhance efficiencies of
transcriptional modulations are desired. Along this line, researchers have sought to
examine the synergistic effect of multiple of these domains in a single setting. Synergistic
activation mediator (SAM) approach uses p65 , and the activation domain of HSF1 (P65-
HSF1) in fusion with the MS2 bacteriophage coat protein.”® This strategy brings these
activation domains to CRISPR/DNA complex through MS2 binding to engineered
gRNAs carrying Ms2 target sites. SAM has reliably upregulated multiple genes ~90%
from basal levels with insignificant off-target gene modulation.”® Similarly, Chavez et al.
generated a tripartite activator, VP64-p65-and Epstein—Barr virus R transactivator Rta
(VPR), fused to dCas9, which led to significant improvement for activation of
endogenous gene over VP64 alone.”” Another method named SunTag recruits multiple
copies of fusion proteins (such as VP64 activation domain) to Cas9/gRNA complex. In
this approach, Cas9 is tethered to multiple copies of a protein scaffold to which single
chain variable fragment antibodies fused to effector domains bind.® In K562 cells, where
the target gene CXCR4 is normally expressed lowly, a dCas9-SunTag-VP64 fusion
improved mRNA upregulation from a 28% with dCas9-VP64 alone to 330% with
SunTag.®

Although, improved strategies have been built for transcriptional activation,
generation of enhanced repressors has been less explored. Recently, Amabile et al.
generated synthetic inducible transcriptional repressors by fusing KRAB domain or other
known transcriptional repressors such as SETDB1, G9a, HP1a, DNMT3L, EZH2, and
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SUV420H2 to DNA binding proteins including tet and Cas9. Authors showed that triple
repressors, DNA methyltransferase (DNMT)3L, KRAB,DNMT3A improved the
efficiency of repression as compared to single or double repressors.8!

Epigenetic editing is another method of affecting transcription. dCas9 fusion with
DNMT3A silences genes through targeted CpG methylation.82# Another example is the
histone demethylase LSD1, from Neisseria meningitides, which has also been fused to
dCas9 and acts on distal enhancers of the genes to mediate the repression of enhancers.®
Oppositely, epigenetic upregulation of gene expression can also be accomplished with
human acetyltransferase p300 fused to Sp-dCas9 for targeted acetylatin of histone H3
(lysine 27) within promoter/enhancer regions.® In addition, Tetl demethylase catalytic
domain has been fused to sp-dCas9 and MS2 coat protein to achieve efficient
upregulation of endogenous genes. .

In all these cases understanding the design principles for enhanced transcriptional
activation or repression has been a subject of active research. N versus C terminal fusions
to dCas9 affects transcriptional modulation efficiency. A second consideration for
transcriptional activation, especially in cases such as SAM or VPR, has been the initial
level of gene expression as well as location of targeting of gRNAs relative to
transcriptional start site.’”® If the baseline expression of a gene is higher, further activation
is less efficient. Chavez et al. has investigated the robustness and efficiency multiple
Cas9 activators in multiple species in depth and has found that VPR, SunTag and SAM
system provide superior activation than traditional activation domains in many species.®’
In terms of repression, the efficiency has been highly dependent on the gRNA targeting
site and chromatin structure. It is interesting to note that recent studies have shown that
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Cas9 in fusion with activation domains such as VP64 or VPR can be used for
transcriptional repression of endogenous genes or synthetic promoters by carefully
choosing where gRNA binds relative to TSS.888% All these studies, will be fundamental
to employ CRISPR for transcriptional modulation in clinic. However, full appreciation of
CRISPR activators or repressors as a gene therapy tool, will also rely on advancements of

delivery methods to accommodate large size of these protein cargos.

1.3.4. Challenge 4: Delivery

Delivery is a major challenge in most of current gene therapies and CRISPR is not an
exception. For in vivo gene editing, Cas9 and a gRNA should be packaged and delivered
as DNA, mRNA, or as a ribonucleoprotein (translated Cas9 complexed with a gRNA)
(Figure 1.1-D). Choice of these forms is educated by downstream application. DNA has
the advantage of being placed into vehicles such as a viral vector capable of cellular
entrance and promoter-mediated transcription of Cas9 and its gRNA.>3 %% This method,
has the advantage of employing the promoters and transcriptional machinery of cells to
spatiotemporally regulate CRISPR expression and function. In addition, it is a method of
choice when long term expression is required for cases such as transcriptional modulation.
However, potential DNA-integration into mammalian cells are concerning.®? This issue is
non-existent in mMRNA delivery of Cas9/gRNA. Unlike DNA, mRNA must be delivered
through electroporation, RNA viruses or nanoparticle encapsulation; all mediating
cellular delivery.*® ° This method bypasses transcription while allowing cellular
degradation of the mRNA. However, mRNA is short-lived and may not serve as a right

mode of transport when long term cellular presence of CRISPR components is required
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for downstream effects. Ribonucleoproteins (RNPs) circumvent translation of Cas9,
lowering the steps needed for editing while still naturally degrading.> They also
overcome the challenge of competing naturally derived RNAs that may interfere with
RNP complexation within a cell if delivered as DNA or mRNA.% Though, RNP’s have
yet to be successfully encapsulated by nanoparticles, they represent a viable form of
delivery.

Once the desired form of CRISPR for delivery is chosen, the parts are incorporated
within viral vehicles, lipid or polymer-based nanoparticles or in some cases, directly
delivered as naked DNA or RNA (Figure 1.2). Viral delivery enables simple
processing/packing as well as long-term expression but can introduce immunogenic
responses or integration in unwanted loci in genome. One limiting factor is the amount of
genomic information that can be packaged within clinically safe viruses. AAV- is a
prevalent type of DNA viruses that is used in clinic but has a small payload with a
capacity of ~4.7kb. Size limitations will be a hurdle especially when considering the
delivery of accessary components with CRISPR, such as safety genetic switches or
protein fusions. RNA viruses such as alphavirus, on the other hand, provide several
advantages including larger payload capacity, replication of delivered RNA cargo in host,
which amplifies the signal in cells, as well as minimal risk of incorporation in the

genome.
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Figure 1.2. Modes of delivery of Cas9 and gRNA for genome editing.

However, alphaviruses and RNA replicons can illicit innate immune response in cells,
which hampers their wide applications and limits them mostly to immune-tolerant tissues
such as tumors.®® It is noteworthy that the field of synthetic virology is generating
engineered viruses with special features that enable further control over viruses. By
treating viruses such as AAV as programmable and tunable biomolecular devices,
researchers are engineering the viruses to control the gene delivery further
spatiotemporally. As an example, Gomez et al. engineered an AAV virus that can
localize to nucleus upon exposure to red light. This was achieved through fusion of its
capsid protein with a R light dependent interaction partner phytochrome interacting factor
6, (PIF6) from Arabidopsis thaliana that can bind its partner, phytochrome B (PhyB)
bearing a nuclear localization signal (NLS), upon exposure to red light.*® Thus,
combination of synthetic virology with CRISPR engineering can be an attractive avenue

for generating safer and controllable gene therapies.

19



Nanoparticles are a secondary method of delivery that can accommodate larger
payloads. Cationic lipid nanoparticles, that encapsulate anionic molecules, is a choice
tool for intracellular delivery.*® °" Engineered lipid nanoparticles can accomplish cell-
type specific delivery of load through changes in diameter, variations in outer
components, changes in the lipid base being used, their hydrophilicity/hydrophobicity,
and their charge .*¢ % One advancement includes the creation of zwitterionic amino lipid
nanoparticles which can deliver long mRNA and gRNAs with great efficiency (~90%
expression of target proteins).*® Nanoparticles can be made non-immunogenic, are stable
for long periods of time, and can deliver proteins like Cas9.® % Biocompatibility and
clearance is one reason nanoparticles may be a preferred method of delivery.

Lastly, hydrodynamic vascular Injection of plasmid DNA or intramuscular
electroporation of DNA or RNA have also been examined to deliver CRISPR component
in vivo.?**° An advantage of these approaches is the minimal processing of DNA needed
for delivery. However, this strategy demonstrates low efficiency of DNA delivery in vivo.

To address some of the delivery challenges, Cas9 from various species with smaller
sizes have been exploited. Staphylococcus aureus Cas9 (sa-Cas9), is >1kb smaller than
sp-Cas9.1%%-101 This addresses issues of size, especially in vectors where genomic space is
constrained such as AAV. CRISPR from Cpfl is another example. Cpfl is a class Il
CRISPR system with no tracrRNA (only a 39nt crRNA), and T-rich PAM sites.02-105
This variant of Cas9 gives enhanced ability to target genomic regions of interests, which
are not GC rich, with efficiency and specificity. The smaller size of Cpfl and its crRNA,
makes it cheaper for synthesis, easier for engineering and facilitates viral based gene
therapies that have packaging limitations. However, more studies are needed to fully
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characterize Cpfl and its functionality similar to sp-Cas9 before its full application for
genome engineering can be evaluated.

Other types of CRISPR engineering approaches are focused on rationally splitting
Cas9 proteins to two separate fragments of nuclease and a-helical lobes. In this case, the
gRNA mediates the recruitment of the two fragments to target DNA and hence creating
the complete Cas9-gRNA complex.!® By decreasing the size of individual Cas9
components, the split Cas9 can be better packaged within viral particles and can be a
practical option for AAV-based CRISPR gene therapies.!® In addition, this approach
gives another layer of control to where gene editing happens which is a favorable design

for in vivo studies.

1.3.5. Challenge 5: Immune response to the gene editing tool

Being a bacterial derived system, patient immune response to CRISPR will be
another key concern as clinical trials begin (Figure 1.1-E). However, to date, only limited
studies have explored this aspect. Immune response to adenovirus-delivered sp-Cas9 was
investigated in mouse models by Wang et al. sp-Cas9 specific antibodies were found to
be elevated in this setting.'® More recently, a study led by Chew et al. showed that AAV
mediated CRISPR delivered in vivo elicited both humoral and cellular immune response,
however, the study did not detect extensive cellular damage within the two-week
timeframe of the study.®® Further studies are needed to enhance our understanding and
ability to control immune response against CRISPR before its human translation can be

explored.
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1.3.6. Challenge 6: Spatiotemporal control: Rational Engineering approaches for

spatiotemporal control of CRISPR

To spatiotemporally control CRISPR function, several rational design approaches
have been developed (Figure 1.1-F, Figure 1.3-A to D). One method that has drawn the
interest of researchers is light-activated gene editing. A recent example develops light-
activated CRISPR/Cas9 effectors (LACE), which utilized light-inducible CRY?2 and
CIB1 proteins from Arabidopsis Thaliana that heterodimerize when exposed to 450nm
light. This enables light inducible complexation of two domains, recruiting VP64 to
dCas9, and upregulation of gene expression.'” A second method of light-activated
CRISPR uses a caged amino acids strategy. Cas9 is “caged” (unable to bind to gRNAs)
before being exposed to light as a lysine essential for its function is photo-caged.'® After
exposure, the lysine is released and Cas9 function restored. A third light-inducible
method of Cas9 activation involves the fusing of two split Cas9 fragments with photo-
inducible dimerization domains. When irradiated with blue light the domains combine
enabling gene editing — if the light is extinguished the domains are dissociated and no
further edits occur.%®

Chemically inducible CRISPR-Cas9 has been created to respond to doxycycline,
rapamycin, and 4-hydroxytamoxifen.'%-1*2 Doxycycline inducible CRISPR-Cas9 system
to modulate or knock out multiple genes simultaneously (in vitro and in vivo) have been
used in multiple studies.’*3*1!" Gao et al. recently developed orthogonal dCas9 regulators
that are fused with chemical or light inducible dimerization domains. They used this
strategy to achieve activation/repression of endogenous genes in an orthogonal and

inducible manner.**® Examples of promoter specific Cas9 activity have enabled



cell/tissue-specific gene inactivation in multiple species such as zebrafish and human

cells 119-120

A Photo-activatable control

—_—— é SPACIAL CONTROL

B Chemically induced activation
o 0
X
e &9 TemporaL AcTVITY

C Promoter-mediated control, intracellular signaling pathways (e.g., miRNAs)

Q—> é CELL/CONTEXT SPECIFIC ACTIVITY

\truncated guides

‘ inducible aptamer/riboswitches
‘ RNA Pol |l driven gRNAs

MS2, PP7, Com gRNA for multifunctionality
\I |

D gRNA engineering

E Synthetic biology approaches
SENSING = PROCESSING =l ACTUATION

o (DEesIReD OUTCOME)

O extracellular and

intracellular —_— outcome (increase in
;i fot e
signals —D"l_ safety, specificity)

) ' el
g @ Interface with Genetic circuits Controllable therapeutic

#P Engineered
%f_ =\ CRISPR :‘)
~__ —J— designs
BoOOLEAN LOGIC GATES
Cas9/gRNA KILL=SWITCH, MULTILAYER GENE
CONTROL CIRCUITS MODULATION

2 ¢

Figure 1.3. Rational engineering approaches to control “when”, “where”, and “how”
CRISPR functions for safer in vivo gene therapies. (A) Light activated gene editing is a
unique tool that enables temporal and spatial control of Cas9 mediated gene editing. Both

Cas9, gRNA, and essential heterodimerizing proteins can be engineered to be switched
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on or off when exposed to the correct wavelength of light. (B) The induction of gene
editing can also be mediated by chemicals, such as 4-hydroxytamoxifen and doxycycline.
(C) Promoter-mediated gene expression of CRISPR components is a well-known method
of achieving cell-type specific activation of gene modification. (D) gRNA engineering is
another strategy to achieve control or customizability of CRISPR. gRNAs can be
engineered to be inducible using RNA Pol Il promoters, can have aptamers inserted in
their sequence that lead to multifunctionality for CRISPR (MS2, PP7 and Com), or can
be shortened for increased specificity or ablation of Cas9 nuclease function. (E) Synthetic
genetic circuits enable more control over CRISPR therapies. This is achieved through
sensing, processing, and actuation steps. The integration of control mechanisms and

engineered CRISPR components can increase safety and efficiency of gene therapies.

The study from Liu et al. in 2014 shows bladder-cancer specific gene editing
dependent on human uroplakin Il (bladder specific) and human telomerase reverse
transcriptase (cancer-specific) expression, each encoding one component of CRISPR.*?
The developed AND gate led to CRISPR function only in cells with two specific
promoters enabling enhancement of cell/context specificity of CRISPR. Cas9/gRNA
functionality and some modifiable. Briner et al. demonstrated that gRNA stem loops are
amenable to insertion or deletion, a finding that helped future engineering approaches to
bring in additional functionality into gRNAs.*??> By inserting protein binding RNA
aptamers (MS2, PP7, Com) within permissive modules in gRNA, researchers have
achieved orthogonal functionality such as activation and repression of genes.'?® Other
approaches modified gRNA length. The complementary base pairs on the gRNA, which

is usually around 20nt to the target genomic location, when lessened below 20nt have



been found to increase gene editing specificity.*?* Interestingly at 14nt or below the Cas9-
gRNA binds DNA but does not cleave, demonstrating that shortened gRNAs ablate Cas9
nuclease activity.®® 2 This feature was exploited to achieve a multifunctional Cas9
complex that can activate and disrupt genes simultaneously in a single cell. gRNA has
also been modified for programmable expression from RNA Polymerase type Il (Pol 1)
promoters for increased tissue/context specific controllability.?® 126130 By including
modified riboswitches within gRNA that are responsive to small molecules or
endogenous signaling protein, Liu et al. recently generated CRISPR—Cas9-based 'signal
conductors' that sense external or internal signals (e.g., P53, NF-kb) and subsequently
regulate transcription of endogenous genes in response to the input signal.}* In their
designs, binding of protein of interest to riboswitches, creates steric changes in gRNAS
and renders them effective to target desired loci.!* Such strategy is another practical
approach to incorporate spatiotemporal control within the CRISPR system. Nowak et al.
have summarized gRNA engineering strategies in their review and for further studies we
refer the readers to their work.'?> Above mentioned engineering approaches leverage
multi-component nature and modularity of the CRISPR system. The inherent modularity
of CRISPR enables us to link the expression/activity of each component to one small
molecule/light inducible or cell/context specific factor and thereby, achieve tight
spatiotemporal regulation of this system for future gene therapies.

To exert control over “how” CRISPR modulate genes, we and others developed
CRISPR genetic circuits in human and bacterial cells (Figure 1.3-E). We showed that
layering gRNAs expressed from RNA polymerase type 111 or Il promoters in human cells
can regulate gRNA functionality in stepwise manner.*?® Such circuits would enable
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sequential modulation of endogenous genes, where gRNAs modulates genes one after
another. This approach would be applicable specially in complex diseases such as
metabolic diseases (e.g., diabetes) or cell-fate reprogramming, where stepwise
modulation of genes is needed. Nissim et al. combined a similar CRISPR circuit with
RNAI system, which enables additional control over CRISPR function, when interfaced
with endogenous or cell-specific signals such as miRNAs.*?” A similar strategy was
demonstrated in bacteria by Nielson et al. where multi-input and layered Boolean logic
gates was developed and tested with CRISPR.*®! Their circuits enabled modulation of
one gRNA by another gRNA, which in turn repressed the transcription from an output
promoter (NOT or NOR gates). Such genetic logic gates in bacteria can have tangible
clinical application for modulation of gene expression in gut microbial, programmable
probiotics or antimicrobial resistance as well as cancer therapies.'

Genetic Safety switches incorporated within the CRISPR system can also address
safety concerns in situations such as unwanted immune reaction. Along this line, we
recently employed a multifunctional CRISPR to generate multi-layered genetic safety
circuits in human cells. We generated a truncated gRNA that guides a catalytically active
sp-Cas9 fused with VPR domain to a promoter, enabling transcriptional activation or
repression of a reporter. A gRNA with 20nt guide length, which induces Cas9 nuclease
activity, can then be induced using small molecules to generate Cas9-VPR mediated
DNA cleavage, thereby terminating the function of CRISPR.2® Another study with
similar intent fused Escherichia coli dihydrofolate reductase degradation domain to the N
terminus of sp-dCas9.1® Trimethoprim (TMP) can then be added to bind and stabilize the
degron and blocking degradation. This allows Cas9 enough time to find and edit its
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desired target and once the small molecule is removed the Cas9-degron will return to
being constitutively degraded.'®® Recently, naturally occurring off-switches in bacteria
have been described for CRISPR system from N. meningitides. The anti-CRISPR
proteins could bind the Cas9 protein in human cells and disable gene editing. Although
quite in the beginning of the road, these naturally occurring anti-CRISPRs could also
someday be useful in controlling CRISPR functions at the tissue of interest in human
therapies.’®* Although further studies are needed to fully optimize and delineate the
clinical implication of these safety switches, they represent ways to generate CRISPR
modulating systems with built-in safety switches that are deliverable in therapeutic

settings.

1.4. Opportunities and Future Perspectives

With the advent of precision medicine initiative, CRISPR can play a major role in
moving this initiative a step forward and translate individual’s data into personalized
therapies for correction/modulation of genetic abnormalities. Marriage of the field of
synthetic biology with the CRISPR technology, the advances of gene delivery
technologies, CRISPR design enhancement, and data management need to converge to
generate safer and more controllable CRISPR strategies. Whether sp-Cas9 system will
continue to be a leading CRISPR system in clinic or it will be replaced with CRISPR
from other species, such as Cpfl, is still unclear. However, with the speed of CRISPR
movement, it is important to put control mechanisms in place, whether it is at level of

genetic elements transferred to human or in a more general term, in society.
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Clinical trials using CRISPR technology are in horizon. The first trial intends to
investigate the safety of ex-vivo CRISPR mediated immune cell therapy. Recently, the
CRISPR-edited cells were injected into patients, led by Sichuan University in China,
using this technique to knock out PD-1 (Programmed cell death protein 1) in
lymphocytes.*®® The first expected trial in the United States will enroll approximately 18
participants. Their T-cell’s will be edited to better detect tumor cells and to avoid tumor
mediated inactivation of T-cell response. More importantly the study should collect data
on immunogenic responses and if repaired cells can out-compete unedited cells. About
six of the current CRISPR clinical studies shown on clinicaltrials.gov are PD-1-based
therapies for cancers (esophageal, bladder, prostate, Renal cell carcinoma, non-small cell
lung cancer, and malignancies associated with Epstein-Barr virus. The 7" trial focuses on
using CRISPR to treat HPV-related symptoms/neoplasms by disrupting vital genes
(HPV16/18) to reduce growth and induce cell death.

Along with the advent of CRISPR-driven therapies - the question of who wins the
patent has been in the limelight. The patent battle between the Broad Institute and
University of California Berkley/University of Vienna has been the epicenter. One of the
main focuses has been on patent US8697359 B1 which was recently awarded to the
Broad Institute detailing the use of CRISPR-Cas9 systems in eukaryotic cells.
Unrelenting attention has been given to these cases as the potential lucrative nature of the
technology will be well into the billions. The biotechnology market spiked in favor of
Editas Medicine (who associates closely with the Broad Institute) rapidly after the
announcement awarding the Broad patent US8697359 B1. This patent battle is not two-
sided, many other groups are vying for their position in earning these patents. It speaks to
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the ease of using and bettering CRISPR-Cas technology and the interest it has garnered
all over the world.

As CRISPR gene therapies become more prominent and possible, the need to address
the ethical and safety concerns grows. One of the first moral lines set, addressed the
implications of editing the human germline.t*¢3" Editing somatic cells , the non-
reproducing cell-types that most of the proposed therapies target, provides a way of
treating individuals while leaving reproductive cells that will be passed onto future
generations, unmodified.'® Editing the germline can have unforeseeable consequences
on the evolution of species. Genetic enhancement is another ethical concern. Therefore,
public, along with scientists, must be educated in the science, ethical and biosafety issues
behind gene therapies using CRISPR, so that CRISPR benefits will be appreciated and
harms will be avoided.

With the advent of precision medicine initiative, CRISPR can play a major role in
moving this initiative a step forward and translate individual’s data into personalized
therapies for correction/modulation of genetic abnormalities. Marriage of the field of
synthetic biology with the CRISPR technology, the advances of gene delivery
technologies, CRISPR design enhancement, and data management need to converge to
generate safer and more controllable CRISPR strategies. Whether sp-Cas9 system will
continue to be a leading CRISPR system in clinic or it will be replaced with CRISPR
from other species, such as Cpfl, is still unclear. However, with the speed of CRISPR
movement, it is important to put control mechanisms in place, whether it is at level of
genetic elements transferred to human or in a more general term, in society. This review
focuses on evaluating CRISPR potential as a next generation in vivo gene therapy
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platform and discusses bioengineering advancements that can address challenges

associated with clinical translation of this emerging technology.
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CHAPTER 2
MULTIFUNCTIONAL CRISPR-CAS9 WITH ENGINEERED IMMUNOSILENCED

HUMAN T CELL EPITOPES

Authors of the published manuscript: S.R.F. and R.E. designed experiments,
performed experiments, and analyzed data. F.M. generated Cas9 variant constructs,
performed Cas9 functional analysis experiments, and analyzed data. S.Kr. generated
predicted Cas9 epitopes and designed and assisted with the T cell experiments. F.M. and
S.Kr. contributed equally. J.G.P. analyzed RNA seq data. M.R.E. helped with the design
of experiments and interpretation of data. S.K. and K.S.A. supervised this study. R.E.
took the lead in writing the manuscript with input from S.R.F., S.K., and K.S.A. and
support of all the other authors. | generated Cas9 variant constructs using highly
advanced cloning methods such as golden gate assembly method and Gateway
recombination cloning. The typical cloning workflow, such as traditional restriction
enzyme cloning, involves many steps and can limit your cloning success. This takes
considerable time and effort, and success is not guaranteed. In contrast, Gateway
recombination cloning technology circumvents these cloning limitations, enabling you to
access virtually any expression system. Since | have a lot of experience and have a deep
understanding of these methods | was able to generate these constructs in a successful
and reliable manner and provide them to my co-authors in order to test them in their
established ELISA methods to investigate immune recognition of these mutated Cas9
variants. The results demonstrate that mutating the anchor amino acid of a highly
immunogenic epitope can influence the overall immunogenicity of Cas9. Next, |

performed Cas9 functional analysis experiments, and analyzed data.
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To assess Cas9 functionality and off-target effects after modification, nuclease
activity of genetically modified Cas9 variants is measured. Cells were transfected with
Cas9 mutants and gRNA targeting endogenous or exogenous genes, and on-target
CRISPR/Cas9 mutations in cultured cells caused by nuclease function of Cas9 were
identified using deep sequencing. In other assays, Cas9 target recognition and binding
function was achieved by transfecting cells with Modified Cas9s and gRNA targeting
endogenous or exogenous genes and activation/repression mediators (e.g., SAM) and
measuring the expression of genes. In some cases, off-target activity of WT and modified
Cas9 proteins were assessed using next generation sequencing. Performing these assays
need deep understanding of cell culture techniques, CRISPR technology and being able
to design good experiments. | was able to contribute to this part of the project by
performing all the Cas9 functional assays successfully. Our data demonstrate that these
variants retain nuclease capacity in the locus we studied and demonstrated no significant
increase in undesired off-target activity to WT-Cas9.

The CRISPR-Cas9 system has raised hopes for developing personalized gene
therapies for complex diseases. Its application for genetic and epigenetic therapies in
humans raises concerns over immunogenicity of the bacterially derived Cas9 protein. We
detect antibodies to Streptococcus pyogenes Cas9 (SpCas9) in at least 5% of 143 healthy
individuals. We also report pre-existing human CD8+ T cell immunity in the majority of
healthy individuals screened. We identify two immunodominant SpCas9 T cell epitopes
for HLA-A*02:01 using an enhanced prediction algorithm that incorporates T cell
receptor contact residue hydrophobicity and HLA binding and evaluated them by T cell
assays using healthy donor PBMCs. In a proof-of-principle study, we demonstrate that

52



Cas9 protein can be modified to eliminate immunodominant epitopes through targeted
mutation while preserving its function and specificity. Our study highlights the problem
of pre-existing immunity against CRISPR-associated nucleases and offers a potential

solution to mitigate the T cell immune response.

2.1. Introduction

The Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR)-Cas9
technology has raised hopes for developing personalized gene therapies for complex
diseases such as cancer as well as genetic disorders, and is currently entering clinical
trials'?. The history of gene therapy has included both impressive success stories and
serious immunologic adverse events®®, The expression of Streptococcus pyogenes Cas9
protein (SpCas9) in mice has evoked both cellular and humoral immune responses®*?,
which raises concerns regarding its safety and efficacy as a gene or epi-gene therapy in
humans. These pre-clinical models and host immune reactions to other exogenous gene
delivery systems'3 suggest that the pathogenic, non-self-origin of Cas9 may be
immunogenic in humans.

Both B cell and T cell host responses specific to either the transgene or the viral
components of adenoviral***> and adeno-associated viral (AAV)*? vectors have been
detected, despite relatively low immunogenicity of AAV vectors. In the case of AAV,
specific neutralizing antibodies (Abs) and T cells are frequently detected in healthy
donors!®1® and specific CD8+ T cells have been shown to expand following gene
delivery®. There has been recent progress in developing strategies to overcome this

problem, such as capsid engineering and transient immunosuppression®%-??, The potential

53



consequences of immune responses to expressed proteins from viral vectors or transgenes
include neutralization of the gene product; destruction of the cells expressing it, leading
to loss of therapeutic activity or tissue destruction; induction of immune memory that
prevents re-administration; and fulminant innate inflammatory responses®24. More
potent immune responses to gene therapies have been observed in humans and non-
human primate models compared to mice®?°.

Of the Cas9 orthologs derived from bacterial species, the SpCas9 is the best
characterized. S. pyogenes is a ubiquitous pathogen, with an annual incidence of 700
million worldwide?®, but the field is only now beginning to explore potential immunity to
SpCas9 in humans?”?, CRISPR application for human therapies will span its use both for
gene editing (through DNA double-strand breaks) or epigenetic therapies (without DNA
double-strand breaks). In fact, recent reports shed light on CRISPR’s ability to activate or
repress gene expression in mice?®-31, which opens the door to a variety of new therapeutic
applications such as activating silent genes, compensating for disrupted genes, cell fate
reprogramming, or silencing disrupted genes, without the concern over permanent change
in DNA sequence. However, unlike the use of Cas9 for gene editing, which may only
require Cas9 presence in cells for a few hours, current techniques for CRISPR-based
epigenetic therapies require longer term expression of Cas9 in vivo, possibly for weeks
and months®®3!, which poses the challenge of combating pre-existing immune response
towards Cas9. This challenge will need to be addressed before CRISPR application for
human therapies, especially for epigenetic therapies, can be fully implemented. Delivery
of CRISPR in vivo by incorporating its expression cassette in adeno-associated virus
(AAV), will most likely shape many of the initial clinical trials as AAV-based gene
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delivery is one of the safest and most prevalent forms of gene therapies in human. AAV
will enable longer term expression of Cas9, desirable for epigenetic therapies. Therefore,
it is highly likely that CRISPR delivery through AAV and its expression within target
cells will engage CD8+ T cell immunity.

Here, we seek to characterize the pre-existing immune response to SpCas9 in healthy
individuals and to identify the immunodominant T cell epitopes with the aim of
developing SpCas9 proteins that have diminished capacity to invoke human adaptive
response. We identify two immunodominant SpCas9 T cell epitopes for HLA-A*02:01
by an improved prediction algorithm and T cell assays using healthy donor PBMCs. We
demonstrate that Cas9 protein can be modified to eliminate immunodominant epitopes
through targeted mutation while preserving its function and specificity.

2.2. Materials and methods

2.2.1. Detection of Cas9-specific serum antibodies in healthy controls

Healthy control sera (n = 143) used in this study, and previously described*’, are a
subset of a molecular epidemiology study of head and neck cancer at the MD Anderson
Cancer Center, collected between January 2006 and September 2008. Samples were
collected using a standardized sample collection protocol and stored at -80°C until use.
All relevant ethical regulations for work with human participants were followed and
written informed consent was obtained from all participants under the Arizona State
University institutional review board approval. Participants were ethnically diverse.
Sample size was determined based on prior experience and similar experiments in the
literature. There was no group allocation and the investigators were blinded to

participants’ information. S. pyogenes lysate was prepared by sonication of bacterial
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pellets from overnight cultures of S. pyogenes ATCC 19615 in the presence of 1 pill of
complete Protease Inhibitor (Sigma-Aldrich) after 3 cycles of freezing and thawing.
Serum antibody detection was performed using ELISA. 96-well plates were coated with
20 pg/mL of recombinant S. pyogenes Cas9 nuclease (Takara Bio USA, Mountain View,
CA), recombinant Epstein-Barr virus nuclear antigen 1 (EBNA; Advanced
Biotechnologies Inc., Eldersburg, MD), human hemoglobin (Sigma-Aldrich) or S.
pyogenes lysate. Sera were diluted 1:50 in 10% E. coli lysate prepared in 5% milk-PBST
(0.2% tween)*®, incubated with shaking for 2 hrs at room temperature, and added to the
specified wells in duplicate. Horseradish peroxidase (HRP) anti-human 1gG Abs (Jackson
ImmunoResearch Laboratories, West Grove, PA) were added at 1:10,000, and detected
using Supersignal ELISA Femto Chemiluminescent substrate (Thermo Fisher Scientific,
Waltham, MA). Luminescence was detected as relative light units (RLU) on a Glomax 96
Microplate Luminometer (Promega, Madison, WI) at 425 nm. The cutoff value was
defined as any reactivity higher than the top 99% of RLU values for human hemoglobin

(Figure 2.1-A, dotted line).

2.2.2. Cas9 candidate T cell epitope prediction

We predicted MHC class | restricted 9-mer and 10-mer candidate epitopes derived
from the Cas9 protein (Uniprot - Q99ZW?2) for HLA A*02:01. The protein reference
sequence was entered into 5 different prediction algorithms; 3 MHC-binding: IEDB-
consensus binding*®, NetMHCpan binding®®, Syfpeithi®® and two antigen-processing
algorithms: IEDB-consensus processing, ANN processing®?. The individual scores from

each of the prediction algorithms were then normalized within the pool of predicted
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peptides after exclusion of poor binders, and the average normalized binding scores were
used to re-rank the candidate peptides. The top 38 candidate peptides (Supplementary
Table 2.1) were selected for experimental testing. The IEDB consensus MHC-binding
prediction algorithm (http://www.iedb.org/) was applied to obtain a list of high binding
Cas9 peptides, each of which was assigned a normalized binding score (Sp). The
immunogenicity score (Si) was calculated for each peptide based on its amino acid
hydrophobicity (ANN-Hydro)*>. MHC class 1l epitopes were predicted using the
recommended setting on IEDB. We used the Visual Molecular Dynamics software®
(http://www.ks.uiuc.edu/Research/vmd/) to generate the Cas9 protein structure (PDB

ID: 4CMP, Figure 2.2-E).

2.2.3. Exvivo stimulation and epitope mapping of Cas9 by ELISpot

All peripheral blood mononuclear cells (PBMCs) were obtained from healthy
individuals with written informed consent under the Arizona State University institutional
review board and all relevant ethical regulations for work with human participants were
followed. Participants were ethnically diverse. Sample size was determined based on
prior experience and similar experiments in the literature. There was no group allocation
and the investigators were blinded to participants’ information. If PBMCs from a given
donor were not reactive to the positive control, the donor was excluded from the study.
PBMCs were isolated from fresh heparinized blood by Ficoll-Hypaque (GE Healthcare,
UK) density gradient centrifugation and stimulated. Briefly, predicted Cas9 peptides with
Sb < 0.148 (n=38) were synthesized (> 80% purity) by Proimmune, UK. Each peptide

was reconstituted at 1mg/mL in sterile PBS and pools were created by mixing 3-4
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candidate peptides. Sterile multiscreen ELISpot plates (Merck Millipore, Billerica, MA,
USA) were coated overnight with 5pg/well of anti-IFN-y capture antibody (clone D1K, #
3420-3-250, Mabtech, USA) diluted in sterile PBS. Frozen PBMCs were thawed rapidly
and recombinant human IL-2 (20U/mL, R&D Systems) was added. They were then
stimulated in triplicates with 10 pg/mL Cas9 peptide pools (or individual peptides), pre-
mixed CEF pool as a positive control (Prolmmune, UK), or DMSO as a negative control
in the anti-IFN-y-coated ELISpot plates, (Merck Millipore, Billerica, MA, USA) and
incubated in a 37°C, 5% CO: incubator for 48 hrs. Plates were washed three times for 5
min each with ELISpot buffer (PBS + 0.5% FBS) and incubated with 1pug/mL anti-IFN-y
secondary detection antibody (clone 7-B6-1, #3420-6-250, Mabtech, USA) for 2 hrs at
room temperature, washed and incubated with 1pug/mL Streptavidin ALP conjugate for 1
hr at room temperature. The wells were washed again with ELISpot buffer and spots
were developed by incubating for 8-10 min with detection buffer (33 uL NBT, 16.5 pL
BCIP, in 100mM Tris-HCI pH 9, ImM MgClz, 150mM NacCl). Plates were left to dry for
2 days and spots were read using the AID ELISpot reader (Autoimmun Diagnostika
GmbH, Germany). The average number of spot-forming units for each triplicate was
calculated for each test peptide or peptide pool and subtracted from the background

signal.

2.2.4. Autologous APC generation from healthy individual PBMCs

Autologous CD40L-activated B cell APCs were generated from healthy donors by
incubating whole PBMCs with irradiated (32 Gy) K562-cell line expressing human

CD40L (KCD40L) at a ratio of 4:1 (800,000 PBMCs to 200,000 irradiated KCD40LS) in
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each well. The cells were maintained in B cell media (BCM) consisting of IMDM
(Gibco, USA), 10% heat-inactivated human serum (Gemini Bio Products, CA, USA), and
Antibiotic-Antimycotic (Anti-Anti, Gibco, USA). BCM was supplemented with 10
ng/mL recombinant human IL-4 (R&D Systems, MN, USA), 2 ug/mL Cyclosporin A
(Sigma-Aldrich, CA, USA), and insulin transferrin supplement (ITES, Lonza, MD, USA).
APCs were re-stimulated with fresh irradiated KCD40Ls on days 5 and 10, after washing
with PBS and expanding into a whole 24-well plate. After two weeks, APC purity was
assessed by CD19+ CD86+ expressing cells using flow cytometry and were used for T
cell stimulation after >90% purity. APCs were either re-stimulated up to 4 weeks or

cryopreserved for re-expansion as necessary.

2.2.5. T cell stimulation by autologous APCs

Antigen-specific T cells were detected by stimulating healthy donor B cell APCs by
either peptide pulsing of specific Cas9 epitopes, or by transfecting with mRNA encoding
the whole WT or modified Cas9 proteins. Peptide pulsing of APCs was done under BCM
5% human serum, with recombinant IL-4. Transfection of APCs was done with primary
P3 buffer in a Lonza 4D Nucleofector and program EO117 (Lonza, MD, USA) and
incubated in BCM-10% human serum and IL-4. Twenty-four hrs later, on day 1, APCs
were washed and incubated with thawed whole PBMCs at a ratio of 1:2 (200,000 APCs :
400,000 PBMCs) in a 24-well plate in BCM supplemented with 20U/mL recombinant
human IL-2 (R&D Systems, MN, USA) and 5ng/mL IL-7 (R&D Systems, MN, USA).
On day 5, partial media exchange was performed by replacing half the well with fresh

BCM and IL-2. On day 10, fresh APCs were peptide pulsed in a new 24-well plate. On
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day 11, expanded T cells were re-stimulated with peptide-pulsed APCs similar to day 1.

T cells were used for T cell assays or immunophenotyped after day 18.

2.2.6. Flow cytometry staining for T cells

Cells were washed once in MACS buffer (containing PBS, 1% BSA, 0.5mM EDTA),
centrifuged at 550 g for 5 min and re-suspended in 200 uL MACS buffer. Cells were
stained in 100 pL of staining buffer containing anti-CD137, conjugated with
phycoerythrin (PE, clone 4B4-1; BD Biosciences, USA), anti-CD8-PC5 (clone B9.11;
Beckman Coulter 1:100), anti-CD4 (clone SK3; BioLegend, 1:200), anti-CD14 (clone
63D3; Biolegend, 1:200), and anti-CD19 (clone HIB19; Biolegend,1:200), all
conjugated to Fluorescein isothiocyanate (FITC) for exclusion gates, for 30 min on ice.
Samples were covered and incubated for 30 min on ice, washed twice in PBS, and

resuspended in ImL PBS prior to analysis.

2.2.7. Pentamer staining for T cell immunophenotyping

The following HLA-A*02:01 PE-conjugated Cas9 pentamers were obtained from
Prolmmune: F2A-D-CUS-A*02:01-ILEDIVLTL-Pentamer, 007-Influenza A MP 58-66-
GILGFVFTL-Pentamer. T cells were washed twice in MACS buffer with 5% human
serum and centrifuged at 5509 for 5 min each time. They were then re-suspended in 100
ML staining buffer (MACS buffer, with 5% human serum and 1mM Dasatanib
(ThermoFisher Scientific, MA, USA). Each of the pentamers was added to resuspended T

cells, stimulated with the respective peptide or APCs at a concentration of 1:100.
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Samples were incubated at room temperature for 30 min in the dark, then washed
twice in MACS buffer. Cells were stained in 100uL. MACS buffer with anti-CD8-PC5,
anti-CD4-FITC, anti-CD14-FITC, and anti-CD19-FITC for exclusion gates. Samples
were then washed twice with PBS and analyzed by flow cytometry. For flow cytometric
analysis, all samples were acquired with Attune flow cytometer (ThermoFisher Scientific,
MA, USA) and analyzed using the Attune software. Gates for expression of different
markers and pentamers were determined based on flow minus one (FMO) samples for
each color after doublet discrimination (Supplementary Figure 2.1). Percentages from

each of the gated populations were used for the analysis.

2.2.8. Vector design and construction

Modified Cas9 plasmids: Human codon-optimized Streptococcus pyogenes Cas9
sequence was amplified from pSpCas9 (pX330; Addgene plasmid ID: 42230), using
forward and reverse primers and inserted within gateway entry vectors using golden gate
reaction. Desired mutations were designed within gBlocks (Integrated DNA
Technologies). The gBlocks and amplicons were then cloned into gateway entry vectors
using golden gate reaction. All the primer sequences are listed in the supplementary table
9 and all the gBlocks sequences are listed in (Supplementary Note 2.1). Next, the Cas9
vectors and CAG promoter cassettes were cloned into an appropriate gateway destination
vector via LR reaction (Invitrogen).

U6-sgRNA-MS2 plasmids: These plasmids were constructed by inserting either 14bp
or 20bp spacers of gRNAs into sgRNA (MS2) cloning backbone (Addgene plasmid ID:

61424) at Bbsl site. All the gRNA sequences are listed in Supplementary Table 2.2.
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2.2.9. Cell culture for endogenous target mutation and activation

HEK293FT cell line was purchased from ATCC and maintained in Dulbecco’s
modified Eagle’s medium (DMEM - Life Technologies) containing 10% fetal bovine
serum (FBS - Life Technologies), 2mM glutamine, 1mM sodium pyruvate (Life
Technologies) and 1% penicillin-streptomycin (Life Technologies) in incubators at 37°C
and 5% CO>. Polyethylenimine (PEI) was used to transfect HEK293FT cells seeded into
24-well plates. Transfection complexes were prepared according to manufacturer’s

instructions (Polysciences).

2.2.10. Fluorescent reporter assay for quantifying Cas9 function

For the experiment assessing Cas9 cleavage capacity at a synthetic promoter,
HEK293FT cells were co-transfected with 200ng gRNA, 200ng Cas9 constructs, 50ng
reporter plasmid and 25ng enhanced blue florescent protein (EBFP) expressing plasmid
as the transfection control. For the experiment assessing Cas9 transcriptional activation
capacity at a synthetic promoter, HEK293FT cells were co-transfected with 50ng gRNA,
70ng Cas9 constructs, 100ng MS2-P65-HSF1-GFP (Addgene plasmid ID: 61423), 200ng
reporter plasmid.

Fluorescent reporter experiments were performed 48 hrs after transfection. Nonviable
cells were excluded from the analysis using 7-AAD (7-amino-actinomycin D) conjugated
with PerCP. Next, we selected cells expressing EBFP>2x10% A.U. or GFP> 2x10? A.U.
(transfection markers) in the cleavage and activation experiments, respectively to exclude
un-transfected cells (Supplementary Figure 2.1). Flow cytometry was performed using a

FACSCelesta flow cytometer (Becton Dickson) with HTS. Flow cytometry data were
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analyzed using FlowJo software. Un-transfected controls were included in each
experiment. Experiments underwent initial validation in duplicate and then were repeated

in triplicate for the final manuscript.

2.2.11. Quantitative RT-PCR analysis

HEK293FT cells were co-transfected with 10 ng gRNA, 200 ng Cas9 constructs, 100
ng MS2-P65-HSF1 (Addgene plasmid ID: 61423) and 25 ng EBFP plasmid as the
transfection control. Cells were lysed, and RNA was extracted using RNeasy Plus mini
kit (Qiagen) 72 hrs post transfection, followed by cDNA synthesis using the High-
Capacity RNA-to-cDNA Kit (Thermo Fisher). gqRT-PCR was performed using SYBR
Green PCR Master Mix (Thermo Fisher). All analyses were normalized to 18S rRNA
(ACt) and fold changes were calculated against un-transfected controls (2722<"). Primer

sequences for gPCR are listed in Supplementary Table 2.3.

2.2.12. Endogenous indel analysis

HEK293FT cells were co-transfected with 200ng of Cas9 plasmids, 10ng of gRNA
coding cassette and 25ng EBFP plasmid as the transfection control. 72 hrs later,
transfected cells were dissociated and spun down at 200 g for 5 min at room temperature.
Genomic DNA was extracted using 50 pl of QuickExtract DNA extraction solution
(Epicentre) according to the manufacturer’s instructions. Genomic DNA was amplified
by PCR using primers flanking the targeted region. lllumina Tru-Seq library was created
by ligating partial adaptors and a unique barcode to the DNA samples.

Next, a small number of PCR cycles was performed to complete the partial adaptors.
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Equal amounts of each sample were then pooled and sequenced on Illumina Tru-Seq
platform with 2x150 run parameters, which yielded approximately 80,000 reads per
sample. Sequencing was performed using a 2x150 paired end (PE) configuration by
CCIB DNA Core Facility at Massachusetts General Hospital (Cambridge, MA, USA).
The reads were aligned to the target gene reference in Mus musculus genome using
Geneious software, 9-1-5. To detect the indels (insertions and deletions of nucleic acid
sequence at the site of double-strand break), each mutation was evaluated carefully in
order to exclude the ones that are caused by sequencing error or any off-target mutation.
The variant frequencies (percentage to total) assigned to each read containing indels
were summed up. i.e. indel percentage = total number of indel containing reads/ total

number of reads. The minimum number of analyzed reads per sample was 70,000.

2.2.13. RNA sequencing for quantifying activator specificity

HEK293FT cells were co-transfected with 10 ng gRNA targeting MIAT locus, 200 ng
Cas9 constructs, 100 ng MS2-P65-HSF1 (Addgene plasmid ID: 61423) and 25 ng
transfection control. Total RNA was extracted 72 hrs post transfection using RNeasy Plus
mini kit (Qiagen) and sent to UCLA TCGB core on dry ice.

Ribosomal RNA depletion, and single read library preparation were performed at
UCLA core followed by RNA sequencing using NextSeg500. Coverage was 14 million
reads per sample. FASTQ files with single-ended 75bp reads were then aligned to the
human GRCh38 reference genome sequence (Ensembl release 90) with STAR®*, and
uniquely-mapped read counts (an average of 14.8 million reads per sample) were

obtained with Cufflink>. The read counts for each sample were then normalized for the
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library size to CPM (counts per million reads) with edgeR®®. Custom R scripts were then

used to generate plots.

2.3. Results

2.3.1. Detection of Cas9-specific serum antibodies in healthy controls

We first determined whether healthy individuals have detectable IgG Abs to SpCas9.
Of 143 healthy control sera screened, 82 (57.3%) had detectable Abs against S. pyogenes

lysate using ELISA (Figure 2.1-A).
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Figure 2.1. Detection of pre-existing B cell and T cell immune responses to SpCas9
in healthy donors and identification of two immunodominant T cell epitopes. A. Specific
serum Abs were detected against S. pyogenes lysate in 57.3% (n=82) of 143 healthy
controls. Sera with the highest reactivity to S. pyogenes lysate (n=80, black circles) were
screened for Abs against recombinant SpCas9, recombinant EBNA-1 protein (positive
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control), and human hemoglobin (negative control), of which 7 (8.8%) were positive for
SpCas9 (above the dotted line; *p<0.0001). B. The top 5 predicted SpCas9 T cell
epitopes and their predicted Sp and S;i scores and ranking (based on the Sp.Si value) .
These top 5 peptides include the identified immunodominant (a and B; gray) and
subdominant (y and ) epitopes that were shown to be immunogenic by IFN-y ELISpot.
C. Plot of Sp and S; of predicted HLA-A*02:01 epitopes for the SpCas9 protein. Red dots
represent the immunodominant and subdominant epitopes. D. IFN-y ELISpot assay of T
cell reactivity of 12 healthy donors (the two non- HLA-A*02:01 are shown as open
circles) to 38 predicted epitopes grouped in 10 pools, CEF (positive control peptide pool),
and DMSO (negative control). Peptides a and 6 were in pool 5 while B and y were in pool
3. E. IFN-y ELISpot reactivity of healthy donor T cells (n=12) to epitopes across the
different domains of the Cas9 protein. Donors 1-10 were HLA-A*02:01, while 11 and 12
were not. Peptides a and & overlap in 5 amino acid residues. Data represent mean +/- SD.
EBNA-1, Epstein-Barr virus nuclear antigen-1; Sy, normalized binding score; Si,
normalized immunogenicity score. Statistical analysis was performed post hoc and results
are exploratory. Sera with the highest reactivity to S. pyogenes lysate (n=80) were
screened for Abs against recombinant SpCas9, of which 7 (8.8%) were positive
(p<0.0001, two-tailed t-test). At least 5.0% of healthy individuals screened in this study

had Cas9-specific Abs (Figure 2.1-A).

2.3.2. Cas9 candidate T cell epitope prediction

Whether Cas9-specific antibodies impact the efficacy or safety of CRISPR

application in human remains to be seen. However, cellular immunity is expected to have
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a more significant impact in case of CRISPR delivery through viruses. The Cas9
expression cassette, delivered by a viral vector, leads to intracellular expression of this
protein in target cells, which could evoke a cellular immune response. We thus focused
on investigating the T cell immune response against SpCas9. We predicted HLA-
A*02:01-restricted T cell epitopes derived from SpCas9 using a model that uses both
MHC binding affinity and biochemical properties of immunogenicity®?> (Supplementary
Table 2.1; the top 5 are shown in Figure 2.1-B). This model incorporates T cell receptor
contact residue hydrophobicity and HLA binding prediction, which enhances the
efficiency of epitope identification, as we previously reported®’. We plotted the
calculated normalized binding (Sp) and immunogenicity (Si) scores for each peptide
(Figure 2.1-C) to predict the more immunogenic epitopes, which are expected to have
both high HLA binding (low Sp) and more hydrophobicity (high Si). We chose HLA-
A*02:01 because it is the most common HLA type in European/North American

Caucasians.

2.3.3. T cell epitope mapping of Cas9 and identification of two immunodominant

epitopes

We then investigated whether peripheral blood mononuclear cells (PBMCs) derived
from healthy individuals had measurable T cell reactivity against the predicted SpCas9
MHC class | epitopes. We synthesized 38 peptides (Supplementary Table 2.1) and
grouped them into 10 pools of 3-4 peptides each. We measured peptide-specific T cell
immunity using IFN-y secretion ELISpot assays with PBMCs derived from 12 healthy
individuals (HLA-A*02:01, n=10; non-HLA-A*02:01, n=2) and identified
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immunoreactive epitopes within pools 3 or 5 in 83.0% of the donors tested (90% of the
HLA-A*02:01 donors; Figure 2.1-D). The seven individual peptides from pools 3 and 5
were evaluated by IFN-yELISpot and the dominant immunogenic epitopes were
SpCas9_240-248 and SpCas9_615-623, designated peptides a and B, from pools 5 and 3,
respectively. The subdominant epitopes were found to be y and 6 from pools 3 and 5,
respectively. Both peptides o and B are located in the REC lobe of the Cas9 protein
(Figure 2.1-E) that binds the sgRNA and the target DNA heteroduplex *. The individual
peptides within pools that were positive for any donor were evaluated for this donor by
IFN-y ELISpot. The immunoreactivity and position of the 38 predicted peptides (a few of
which are overlapping) within the Cas9 protein are shown in Figure 2.1-E.

Peptides o and P are shown as red dots on the epitope prediction plot (Figure 2.1-C)
and their sequences and predicted ranking are shown in Figure 2.1-B and Supplementary
Table 2.1. As predicted, these peptides had low Sy and high S; values. Both the
immunodominant (a and ) and subdominant (y and d) T cell epitopes identified by IFN-y
ELISpot were within the top 5 most immunogenic epitopes predicted by our
immunogenicity model®. Their ranking as predicted by the consensus method hosted on
the IEDB server using default settings was 14, 5, 18, and 4, respectively. Sequence
similarity of peptides o and B to amino acid sequences in known proteins was
investigated using Protein BLAST and the IEDB epitope database*. This was done to
investigate whether there is any chance that the T cell immune response that we are
detecting in healthy individuals could be due to previous exposure to another protein of
similar sequence. A peptide was considered ‘similar’ to o or B if no more than 2 of 9
amino acid residues (that are not the second or ninth) were not matching (78% similarity).
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None of these two peptides resembled known epitopes in the IEDB database, but
similarity to other Cas9 orthologs and other bacterial proteins was detected
(Supplementary Tables 2.4 and 2.5). Epitope P has sequence similarity to a peptide
derived from the Neisseria meningitidis peptide chain release factor 2 protein
(ILEDIVLTL versus ILEGIVLTL). Antigen-specific T cells were expanded for 18 days
in vitro by coculturing healthy donor PBMCs with peptide B-pulsed autologous antigen
presenting cells (APCs). Cas9-specific CD8+ T cell responses were assessed by flow
cytometry. CD8+ T cells specific for the HLA-A*0201/B pentamer were detected after

stimulation (3.09%; Figure 2.2-A).

2.3.4. Mutated Cas9 proteins have lower immune recognition and maintain their

function and specificity

We next hypothesized that mutation of the MHC-binding anchor residues of the
identified immunogenic epitopes would abolish specific T cell recognition (Figure 2.2-A).
The epitope anchor residues (2" and 9™ are not only necessary for peptide binding to the
MHC groove, but are also crucial for recognition by the T cell receptor *2. The
percentage of CD8+ [ pentamer+ T cells decreased to 0.3% when APCs were pulsed with
the mutated peptide (B2; Figure 2.2-B) compared with 3.09% with the wild type peptide

(B; Figure 2.2-A).
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Figure 2.2. SpCas9 immunodominant epitope specific CD8+ T cell recognition is
abolished after anchor residue mutation. A. Epitope B-specific CD8+ T cell response
detected using B-specific pentamer in PBMCs stimulated with peptide B-pulsed antigen
presenting cells. B. The percentage of CD8+ pentamerp+ T cells was reduced to 0.3%
when healthy donor B cell APCs were pulsed with the mutated peptide p2. C. Positions,

sequences and IEDB HLA binding percentile rank of epitopes a and B before and after
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mutation of the anchor (2" and/or 9") residues. Sp, normalized binding score; Si,
normalized immunogenicity score. D. Representative IFN-y ELISpot assay in triplicate
wells comparing T cell reactivity to wild type or mutated epitopes o and . These results
are representative of 12 donors and two independent replicates (data from all 12 donors
are shown in Supplementary Figure 2.2). E, F. IFN-y ELISpot comparing T cell
reactivity to APCs expressing WT or modified Cas9 proteins. APCs expressing FluM1
were used as a positive control. APCs expressing GAPDH or spiked with peptide o2 were
used as negative controls. Data represent mean +/- SEM of 5 replicates (right). Statistical

analysis was performed post hoc and results are exploratory.

We then examined the reactivity of healthy donor T cells to modified peptides o or 3
with mutations in residues 2, 9, or both (sequences are shown in Figure 2.2-C) using IFN-
vy ELISpot assay. The epitope-specific T cell reactivity was markedly reduced with the
mutant peptides (Supplementary Figure 2.2; representative ELISPOT well images are
shown in Figure 2.2-D). The average reduction for the responsive HLA-A*02:01 donors
was 25-fold from a to 029 (n=7; p<0.03) and 30-fold from B to P29 (n=8; p<0.03;
Benjamini-Hochberg; Supplementary Figure 2.2; Supplementary Table 2.6). The
predicted binding affinity to MHC class II was also decreased for a2 and B2 epitopes,
although the experimental significance of this alteration is unknown.

We then generated modified Cas9 constructs by mutating the second residue of
peptide a (L241G; Cas9-02), peptide p (L616G; Cas9-B2), or both (Cas9-a2B2). To
measure the effect of mutating the anchor residue of the immunogenic epitopes on T cell
recognition of the Cas9 protein, we transiently transfected healthy donor B cell APCs

with mRNA encoding wild type Cas9 (WT-Cas9), Cas9-02, Cas9-p2, or Cas9-a2p32. The
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T cell response measured by IFN-y ELISpot after coculturing of Cas9 transfected APCs
with autologous PBMCs was significantly decreased for the modified Cas9 proteins
(Figure 2.2-E and F). Introduction of the B2 mutation was the most effective in reducing
T cell immunogenicity (5.5-fold, p<0.0001, two-tailed t-test). This mutation in the REC1
domain (Figure 2.1E and 2.3A) is not located in any of the two regions that are absolutely
essential for DNA cleavage, the repeat-interacting (97-150) and the anti-repeat-
interacting (312—409) regions®. These results demonstrate that mutating the anchor
amino acid of a highly immunogenic epitope can influence the overall immunogenicity of
Cas9. Thus, engineering Cas9 variants with reduced immunogenicity potential can be
used in conjunction with other strategies for safer CRISPR therapies and even possibly
reduce the dosage of systemic immunosuppression needed for patients.

We therefore tested the function of Cas9-B2 in comparison with WT-Cas9 in the
context of DNA cleavage and transcriptional modulation. To examine the nuclease
activity of Cas9-p2 and compare with WT-Cas9, we targeted Cas9-p2 or WT-Cas9 to an
endogenous locus (EMX-1) and measured percent indel formation (Figure 2.3-B and C).
Our data demonstrate that Cas9-p2 retains nuclease capacity in the locus we studied as
well as on a synthetic promoter (Figure 2.3-C, Supplementary Figure 2.3-A and B).

Next, we determined whether Cas9-f2 can successfully recognize and bind its target
DNA leading to transcriptional modulation. We first tested this in the context of
enhanced transgene expression from a synthetic CRISPR responsive promoter in
HEK?293 cells using 14nt gRNAs and aptamer-mediated recruitment of transcriptional

modulators similar to what we had shown before (Supplementary Figure 2.3-C and D).
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Figure 2.3. Mutated SpCas9 protein (Cas9-p2) retains its function and specificity. A.

3D structure of the SpCas9 protein, showing the location of the

immunodominant epitopes a and [. B. Schematic of the experiment assessing
mutagenesis capacity of Cas9-p2. Cells were transfected with either WT-Cas9, Cas9-f2,

or an empty plasmid as well as 20nt gRNA targeting EMX-1 locus. 72 hrs after
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transfection, percent cleavage was assessed by DNA extraction and illumina sequencing.
C. Percentage of indel formation in EMX-1 locus. Data represent mean +/-SD of three
individual transfections. D. Schematic of the experiment assessing gRNA binding, DNA
targeting and transcriptional modulation with Cas9-B2. Cells were transfected with either
WT-Cas9, Cas9-B2, or an empty plasmid as well as 14nt gRNA targeting TTN or MIAT in
the presence of MS2-P65-HSF1 (transcriptional modulation). 72 hrs after transfection,
MRNA was assessed by qRT-PCR. E and F. Shown is the mRNA level relative to an
untransfected control experiment (n=3 independent technical replicaes). G. Mean
expression levels of 24,078 protein-coding and non-coding RNA genes for WT-Cas9 and
Cas9-p2 (each in duplicate) are shown. For visualization purposes, the values were
transformed to a log2(CPM+1) scale. MIAT, the gRNA target gene, is highlighted in red,

and R denotes Pearson correlation coefficient between two groups.

Having shown successful transgene activation, we then investigated whether this
variant retains such capacity within the chromosomal contexts of endogenous genes. We
transfected the cells with plasmids encoding Cas9-p2 or WT-Cas9 and 14nt gRNAs
against two different endogenous genes (TTN and MIAT). qRT-PCR analysis showed that
this variant successfully led to target gene expression (Figure 2.3-D and F). To further
characterize Cas9-B2 specificity, we performed genome-wide RNA sequencing after
targeting Cas9-p2 or WT-Cas9 to the MIAT locus for transcriptional activation. The
results demonstrated no significant increase in undesired off-target activity by Cas9-p2 as
compared to WT-Cas9 (Figure 2.3-G).

To show the extensibility of our approach, we tested the function of Cas9-a2, that has

a mutation located in the REC2 domain (Figure 2.1-E and 2.3-A). Cas9-02 also
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demonstrated DNA cleavage and transcriptional modulation functionality comparable
with WT-Cas9 (Supplementary Figure 2.4 A to E). This is consistent with a previous
study which showed that Cas9 with a deleted REC2 domain retains its nuclease activity®3.
When T cells were stimulated with APCs spiked with peptide a2, the percentage of CD8+
CD137+ T cells (a marker of T cell activation®) was decreased by 2.3-fold as compared

to WT peptide a stimulation (Supplementary Figure 2.4-F).
2.3.5. Immune responses to non-HLA-A*02:01 Cas9 epitopes

We next predicted T cell epitopes derived from SpCas9 for non-HLA-A*02:01 alleles
using the IEDB analysis tool. We selected and synthesized 5-6 epitopes (sequences
shown in Supplementary Table 2.7) for each of 7 common alleles (A*01:01, A*03:01,
A*11:01, A*24:02, B*08:01, B*44:01, B*55:01) and used them to stimulate PBMCs
derived from 6 healthy donors with the corresponding HLA alleles. Of the peptides and
alleles screened, we detected peptide-specific T cell immune response (in more than one
donor) against peptide 25 in two HLA-A*24:02 donors (p<0.05; results for HLA-

A*24:02 are shown as an example in Figure 2.4-A).
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Figure 2.4. Immune responses to non-HLA-A*02:01 and class Il epitopes of SpCas9.
A. Representative IFN-y ELISpot reactivity of healthy donor T cells to non-HLA-
A*02:01 SpCas9 class | epitopes (HLA-A*024:02 is shown as an example). B. IFN-y
ELISpot reactivity of healthy donor MACS-sorted CD4" T cells to SpCas9 long peptides

that include epitopes in the top 2% of predicted MHC class 11 binders. C. IFN-y ELISpot
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reactivity of healthy donor CD8-depleted PBMCs stimulated with recombinant SpCas9 or
EBNA proteins for 10 days. D. IFN-y ELISpot reactivity of MACS sorted CD4" (black
dots) or CD8" (open dots) T cells isolated from PBMCs from 3 healthy donors

unstimulated or stimulated with peptide  or CEF. Data represent mean +/- SD.

2.3.6. Immune responses to MHC Class Il Cas9 epitopes

We also predicted MHC class Il binding epitopes for the SpCas9 protein to HLA-
DRBL1 (10 alleles), HLA-DQ (5 alleles), and HLA-DP (8 alleles) using the IEDB analysis
tool. For MHC class II, epitope a is predicted to be a top binder to HLA-DRB1*01:02
and epitope B a top binder to HLA-DPA1*01:03 and DPB1*02:01. We selected and
synthesized SpCas9 long peptides that include epitopes in the top 2% of predicted MHC
class Il binders (sequences and alleles shown in Supplementary Table 2.8) and measured
peptide-specific CD4" T cell immunity using IFN-y secretion ELISpot assays with CD8-
depleted PBMCs derived from 3 healthy individuals. We detected limited CD4" immune
responses against the peptides tested (Figure 2.4-B). This prompted us to evaluate the
CD4* T cell immune response against the whole Cas9 protein compared with a positive
control protein. We stimulated healthy donor CD8-depleted PBMCs with recombinant
SpCas9 or EBNA proteins for 10 days and detected a modest response (less than twofold
of that of unstimulated cells; Figure 2.4-C). We then sought to investigate whether the
immune response that we detected against peptide B was primarily derived by CD4" or
CD8" T lymphocytes. We stimulated MACS sorted CD4" or CD8" T cells isolated from
PBMCs from 3 donors with peptide B and detected a primarily CD8" response in all 3

donors (Figure 2.4-D).
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2.4. Discussion

The detection of pre-existing B cell and T cell immunity to the most widely used
nuclease ortholog of the CRISPR-Cas9 tool in a significant proportion of healthy humans
confirms previous studies in mice®° and a recent study in humans?’ and sheds light on
the need for more studies of the immunological risks of this system. A recent study
reported SpCas9-specific T-cell-mediated killing of autologous CRISPR-treated APCs in
vitro?®, However, the consequences of Cas9-specific immunity in vivo remain to be seen.
The CD8+ T cell immunity we observed is likely memory responses, as they are
observed without ex vivo stimulation. However, following 18 days of T cell stimulation
by peptides o or 3, expansion of naive T cells is not precluded. This suggests that even in
the absence of a pre-existing immune response, the expression of Cas9 in naive
individuals may trigger a T cell response that could prevent subsequent administration.
This could be avoided by switching to Cas9 orthologs from other bacterial species, but
can be difficult given the epitope conservation across Cas9 proteins from multiple
Streptococcus species and resemblance to sequences from other bacterial proteins such as
the common pathogen N. meningitidis, that asymptomatically colonizes the nasopharynx
in 10% of the population®®. Therefore, selective deimmunization (immune-silencing) of
Cas9 can represent an attractive alternative, particularly in patients where high-dose
systemic immune-suppression is contraindicated, such as in patients with chronic
infectious diseases. This strategy can be important in particular when longer term
expression of Cas9 will be desired.

Using IFN-y ELISpot, we detected a modest CD4" immune response against

recombinant SpCas9 protein and no response to any of the class Il SpCas9 peptides that
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we used. This is consistent with a recent study that found the majority of the CD4"
response against SpCas9 to be restricted to the Treg compartment with minimum IFN-y
and TNF-a secretion?®. While a more comprehensive epitope mapping study is needed,
we did not experimentally detect immunodominant epitopes among the top binders of the
non-HLA-A*02:01 alleles. We show here that silencing one epitope for an HLA-A*02:01
donor (who was also positive for A*11:01, B*39:01, and B*46:01) was sufficient to
significantly reduce the Cas9 immunogenicity. However, whether other mutations need
to be introduced to the protein for complete silencing in HLA-A*02:01 negative
individuals, needs further investigation. Conventional methods of deimmunizing non-
human therapeutic proteins rely on trial-and-error mutagenesis or machine learning and
often includes deletion of whole regions of the protein®’*'. Here, as a general principle,
we show that alteration of one of the anchor residues of an immunodominant epitope
abolished specific T cell recognition. However, HLA allotype diversity and the existence
of numerous epitopes in the large Cas9 protein may complicate the process of complete
deimmunization. The overall impact of removal of select immunodominant epitopes
remains to be seen; both reduction*” and enhancement*® of the immunogenicity of
subdominant epitopes have been reported with similar approaches for other proteins.

The top binding T cell epitopes within Cas9 that are most promiscuous for common
HLA class | and class Il alleles have been recently predicted in silico using IEDB*.
However, this is the first study that experimentally validates predicted immunodominant
epitopes. None of the HLA-A*02:01 epitopes that we report overlap with the peptides
previously predicted**. This is not surprising since our prediction model is optimized for
HLA-A*02:01. Thus, improved algorithms are needed to predict epitopes that hold up in
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experimental validation, as we show here. The use of CRISPR-Cas9 in humans may
eventually necessitate creating HLA type-specific Cas9 variants, particularly for
applications that require long-term Cas9 expression.

Non-specific localized immune suppressive approaches, such as those used by tumor
cells and some viruses may complement these strategies for complete deimmunization.
Antigen presentation can be blocked by viral proteins interfering with antigen
presentation (VIPRS), such as the adenoviral E319K or US2 and US11 from the human
cytomegalovirus* or molecules that inhibit proteasomal antigen processing such as the
Epstein-Barr virus Gly-Ala repeat*®. Deimmunized Cas9 may be useful in reduction of
the dosage of other immunomodulatory measures needed to be co-administered in
patients, thus facilitating therapeutic CRISPR applications as we develop better
understanding of the immunological consequences of this system.

Conventional methods of deimmunizing non-human therapeutic proteins rely on trial-
and-error mutagenesis, machine learning, and often includes deletion of whole regions of
the protein. Here, as a general principle, we show that alteration of one of the anchor
residues of an immunodominant epitope abolished specific T cell recognition. However,
HLA allotype diversity and the existence of numerous epitopes in the large Cas9 protein
complicate the process of complete deimmunization. The overall impact of removal of
select immunodominant epitopes remains to be seen; similar approaches for other
proteins have resulted in reduction and enhancement of the immunogenicity of
subdominant epitopes. Non-specific immune suppressive approaches may complement
these strategies for complete deimmunization. One attractive strategy is the co-expression
of Cas9 with gRNAs targeting immune modulatory molecules such as programmed
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death-ligand 1 (PD-L1) or Indoleamine 2,3-Dioxygenase 1 (IDO1) to further boost
immune-silencing. We anticipate that deimmunized Cas9 will be useful for therapeutic

CRISPR applications
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CHAPTER 3
SYNTHETIC IMMUNOMODULATION WITH A

CRISPR SUPER-REPRESSOR IN VIVO

3.1. Introduction

Recent repurposing of the Clustered Regularly Interspaced Short Palindromic Repeats
(CRISPR) system for transcriptional modulation is now opening a myriad of therapeutic
opportunities at the level of transcription, which was once considered as “undruggable”.
Transcriptional control over genes involved in immunity can generate a universal
therapeutic modality for a broad range of acute or chronic inflammatory conditions in
humans as well infectious diseases at the time of pandemics. In addition, such control
provides a powerful means for biological discoveries. However, despite the great
potential, there have been limited studies that have translated CRISPR transcriptional
tools in vivo, with far fewer that explore the utility of the system for transcriptional
repression’®. Prior CRISPR-based transcriptional repressors in vivo operated based on
catalytically “dead” Cas9 protein (dCas9) fused to Kruppel-associated box domain
(KRAB) domain, the current gold standard for dCas9-based repression studies!®'’. But
yet it is not entirely clear where a KRAB-based in vivo repressor stands in comparison
with recently reported “enhanced” CRISPR repressors*é,

Additionally, a wuseful genetic engineering platform should employ both
transcriptional control and gene editing on demand to allow a high level of control at both
the DNA and RNA level (e.g. to simultaneously modulate immune responses), a goal

achievable through changing the length of guide RNAs (gRNAs) from the 5’ end when
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using Cas9 nuclease °. Yet, it is not known if truncated gRNAs can provide effective
means for synthetic repression of transcription in vivo, giving rise to physiologically
relevant phenotypes.

Here, we set out to determine whether we can achieve synthetic immunomodulation
in vivo using a CRISPR-based enhanced transcriptional repressor. Myeloid differentiation
primary response 88 (MyD88) is a key node in innate and adaptive immune responses,
acting as an essential adaptor molecule for a number of signaling pathways including
Toll-like receptor (TLR), response to septicemia, and formation of adaptive immunity
against viruses such as Adeno-associated virus (AAV)?>%, MYD88 activating mutations
are implicated in a number of lymphoid malignancies, in particular Waldenstrém
macroglobulinemia and activated B-cell diffuse large B-cell lymphomas?*. However, it is
not clear whether we can achieve control over its transcription in vivo. Given the central
role of MyD88 signaling in innate and adaptive immunity? we sought to examine

synthetic transcriptional modulation over this locus in vivo.

3.2. Materials and methods

3.2.1. Vector Design and Construction

MS2 Fusion constructs: To construct the MS2-fused transcriptional repressors, the
specific domains of interest were amplified from vectors previously published in our
group and subsequently cloned into the pcDNA3-MS2-VP64 backbone (Addgene
plasmid ID: 79371). The pcDNA3-MS2-VVP64 vector was digested with Notl and Agel to
remove the VP64 domain and then the amplified repressors were cloned into this
backbone via the Gibson Assembly method. All the repressor sequences are listed in in

supplementary information note
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U6-gRNA-MS2 plasmids: To generate these plasmids, 14bp or 20bp guide sequences
were inserted into sgRNA-MS2 cloning backbone (Addgene plasmid ID: 61424) at the
Bbsl site via golden gate-based reaction. All the gRNA sequences are listed in the Table
2 in supplementary information.

AAV vectors: Following cloning of the gRNAs into a U6-sgRNA-MS2 backbone, the U6-
gRNA encoding region was amplified from this vector and inserted within gateway entry
vectors using golden gate reaction. Using the same method, the repressor or activator
domain and a truncated human EFla promoter (Gift from Dr. Noah Davidsohn, Dr.
Church lab) were cloned into gateway entry vectors. Further sub-cloning of all these
components into AAV backbone via gateway reaction (Invitrogen) generated final AAV
vectors. Cas9 plasmids were purchased from Addgene (AAV-CMVc-Cas9 #106431 and

PAAV-RSV-SpCas9 #85450).

3.2.2. AAV packaging and purification

AAYV vectors were digested by Smal digest to test the integrity of ITR regions before
virus production. Verified AAV vectors were used to generate AAV2/1-Myd88, AAV2/1
MockgRNA and AAV2/1 GFP and AAV2/9-Pcsk9 by PackGene® Biotech, LLC. The
virus titers were quantified via Real-time SYBR Green PCR at 1.5E+13 GC/ml against

standard curves using linearized parental AAV vectors.

3.2.3. Cell culture

HEK?293FT and Neuro-2a cell lines (purchased from ATCC) were maintained in

Dulbecco’s modified Eagle’s medium (DMEM - Life Technologies) with 10% fetal
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bovine serum (FBS - Life Technologies), 2mM glutamine, 1.0 mM sodium pyruvate
(Life Technologies) and 1% streptomycin— penicillin mix (Gibco) in incubators at 37 °C

and 5% COa.

3.2.4. Transfection of in vitro cultured cells

HEK293FT cells were seeded approximately 50,000 cells per well in 24-well plates
and transfected the next day. HEK293FT cells were co-transfected with plasmids
encoding gRNA (10 ng), dCas9 or dCas9-H1aKRAB (200 ng), MS2-fused repressor (100
ng), puromycin resistant gene (50 ng), and Enhanced Blue Fluorescent Protein (EBFP) as
a transfection control (25 ng). Polyethylenimine (PEI) (Polysciences) was used to
transfect HEK293FT cells. Transfection complexes were prepared according to
manufacturer’s instructions. Cells were treated with 0.5ug/ml puromycin (Gibco-life
tech) at 24 hours post-transfection. Cells were collected 72 hours post-transfection and
total RNA was collected from cells using RNAeasy Plus Mini Kit (Qiagen).

Neuro-2a cells were seeded approximately 50,000 cells per well in 24-well plates and
transfected the next day. Cells were co-transfected with plasmids encoding gRNA (10-
100 ng), Cas9 nuclease (70 ng), dCas9 or dCas9-H1laKRAB (200 ng), and EBFP as a
transfection control (25 ng), and a Puromycin resistance gene (50ng). Plasmids were
delivered to Neuro-2a cells with Lipofectamine LTX. Cells were treated with 0.5ug/ml
puromycin (Gibco-life tech) at 24 hours post-transfection. For the experiment shown in
Figure 1F, 3 days later, cells were treated with LPS at the concentration of 10ug/ml (LPS
was added to induce Myd88 expression) and after 5 hours total RNA was collected from

cells using RNEasy Plus Mini Kit (Qiagen).

92



3.2.5. Quantitative RT-PCR (gRT-PCR) Analysis

Cells or tissues were lysed, and RNA was extracted using RNEasy Plus Mini Kit
(Qiagen) or Trizol (Life Technologies) followed by cDNA synthesis using the High-
Capacity RNA-to-cDNA Kit (Thermo Fisher). gqRT-PCR was performed using SYBR
Green PCR Master Mix (Thermo Fisher). All analyses were normalized to 18S rRNA and

fold-changes were calculated against No gRNA control groups for in vitro transfection

experiments and a universal control for in vivo experiments (Z_AACt). Universal control is
a blood sample collected from an uninjected Cas9 transgenic mouse, which did not
receive any AAV injection and was kept as the reference throughout all analyses for
comparison of values among different organs. Primer sequences for gPCR are listed in

Table 3 in supplementary information.
3.2.6. Plasma analysis

After harvesting mice, plasma samples were aliquoted and stored at -80 °C. Plasma
levels of cholesterol were measured via a colorimetric assay according to the
manufacturer’s instructions (Thermo- Scientific Total Cholesterol Reagents #TR13421).
Plasma Pcsk9 protein levels were quantified by ELISA according to the manufacturer’s

instructions (R&D Systems #MPC900).
3.2.7. ELISA-based chemiluminescent assay

Lung samples were lysed using 1x cell lysis buffer (Cell Signaling) (ratio of 100 mg
of tissue to 1 ml of buffer) followed by homogenization and sonication of the lysed tissue.

The assay was performed using the Q-Plex™ Mouse Cytokine — Screen (16-Plex) kit
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(Quansys Biosciences) following the manufacturer’s protocol. Briefly, samples or
calibrators were added into wells of a 96 well plate arrayed with analyte specific
antibodies that capture GMCSF, IL-1a, IL-1p, IL-4, IL-5, IL-6, IL-12p70, IL-17, MCP-1,
MIP-1a, RANTES, and TNFa. Plates were washed and biotinylated analyte specific
antibodies were added. After washing, streptavidin-horseradish peroxidase (SHRP) was
added. Following an additional wash, the amount of SHRP remaining on each location of

the array was measured with the addition of a chemiluminescent substrate.

3.2.8. Antibody ELISA

Anti-AAV antibody assay

Fifty microliters of AAV particles diluted in 1x coating buffer (13 mM sodium
carbonate, 35 mM sodium bicarbonate buffer, pH 9.2) containing 2x 10°per viral particles
were added to each well in a Microlon® high protein binding 96-well plate (Greiner) and
incubated overnight. Wells were washed three times with 1x Tris Buffered Saline +
Tween-20 (TBST, Bethyl) and blocked with 1x Tris Buffered Saline + 1% BSA (Bethyl)
for 1 hour at RT. Wells were washed three times with TBST. The standard curve for
Figure 2B was generated using purified mouse antibody (Mouse host IgG2a anti-AAV1
(Fitzgerald-MBS830111), Mouse IgG1 unlabeled - Southern Biotech clone 15H6, Mouse
IgG2a unlabeled) in twofold dilutions in TBST + 1% BSA + 1:500 negative control
mouse plasma, beginning from a concentration of 10,000 ng/ml AAV1 antibody. The
standards were added to the plate followed by diluting the plasma samples (samples were
diluted 1:500 for Figure 2B and no dilution for Figure 2D and 2F) and incubated for 1

hour at RT. Wells were washed four times with TBST and then goat anti-mouse HRP
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antibody was added at a concentration of 1:500 and incubated for 1 hour at RT. Wells
were washed four times with wash buffer and TMB substrate was added to the wells.
Reactions were terminated by adding 0.18 M H2SO4 after development of the standard
curve (15 minutes). Finally, absorbance was measured at 450 wavelengths using a plate

reader (BioTek). Absorbance results were exported and analyzed in Excel.

Anti SaCas9 antibody assay

Microplates were coated with 50 pl per well at 1 pg/ml Sacas9 protein diluted in
50mM carbonate buffer at pH 9.0. Plates were incubated overnight at 4° C. Wells were
washed three times with 1x Tris Buffered Saline + Tween-20 (TBST, Bethyl). Wells
were blocked with 200 ul/well of blocking buffer (PBS containing 1% BSA and 0.02%
azide) and incubated overnight at 4° C. Wells were washed three times with 1x
PBS+0.02% azide. Plasma samples and control were added to the wells at 50 pl/well
diluted in blocking buffer and incubated 1 hour at room temperature. Antibodies may be
serially diluted for determining titer or diluted to previously determined working
concentration for screening assays or antigen quantitation. Wells were washed three times
with PBS containing 0.05% Tween-20. Goat anti-mouse HRP antibody was added at a
concentration of 1:500 and incubated for 1 hour at RT. Wells were washed. Reactions
were terminated by adding 0.18 M H2S04 after 15 minutes. Finally, absorbance was
measured at 450 wavelengths using a plate reader (BioTek). Absorbance results were

exported and analyzed in Excel.
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3.2.9. Lactate assay

Blood samples were collected using EDTA coated tubes. Samples were centrifuged at
1,000 x g for 10 minutes. Plasma was collected and stored at -80°C. Lactate assay was
performed following the manufacturer’s protocol (L-Lactate Assay Kit, Cayman
Chemicals). Briefly, samples were deproteinated by adding 0.5 M MPA. After pelleting
the protein, supernatant was added to Potassium Carbonate and centrifuged at 10,000 x g
for five minutes at 4° C. Samples were diluted four-fold and added to the designated
wells. Next, assay buffer cofactor mixture, Fluorometric Substrate, and Enzyme Mixture
were added to each well. Plate was incubated for 20 minutes at RT and the fluorescence
was measured using an excitation wavelength of 530-540 nm and an emission
wavelength of 585-595 nm. Absorbance results were exported and analyzed in Excel

according to the manufacturer’s protocol.

3.2.10. Examination of liver injury after LPS injection

Plasma samples were sent to IDEXX Laboratories to measure a panel of tissue injury

markers including ALT, Cholesterol, LDL, HDL, BUN, Albumin, LDH, and Lipase.

3.2.11. Animals

All the experiments with animals were approved by the Institutional Animal Care and
Use Committee (IACUC) at Arizona State University and have been performed
according to institutional guidelines. All the experiments were performed on at least 3
mice of 6-8 weeks old per group. Both male and female were included in experiments.

The sample size in each group is indicated in each figure legend.
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Both male and female Rosa26-Cas9 knockin mice (JAX Stock number 026179) and
male C57BL/6 mice (JAX Stock number: 000664) were used for AAV/CRISPR

repression experiments.

3.2.12. Retro-Orbital injections

AAV particles were delivered to mice through retro-orbital injection of the venous
sinus. Animals were anesthetized with 3% isoflurane and virus particles were injected to
the left eye with 100 microliters of AAV solution (1E+11 to 1E+12 genome copy per

mouse).

3.2.13. Tissue harvest

Mice were euthanized via CO- inhalation. Tissue samples taken from liver, lung,
bone marrow and blood were collected in RLT Plus buffer (Qiagen) and frozen or snhap

frozen for RNA analysis.

3.2.14. In vivo LPS administration

Mice were given intraperitoneal (i.p.) injection of lipopolysaccharides (from
Escherichia coli 0127:B8 (Sigma-Aldrich, St. Louis, MO, USA) dissolved in phosphate-
buffered saline (PBS) at a concentration of 2-5 mg/ml. Mice were euthanized 6-72 hours

post LPS injection (timeline is included in schematics) via COz inhalation.

3.2.15. In vivo Pepjet administration

Mice received 60 pg of DNA containing 10 pg Cas9 and 50 ng Myd88-HP1laKRAB

or Mock-HP1aKRAB via retro-orbital injection. PepJet TM reagent (SignaGen
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Laboratories, Catalog #: SL100501) was used for in vivo transfection. DNA was mixed
with PepJet at the ratio of PepJetTM (uL): DNA (ng) 2:1 and prepared according to the

manufacturer’s protocol.

3.2.16. RNA Sequencing and Data Analysis

In vitro experiments

N2A cells were co-transfected with 10ng gRNA targeting Myd88 loci, respectively.
200ng dCas9 constructs, 100ng MS2-HP1aKRAB, 50ng puromycin resistant gene, and
25ng transfection control. Cells were treated with 0.5ug/ml puromycin (Gibco-life tech)
at 24 hours post-transfection. Total RNA was extracted 72 hours post transfection using
RNeasy Plus Mini Kit (Qiagen) and sent to UCLA TCGB core on dry ice. Ribosomal
RNA depletion and paired end read library preparation were performed at UCLA core
followed by RNA sequencing using NextSeq500. Coverage was 20 million reads per
sample. FASTQ files with pair-ended 75bp reads were then aligned to the mouse
GRCma38 reference genome sequence (Ensembl release 90) with STAR, and uniquely
mapped read counts (an average of 14.8 million reads per sample) were obtained with
Cufflink. The read counts for each sample were then normalized for the library size to
CPM (counts per million reads) with edgeR. Custom R scripts were then used to
generate plots.

In vivo experiments

RNA was extracted from mice bone marrow samples using RNeasy Plus Mini Kit
(Qiagen) followed by globin mRNA depletion using GLOBINclear™ Kit, mouse/rat kit

(Thermofisher). None-directional library preparation was performed at Novogene
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Corporation Inc. followed by RNA sequencing using Illumina Nova Platform with
paired-end 150 run (2x150 bases). Coverage was minimum 25 million reads per sample.
FASTQ files were then aligned to mouse genome sequence using STAR software and
uniquely mapped read counts were visualized with Integrative Genomics Viewer (IGV).
Gene expression level was calculated by the number of mapped reads. According to all
gene expression level (RPKM or FPKM) of each sample, correlation coefficient of
sample between groups was calculated. Read counts obtained from Gene Expression
Analysis were used for differential expression analysis and differential expression
analysis of different groups was performed using the DESeq2 R package. Hierarchical
clustering analysis was carried out of log10 (FPKM+1) of union differential expression
genes, within all comparison groups. ClusterProfiler software was used for enrichment
analysis, including GO Enrichment, DO Enrichment, KEGG Enrichment and Reactome

Enrichment.

3.2.17. Statistical analysis

All in vitro experiments shown were done in triplicates with similar results obtained.
All in vivo experiments were repeated in at least three biological replicates with similar
results obtained. Mice were randomly allocated to control or experimental conditions.
Experimenters were not blinded to conditions during data collection or analyses.
Statistical analyses are included in the figure legends. Data are presented as the mean +
SEM. N = number of individual transfections for in vitro experiments and N = number of
animals for in vivo experiments. Statistical analyses were performed using prims 7

Software (GraphPad) using the non-parametric one-tailed Mann-Whitney U test. p value
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< 0.05 was considered significant (*p < 0.05, **p <0.01, ***p <0.001, ****p < 0.0001).

3.3. Results
3.3.1. CRISPR-mediated repression with MS2-HplaKRAB is superior to MS2-KRAB

in vitro

We previously reported “enhanced” CRISPR-based transcriptional repressors in vitro
developed by direct fusion of a set of modulators to catalytically dead Cas9 protein
(MeCP2, MBD2 or HPla)'®. We first devised an experiment to determine which
transcriptional repression domain from our previously published candidates can lead to
efficient transcriptional repression when fused to the MS2 coat protein (referred here to
as MS2) and recruited to the CRISPR complex by gRNA aptamer binding (Fig. 1A)%.
Quantitative real time polymerase chain reaction (QRT-PCR) analysis of a set of target
genes in Human Embryonic Kidney 293 (HEK293FT) cells established that MS2-
HP1aKRAB [heterochromatin protein 1 (HPla)- Krippel associated box (KRAB)]
enabled efficient repression across the genes we tested (Fig. 1B).

To translate these findings in vivo, we set out to utilize nuclease competent
Streptococcus Pyogenes (Sp) -Cas9 transgenic mice as they enable us to eliminate
potential confounding effects associated with delivery of Cas9. Therefore, we devised a
pair of truncated gRNAs that target Cas9 nuclease and MS2-HP1aKRAB to the Myd88
promoter (Fig. 1C). This strategy allows Cas9 nuclease to be repurposed to a nuclease
null protein for transcriptional repression®. We first compared the functionality of the
truncated gRNA compared to the full-length gRNA in Mouse neuroblastoma (N2A) cells

(Fig. 1C). RNA sequencing showed that transcriptional repression using truncated gRNA
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is as efficient and specific as traditional 20nt gRNA-based repression in vitro (Fig. 1D-E).
Moreover, this strategy yielded similar efficiency in repressing the Myd88 locus as when
a dCas9-HplaKRAB fusion protein is used with comparable levels of dCas9 and
HplaKRAB (Extended Data Fig. 1A-B). Next, we set out to examine MS2-HP1aKRAB-
mediated repression of endogenous mouse Myd88 levels in vitro and compared the
efficiency with commonly used KRAB-based transcriptional repression. We used a
previously reported non-targeting mock gRNA as a control®. gRT-PCR for Myd88
demonstrated the in vitro functionality of the gRNAs and superiority of MS2-

HP1aKRAB in repression of endogenous Myd88 (Fig. 1F).

101



Repressor

A e
oy > -
B

domains
SEL1-1 SYN1 XIST NEAT1-1 CXCR4
54
c A
.g 20 A
3 . a=MS2-KRAB-MeCP2
a b=MS2-MeCP2-KRAB-MBD2B
X 1.5 c=MS2-hp1a-KRAB
& . = v ¢ d=MS2-MBD2B-hp1a
g 1.0 = X vy " e=dCas9 only
. . BBk
5 P pt Yaad vy *
x Y s 8
abcde abcde abcde abcde abcde
C Chr9
& I | § . " ]
119.336 Mb 119.340 Mb
Forward strand TSS
I Reverse strand I _-»\ .,'l— i
\g\ée\g\ée
[calc)
Transfection }y
Days0 1 4
L L L
1} L] I
Seeding qPCR
cells analysis
D E
Myd88
16 v e R?=0.9945 .
s P=0.0500
* .
s P=0.0500
-% = oNo Guide o,
22 1.0 @ 14nt Myd88-MS2-HP1a-Krab = ™
= 'g'. o 20nt Myd88-MS2-HP1a-Krab (]
&m
< o5 2 0=
[
0.0 g
Groups e ' [ ] ]
0 5 10 15
14nt
F
20 Myd88
P=00143 o No Guide

I ® Mock-MS2-HP1a-KraB
P=00286  ppMyd8s-MS2-HP1a-KraB

l_‘ m Mock-MS2-KraB

0 Myd88-MS2-KraB

Relative
RNA expression
5

Groups

Figure 3.1. Aptamer-mediated CRISPR repression in vitro. (A) Schematic of
aptamer-mediated recruitment of repressor domains to CRISPR complex. (B) mRNA

expression of targeted genes following aptamer-mediated recruitment of repressor
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domains to CRISPR complex in HEK293FT cells. Fold changes were quantified relative
to dCas9 only control group (N=3 biologically independent samples). (C) Top: Schematic
representation of the gRNA binding sites targeted to the promoter of Myd88; Bottom:
Schematic of experiment design. Mouse neuroblastoma (N2A) cells were transfected
with either 14 nucleotide or 20 nucleotide Myd88 gRNA pairs together with dCas9
plasmid and MS2-HP1aKRAB cassette. Expression levels of Myd88 mRNA were
analyzed using qRT-PCR three days post transfection. (D) Fold changes of mRNA of
Myd88 were quantified relative to the No Guide group (N = 3 biologically independent
samples). The bars represent the mean + S.E.M. (E) Mean expression levels of 24476
protein-coding and 16648 non-coding RNA genes following targeting Myd88 gene are
shown. For visualization purposes, the values were transformed to a log2(TPM+1) scale.
R denotes the Pearson correlation coefficient between two groups (N = 3 biologically
independent samples). The bars represent the mean + S.E.M. (F) gRT-PCR analysis of
Myd88 mRNA expression levels post LPS treatment in N2A cells. Fold changes were
quantified relative to the expression level of cells receiving non-targeting Mock gRNA
(N = 4 biologically independent samples). The bars represent the mean + S.E.M.
Statistical analysis was performed using the non-parametric one-tailed Mann-Whitney U

test. p value < 0.05 was considered significant (*p < 0.05).

3.3.2. CRISPR-mediated repression of Myd88 locus can efficiently be achieved in vivo
by recruitment of MS2-HP1aKRAB to gRNA

To test this repressor in vivo, we pursued delivery through packaging gRNAs and

MS2-repression cassettes within Adeno-Associated Viruses (AAVS). Different AAV

serotypes have been used to deliver CRISPR in vivo. The most common serotype has
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been AAV9, which has high affinity to parenchymal cell populations®®?’. Here, we
employed a hybrid AAV2/1 serotype, which is a recombinant AAV consisting of AAV2
inverted terminal repeats, and AAV1 Rep and Cap genes (here on referred to only as
AAV1 for simplicity). AAV1 has been shown to be effective in transduction of
components of the immune system and non-parenchymal cells such as dendritic and
endothelial cells?®-*, Moreover, AAV1 capsid can induce MyD88 signaling as part of the
pathways of immunity against AAVs in the host®'*2, Our assessment of AAV1 tissue
affinity revealed the highest expression in blood, lung, and bone marrow (Extended Data
Fig. 2). Subsequently, we performed systemic delivery of AAV1/Myd88 gRNA or
control AAV1/Mock gRNA with MS2-HP1aKRAB or MS2-KRAB cassettes to Cas9
nuclease transgenic mice (Fig. 2A). Three weeks after injections, blood, lung, and bone
marrow were harvested and Myd88 expression was assessed by qRT-PCR (Fig. 2B).
Compared to uninjected controls, AAV delivery led to an increase in Myd88 across
different tissues we tested. Treatment with CRISPR to repress endogenous Myd88 with
HP1aKRAB led to a significant reduction in the level of Myd88 in blood (~84%), lung
(~75%), and bone marrow (~63%) as compared to the mock gRNA-treated group, in
agreement with high affinity of AAV1 for these tissues. Administration of the KRAB
domain alone led to a less pronounced repression of Myd88 in lung (~52%), blood
(~59%), and bone marrow (~34%), with slightly higher variation among the animals
tested (Fig.2B).

To assess the potency of repression in rewiring the downstream gene regulatory
network, we evaluated the levels of tumor necrosis factor-o (TNF-a) and intercellular

adhesion molecule-1 (ICAM-1), two signaling elements directly modulated by the
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MyD88 signaling pathway®*%°, Myd88 targeting with MS2-HP1aKRAB led to a

significant reduction in Icam-1 and Tnfa expression across multiple tissues, whereas

targeting with MS2-KRAB did not lead to a similar consistent effect (Fig. 2C-D and

Supplementary information Tablel).
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repressors. (A) Schematic of experiments demonstrating retro-orbital injection of
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analysis of Myd88 expression levels in lung, blood, and bone marrow of Cas9 transgenic
mice 3 weeks post retro-orbital injections of 1E+12 GC of AAV1/Myd88 or
AAV1/Mock vectors carrying MS2- HPla -KRAB or MS2-KRAB (N = 4 mice for
injected groups except for the following: Mock/MS2-KRAB group N=3 mice,
Myd88/MS2-HP1aKRAB in bone marrow N=7 mice, Myd88/MS2-HP1aKRAB in blood
and lung N= 5 mice, and N = 2 mice for not injected group). Fold changes are relative to
universal control. The bars represent the mean + S.E.M. (C and D) Fold-change in the
expression level of Icam-1 (C), and Trfa (D) mRNA relative to the universal control. (N
= 4 mice for injected groups except for the following: Mock/MS2-KRAB group N=3
mice, Myd88/MS2-HP1aKRAB in bone marrow N=7 mice, Myd88/MS2-HP1aKRAB in
lung N=5 mice, and N = 2 mice for not injected group). The bars represent the mean +
S.E.M. (E) Volcano plot showing significance versus expression of differentially
expressed genes between bone marrow samples collected from mice treated with Myd88-
Ms2-HP1aKRAB versus Myd88-MS2-KRAB. Points above the dotted line represent
genes significantly (adj. p-value <0.05) up and down regulated. Highly downregulated
genes in the presence of MS2-HP1aKRAB are a family of immunoglobulin heavy and
light chains (N=2 mice). Statistical analysis was performed using the two-tailed t test and
Benjamini-Hochberg multiple comparisons adjustment. Universal control is a blood
sample collected from an uninjected Cas9 transgenic mouse. Statistical analysis for panel
A-E was performed using the non-parametric one-tailed Mann-Whitney U test. A p value
< 0.05 was considered significant (*p < 0.05, **p <0.01).

To perform a systematic assessment of the repression efficiency of MS2- HP1laKRAB
system as compared to MS2-KRAB, we performed next generation RNA sequencing on
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the bone marrow of mice treated with these constructs. MS2-HP1aKRAB-treated mice
expressed lower Myd88 levels compared to MS2-KRAB-treated ones (Extended Data Fig.
3A), which was accompanied with changes in downstream signaling pathways such as
[115. Of note, GO Enrichment analysis revealed that Myd88-MS2-HP1laKRAB-treated
mice had significant downregulation of signaling pathways implicated in the immune and
defense response against foreign organisms and bacteria, which are pathways associated
with MyD88 function (Extended Data Fig. 3B). Similarly, the Reactome database
revealed the TLR pathway as one of the highly significant downregulated pathways in the
presence of MS2-HP1aKRAB (Extended Data Fig. 3C). This evidence suggests that
modulation of Myd88 and its downstream immune pathways is most effective with the
MS2- HP1a KRAB repressor in vivo.

Interestingly, volcano plotting of differentially expressed genes revealed the constant
region of heavy chain of immunoglobulin G1 and G2 (Ighgl and Ighg2b) and other
immunoglobulin-related heavy and light chain genes as most downregulated with HP1a
KRAB relative to KRAB (Fig. 2E). This is interesting finding in light of the mouse
genetic background (C57BL/6), which has been shown to produce high level of IgGs®.
3.3.3. CRISPR-mediated repression of Myd88 leads to modulation of humoral response

against AAV-mediated gene therapy and the efficacy of its function

Prior studies demonstrate that viral DNA stimulates TLR (i.e. TLR9), which in turn
activates MyD88 and initiates downstream signaling events leading to adaptive immunity
and antibody production against AAVs®1®. In light of prior evidence and the observed
repression of the immunoglobulin pathway, we asked whether there was a decrease in the

AAV-specific humoral response following treatment with AAV1 carrying Myd88-
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targeting gRNAs and MS2-HP1aKRAB cassettes (here on referred to as AAV1/Myd88
for simplicity) as compared to control viruses carrying mock gRNAs (AAV1/Mock).
Three weeks after injection, we measured immunoglobulin G (IgG) response against the
AAV1 capsid. We detected a 50% decrease in plasma 1gG2a levels against AAV1 in
AAV1/Myd88 group compared to AAV1/Mock-treated animals. (Fig. 3A).

Antibody formation against the AAV capsid is an important barrier to re-
administration of AAV-based gene therapies, often leading to rapid clearance of the virus
and other deleterious effects related to destruction of the virus or transduced cells by
immune system. To further probe the prophylactic effect of Myd88 repression on
modulating humoral immunity upon AAV1 re-administration, we asked whether pre-
treatment with AAV1/Myd88 can influence 1gG level against AAV1 upon re-
administration of AAV1/Mock. Analysis of 1gG1 and IgG2A in the plasma demonstrated
lower levels after initial Myd88 repression, hinting to the potential of this strategy in
modulating humoral response to AAV1 re-administration (Fig. 3B and Extended Data Fig.
4A-B).

To examine the extensibility of this strategy to modulate response against other AAV
serotypes, we pre-treated mice with AAV1/Myd88 or AAV1/Mock and, 7 days later,
systemically injected them with AAV9 that carried a LacZ or Staphylococcus aureus
Cas9 (Sa-Cas9) cassette. In both instances, analysis of total IgG levels against AAV9
demonstrated that Myd88 repression led to a lower antibody response against AAV9.
Moreover, this was accompanied by significantly lower antibodies against Sa-Cas9 and
higher transcript levels of LacZ in the blood (Fig. 3C-D). These data demonstrate that
modulation of immunoglobulin production through Myd88 repression can influence the

108



humoral response against more than one AAV serotype and its cargo. Higher LacZ
expression in blood in this context hints to potentially higher efficiency of the gene

therapy using this approach.
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Figure 3.3. Prophylactic administration of AAV1/MyD88 in vivo leads to modulation
of humoral immunity against AAV. (A) Top: Schematic of experiments demonstrating
involving retro-orbital injection of AAV-Myd88 or Mock repressors to Cas9 nuclease
transgenic mice; Bottom: Analysis of anti-AAV1 IgG2A antibody measured by ELISA.
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Relative optical density (OD) values are quantified relative to the AAV1/Mock group
(N=8 mice). (B) Top: Schematic of experiments demonstrating Cas9 transgenic mice
treated with AAV1/Myd88 or AAV1/Mock at day 1, followed by a second administration
of AAV1/Mock on day 21; Bottom: Anti-AAV1 IgG1 and total 1gG antibody measured
by ELISA at different time points. Relative optical density values are quantified relative
to a value of AAV1/Mock+AAV1/Mock group (N=4 mice). (C) Top: Schematic of
experiments demonstrating Cas9 transgenic mice treated with AAV1/Myd88 or
AAV1/Mock at day 1, followed by a second administration of AAV9/SaCas9 on day 21,
Bottom: Analysis of Anti-AAV9 IgG and Anti Sa-Cas9 levels in mice sera. Relative
optical density values are quantified relative to the AAV1/Mock+AAV9/SaCas9 group
(N=4 mice). (D) Top: Schematic of experiments demonstrating Cas9 transgenic mice
treated with AAV1/Myd88 or AAV1/Mock at day 1, followed by a second administration
of AAV9/LacZ on day 21; Bottom: Analysis of Anti-AAV9 IgG in mice sera and LacZ
MRNA levels in blood. Relative optical density values are quantified relative to the
AAV1/Mock+AAV9/LacZ group (N=4 mice). (E) Top: Schematic of the experiment.
Cas9 nuclease transgenic mice were treated with AAV1-Myd88 or AAV1-Mock vectors
via retro-orbital injection followed by a second and third injection of AAV9-Pcsk9
vectors on day 7 and 21. The legend represents the summary of the treatment groups. (F)
Analysis of anti-AAV9 IgG and total 1gG antibody measured by ELISA. Relative optical
density values are quantified relative to the AAV1/Mock+AAV9/PCSK9+AAV9I/PCSK9
group (N=4 mice). (G and H) Plasma samples collected from treated animals were
assayed for (G) PCSK9 and (H) Cholesterol at days 0, 7, 21, and 30 (N=4 mice). Panel
A-H data are expressed as mean + S.E.M. (Mock= Mock-HP1aKRAB, Myd88= Myd88-
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HP1aKRAB, PCSK9= PCSK9-HP1aKRAB). Statistical analyses were performed using
the non-parametric one-tailed Mann-Whitney U test. A p value < 0.05 was considered
significant (*p < 0.05, and ****p <(0.0001).

To further explore this notion in the context of CRISPR therapies, we pre-treated the
mice with AAV1/Myd88 or AAV1/Mock and then subjected them to two rounds of
AAV9-based gene therapies 7 and 14 days apart (Fig. 3E). In this case, AAV9 carries a
cassette for CRISPR-mediated repression of Proprotein convertase subtilisin/kexin type
9 (PCSKY9), similar to the strategy we employed for Myd88 repression. PCSK9 is
an enzyme encoded by the PCSK9 gene. This enzyme binds to the low-density
lipoprotein (LDL) receptor at the surface of hepatocytes and initiates ingestion of the
LDL receptor. Therefore, when PCSK9 is blocked or repressed, more LDL receptors are
present to remove LDL from blood which, lowers blood LDL-cholesterol levels. This
enzyme has been the target of previous in vivo CRISPR applications®’-°.

Our data show that the AAV1/Myd88 pre-treated group has decreased Myd88
expression (Extended Data Fig. 4C-D) as well as lower 1gG1 and total IgG levels against
AAV9 compared to the control (Fig. 3F). This observation was accompanied by better
PCSKO repression and lower plasma cholesterol levels, suggesting increased efficiency
of the gene therapies (Fig. 3G-H). Altogether, these data present an exciting opportunity
to modulate humoral immunity against AAV, possibly through prophylactic repression of
Myd88 with a tool inherently suited to perform both gene editing and epigenetic

modulation (nuclease competent CRISPR).
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Figure 3.4. Long-term efficacy of AAV/Myd88 repression in vivo. (A) gRT-PCR
analysis of in vivo Myd88 expression level in lung, blood, and bone marrow of Cas9
transgenic mice five months post retro-orbital injections of 1E+12 GC of AAV/Myd88 or
AAV/Mock vectors (N = 4 mice). The bars represent the mean + S.E.M. (B) Assessing
the expression of a panel of general health markers in plasma samples collected from
mice. About 5 months after AAV delivery, plasma samples were collected form mice and
the concentration of ALT, Lipase, Albumin, BUN, and LDH were assessed in different
groups. The bars represent the mean + S.E.M. (C) Body weight measurements of mice
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injected with 1E+12 GC of AAV/Myd88 or AAV/Mock vectors carrying MS2-HP1a-
KRAB showing similar growth condition (N = 4 mice). The bars represent the mean *
S.E.M. (Mock= Mock-HPla-KRAB, Myd88= Myd88-HPla-KRAB). Fold change
expression levels were quantified relative to the universal control. Universal control is a
blood sample collected from an unjected mouse. Statistical analysis was performed using
the non-parametric one-tailed Mann-Whitney U test. A p value < 0.05 was considered
significant (*P < 0.05).

3.3.4. CRISPR mediated Myd88 repression does not create visible adverse effect in long

term.

Next, we probed the long-term efficacy of AAV1/Myd88 repression in vivo to further
assess its durability and possible negative consequences. Analysis of Myd88 transcripts in
lung, blood, and bone marrow twenty-three weeks after injection showed Myd88
repression in the AAV1/Myd88 group (Fig. 4A). To assess possible negative
consequences of long-term reduction of MyD88 level, we analyzed some key indicators
of major internal organ functions including Blood Urea Nitrogen (BUN) for Kidney,
Alanine Transaminase (ALT) and Albumin for liver, Lipase for pancreas, and Lactic
Acid Dehydrogenase (LDH) as a marker of tissue damage. None of these markers were
significantly different than mock-treated groups (Fig. 4B). Moreover, tracking the weight
of the mice suggested that there were not any detectable deleterious effects on the general

health and well-being as all animals demonstrated comparable weights (Fig. 4C).
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3.3.5. CRISPR mediated Myd88 repression in vivo can act as a prophylactic measure
against septicemia in Cas9 transgenic and C57BL/6 mice

We then asked whether this strategy could act as a prophylactic modality during
septicemia, when there is an augmented systemic immune response. Septicemia is a
pressing medical issue due to the emergence of antibiotic-resistance and rising longevity
of patients suffering from chronic diseases®®. Moreover, high mortality rates due to
septicemia still remain a medical challenge following trauma in the battlefield,
highlighting the need for novel prevention strategies®!.

We pre-treated Cas9 mice with AAV1/Myd88 or AAV1/Mock and three weeks later
subjected them to systemic lipopolysaccharides (LPS) (from Escherichia coli 0127:B8)
treatment. Six hours following LPS, we harvested lung, blood, and bone marrow and
assessed the transcript levels of Myd88 and major inflammatory cytokines (Fig. 5A). We
observed significant repression of Myd88 in lung (61%), blood (80%), and bone marrow
(76%) compared to AAV1/Mock-treated mice (Fig. 5B). In response to LPS, plasma
lactate level, a systemic marker associated with septicemia and tissue damage®?, was
significantly lower when mice were pre-treated with the AAV1/Myd88 repression
cassette before LPS exposure, indicating a reduced systemic injury (Fig. 5C).
Additionally, Myd88 repression prevented upregulation of a wide range of inflammatory
and immune-related cytokines that are directly or indirectly downstream of Myd88
signaling such as lcam-1, Tnfa, Ncf, 1l6, Ifn-a ,Ifn-g, Ifn-y, and Stat4 (Fig. 5D and
Extended Data Fig. 5-6). Analysis of plasma and lung cytokine levels using a quantitative
ELISA-based chemiluminescent assay revealed lower level of cytokines in Myd88-

repressed mice (Fig. 5E).
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which is N=5 mice, and N = 2 mice for Not Injected group). The bars represent the mean
+ S.E.M. (C) Circulating L-lactate in plasma samples collected from mice 6 hours post
LPS injection (N=3 mice). The bars represent the mean + S.E.M. (D) gRT-PCR analysis
of Icam-1, and Tnfo mRNA expression in lung, blood, and bone marrow quantified
relative to the universal control following LPS injection (N = 6 mice for injected groups,
except Bone Marrow of Myd88 group which is N=5 mice ,and N = 2 mice for Not
Injected group). The bars represent the mean + S.E.M. (E) Measurement of a panel of
inflammatory cytokines in lung and plasma using multiplex-ELISA assay; values are
displayed in the heatmaps as log base 10 of the measured concentration (N=3 mice).
Statistical analysis was performed using the non-parametric one-tailed Mann-Whitney U
test. A p value < 0.05 was considered significant (*p < 0.05, **p < 0.01).

To explore whether we can achieve similar outcomes by simultaneous delivery of
Cas9 and gRNA-MS2-HplaKRAB cassettes to wild-type animals, we examined a dual
AAV1 system in which a second virus carries a Sp-Cas9 nuclease cassette (Fig.6A). This
strategy was capable of decreasing Myd88 transcripts in C57BL/6 mice, both in the
presence and absence of septicemia, leading to phenotypically relevant response similar

to what we observed in Cas9 transgenic animals (Fig. 6B-D and Extended Data Fig. 7).
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Figure 3.6. Developing protection following LPS-mediated septicemia using a dual
AAV CRISPR/Cas9 strategy with AAV1/Cas9 and AAV1 carrying gRNA-MS2-
HP1aKRAB. (A) Schematic of the experiments. C57BL/6 mice received total 2E+12 GC
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approx. 3 weeks later they were treated i.p. with LPS (5mg/kg). 6 hours post LPS
injection mice were sacrificed. (B) gRT-PCR for Myd88 expression was performed on
blood, bone marrow, and lung samples collected from mice (N=4 mice for all groups
expect for blood of Mock treated group which is N=3 mice). The bars represent the mean
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+ S.E.M. (C) Six hours post LPS injection plasma samples were collected form mice and
the concentration of L-Lactate was assessed in different groups (N=3). The bars represent
the mean + S.E.M. (D) qRT-PCR analysis of Icam-1, Tnfa, Ncf, 116, and 77/ mRNA
expression in blood, bone marrow, and lung. Fold change expression levels were
quantified relative to the universal control (N = 4 mice). The bars represent the mean +
S.E.M. (Mock= Mock-HP1aKRAB, Myd88= Myd88-HP1aKRAB). Universal control is
a blood sample collected from an uninjected Cas9 transgenic mouse. Statistical analysis
was performed using the non-parametric one-tailed Mann-Whitney U test. A p value <
0.05 was considered significant (*p < 0.05).
3.3.6. Nanoparticle mediated delivery of Myd88 targeting CRISPR super-repressors
after exposure to LPS can serve as a therapeutic modality against septicemia

To examine the therapeutic potential of this approach after exposure to LPS, we
sought to deliver CRISPR plasmids to C57BL/6 though a nanoparticle-based approach, as
they enable faster and more feasible delivery for CRISPR-based gene modulation as
compared to the AAV-based system. Given the significance of liver damage after intra-
peritoneal LPS exposure and the notion that majority of the nanoparticles delivered
systematically accumulate in the liver and lungs, we focused on studying the liver. We
first examined whether AAV1/Myd88 can repress Myd88 expression in liver. Having
difficulty repressing Myd88 in the liver with our current pair of gRNAs, we designed
another pair targeting a different region of the Myd88 promoter. The new gRNAs led to
Myd88 repression in the liver upon AAV mediated delivery to Cas9 transgenic mice. This
was also observed following LPS injury (Extended Data Fig. 8A-B). Next, we set out to
examine the therapeutic effect of this system in C57BL/6 mice 2 hours post exposure to
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LPS. We injected the mice with nanoparticles carrying Cas9, gRNAs, and MS2-
HP1aKRAB cassettes and examined the systemic inflammatory response against LPS
(Fig 7A). 72 hours post CRISPR delivery, blood, lung, liver, and bone marrow were
harvested and Myd88 expression was assessed by gRT-PCR. Treatment led to a reduction
in the levels of Myd88 in the blood, lung, bone marrow, and liver as compared to the
Mock treated group (Fig. 7B). This Myd88 repression prevented upregulation of a wide
range of inflammatory markers followed by LPS exposure (Fig. 7C). Analysis of plasma
markers of tissue damage of the liver showed that we could modulate the detrimental
effects of LPS injection (Fig. 7D). In particular, high density lipoproteins (HDL) have
been shown to increase following LPS treatment to eliminate systemic LPS in order to
protect tissues from damage*® and has been associated with MyD88 signaling*. In
accordance with this, we found Myd88 repression decreased HDL, low density
lipoproteins (LDL), and cholesterol as compared to Mock-treated groups. In addition,
Myd88 repression decreased ALT and Aspartate Aminotransferase (AST), two markers
of hepatocyte damage, which further suggests that this approach can be effective

therapeutically (Fig. 7D).
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Figure 3.7. Therapeutic delivery of nanoparticles carrying DNA encoding Myd88-
targeting CRISPR confers protection against LPS-mediated septicemia. (A) Schematic of
the experiment. C57BL/6 mice were treated i.p. with LPS(2.5mg/kg). 2 hours later, mice
received Cas9 and Myd88 or Mock vectors via retro-orbital injection using nanoparticles.
72 hours post retro-orbital injection mice were sacrificed. (B-C) Lung, blood, and bone
marrow samples were collected from mice. The expression levels of Myd88 and a panel
of immune-related genes were assessed by gRT-PCR. (B) gRT-PCR analysis of Myd88
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repression following LPS injection and CRISPR-mediated therapy. (N=10 mice). The
bars represent the mean + S.E.M. (C) gRT-PCR analysis of Icam-1, Tnfa, Ncf, 116, and
1118 mRNA expression in different tissues. Fold changes were quantified relative to the
universal control. (N=10 mice). The bars represent the mean + S.E.M. (D) Plasma
concentration of Cholesterol (N = 11 mice for Cas9+Mock+LPS, N = 9 mice for
Cas9+Myd88+LPS), plasma concentration of HDL (N = 11 mice for Cas9+Mock+LPS,
N = 8 mice for Cas9+Myd88+LPS), plasma concentration of LDL (N = 10 mice for
Cas9+Mock+LPS, N = 8 mice for Cas9+Myd88+LPS), plasma concentration of ALT (N
= 7 mice for Cas9+Mock+LPS, N = 4 mice for Cas9+Myd88+LPS), and plasma
concentration of AST (N = 8 mice for Cas9+Mock+LPS, N = 5 mice for
Cas9+Myd88+LPS). The bars represent the mean + S.E.M. (Mock=Mock-HP1aKRAB,
Myd88= Myd88-HP1aKRAB). Universal control is a blood sample collected from an
uninjected Cas9 transgenic mouse. Statistical analysis was performed using the non-
parametric one-tailed Mann-Whitney U test. A p value < 0.05 was considered significant
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).

3.4. Discussion

In summary, we provide a potent transcriptional therapeutic modality for synthetic
control of immune response in vivo using a newly developed CRISPR-based
transcriptional super-repressor against endogenous Myd88. We show that this system is
effective in modulating downstream immune signaling and can create a visible protective
phenotype in vivo. This notion is especially attractive in the case of delivery using a less
common AAV serotype (AAV2/1) known to target smaller cellular populations in vivo
(e.g. non-parenchymal cells).
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We demonstrate that targeting the Myd88 locus with AAV1/CRISPR generates less
immunoglobulin against AAV1 and AAV9 and modulates general immunoglobulin
expression patterns, consistent with prior reports on the failure of generation of an
antigen-specific 1gG2a response in MyD88-/- animals®*. The ability to control Myd88
transcript levels using a CRISPR-based synthetic repressor is of significance in light of
the common challenges involved with AAV-based clinical gene therapies, as this
pathway has been shown to be a key node in induction of humoral immunity against
many AAV serotypes and not just AAV2/1 in vivo. Moreover, we argue that this method
can be a powerful tool to dissect biological questions at the level of Myd88 transcription.
Here, we demonstrate that a prophylactic regime that represses Myd88 can be used to
increase efficiency of subsequent viral-based gene delivery by preventing a surge in
humoral response.

This strategy was also effective in modulating the systemic inflammatory response
against (LPS)-induced endotoxemia both prophylactically and therapeutically. CRISPR-
mediated endogenous repression of Myd88 prevented upregulation of a wide range of
inflammatory markers and conferred a protective phenotype. Further studies are needed
to address the extensibility of CRISPR super repressors to other endogenous genes of the
immune system and to define target tissues and cellular players, as well as to characterize
the applicability to other infectious diseases. However, the ability to modulate host
immune response using this strategy is a promising step towards generating a universal
yet targeted tool to prevent exaggerated inflammatory response and severe tissue damage

in the context of emerging infectious diseases.
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HP1a protein is composed of a chromodomain (CD), which confers specific binding
to methylated H3 lysine 9 and a chromoshadow domain (CSD), and can directly interact
with H3K9-specific histone methylases, including SetDB1 and Suv39h1/24647. In this
study to minimize the potential nonspecific effects of ectopic HP1a expression, we used a
truncated form of HP1a containing only the CSD. Several questions remain about how
and if this truncated version still leads to the spread of chromatin repression marks
beyond the targeted loci. While HP1 proteins can dimerize via the CSD, such
homodimerization alone appears insufficient to explain the ability of these proteins to
spread along chromatin*®-°, Further analysis is needed to look at the genome wide effects
of using truncated HP1a protein.

Taken together, we demonstrate the promise of CRISPR-based transcriptional
regulation as a readily programmable tool for modulating inflammatory conditions and
protecting against an infectious condition. Employment of a nuclease competent Cas9
and a truncated gRNA in this study opens up an opportunity for simultaneous application
of CRISPR for targeted gene editing while modulating the immune response, which
makes CRISPR-mediated gene repression superior to other systems such as shRNA-
mediated repression.
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CHAPTER 4
ESTABLISHING TEMPORAL CONTROL OVER CRISPR-BASED TECHNIQUES

FOR SAFER GENE THERAPY APPROACHES

4.1. Introduction

The potential of CRISPR for in vivo gene editing is being unraveled in many recent
publications. For human use, the safety of CRISPR and gene therapy vehicles must be
carefully addressed. While much CRISPR research has focused on site-specific genome
editing/disruption in vitro and in vivo, only a fraction of studies has focused on
application of catalytically inactive Cas9 proteins for transcriptional modulation. For
many clinical applications, transient transcriptional repression of a gene can provide a
safer alternative to permanent gene disruption, which may alter germline DNA or create
unintended genome mutations. Efforts to improve regulatory control over CRISPR, such
as engineering spatiotemporally controlled CRISPR, have been very limited. Here we
demonstrate developing and testing CRISPR logic circuits that carry internal safety
regulatory controls AAV viruses reside in cells for long time, or even integrate in genome.
Incorporation of a safety genetic switch to modulate CRISPR and AAV virus titer after
therapy will be important for human translation. Also, by reducing the duration of
CRISPR expression from viral vector, the genetic safety switches can reduce the CRISPR
off-target effect in the genome. For safe clinical translation, it is essential to expand
CRISPR toolkits to fine-tune gene therapies should an adverse reaction happens.

Therefore, we next set out to address this notion by harnessing CRISPR multi-
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functionality to develop control switches that can regulate both the function of CRISPR

and the dosage of delivered carrier viruses.

4.2. Materials and methods

4.2.1. Vector Design and Construction

MS2 Fusion constructs: The MS2 fused transcriptional activator plasmid was
purchased from addgene (Addgene plasmid ID: 61423). The MS2-P65-HSF1-GFP was
amplified from this vector and sub-cloned into a gateway entry vector for further cloning
into AAV backbone.

U6-gRNA-MS2 plasmids: To generate these plasmids, 14bp or 20bp guide sequences
were inserted into SgRNA-MS2 cloning backbone (Addgene plasmid ID: 61424) at Bbsl
site via golden gate-based reaction. All the gRNA sequences are listed in the table 1 in

supplementary note.

4.2.2. AAV vectors

Following cloning of the gRNAs into a U6-sgRNA-MS2 backbone, the U6-gRNA
encoding region was amplified from this vector and inserted within gateway entry vectors
using golden gate reaction. Using the same method, the activator domain and a short
EFla promoter were cloned into gateway entry vectors. The designed safety switch
SgRNA sequence was synthesized as gBlocks (Integrated DNA Technologies) and
inserted into a gateway entry vector (Addgene plasmid I1D: 62084) digested with HindllI

and Sphl. Further sub-cloning of all these components into AAV backbone via LR
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reaction (Invitrogen) generated final AAV vectors. All the primer sequences are listed in

table 2 in supplementary note.

4.2.3. AAV packaging and purification

Constructed AAV vectors were digested by Smal digest to test the integrity of ITR
regions before virus production. Verified AAV vectors were used to generate AAV2/DJ-
TTN, AAV2/DJ-Cas9, and AAV2/1-Cas9 by PackGene® Biotech, LLC. The virus titers
were quantified via Real-time SYBR Green PCR at 1.5E+13 GC/ml against standard

curves using linearized parental AAV vectors.

4.2.4. Cell culture

HEK293FT, and Neuro-2a, cell lines (purchased from ATCC) were maintained in
Dulbecco’s modified Eagle’s medium (DMEM - Life Technologies) with 10% fetal
bovine serum (FBS - Life Technologies), 2mM glutamine, 1.0 mM sodium pyruvate
(Life Technologies) and 1% streptomycin— penicillin mix (Gibco) in incubators at 37 °C

and 5% COa.

4.2.5. Transfection of in vitro cultured cells

For control switch experiments targeting human genes HEK293FT cells were co-
transfected with plasmid DNA encoding gRNA circuits (400 ng), Cas9 nuclease (100 ng),
and EBFP as a transfection control (25 ng). For the control switch experiment targeting
GFP expression to validate the safety gRNA function, HEK293FT cells were co-

transfected with plasmid DNA encoding gRNA circuits (250 ng), Cas9 nuclease (25 ng),
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and EBFP as a transfection control (50 ng). Polyethylenimine (PEI) (Polysciences) was
used to transfect HEK293FT cells. Transfection complexes were prepared according to
manufacturer’s instructions.

For control switch experiments targeting mouse genes, Neuro-2a cells were co-
transfected with plasmids encoding gRNA circuits (400 ng), Cas9 nuclease (100 ng), and
EBFP as a transfection control (25 ng). Plasmids were delivered to Neuro-2a cells with
Lipofectamine LTX (Life Technologies). Two hours post-transfection, cells were treated
with tetracycline 50uM (Sigma). Cells were collected 48-72 hours post-transfection and
total RNA was collected from cells using RNAeasy Plus mini kit (Qiagen) following

manufacturer’s instruction.
4.2.6. Quantitative RT-PCR (gRT-PCR) Analysis

Cells or tissues were lysed, and RNA was extracted using RNeasy Plus mini Kit
(Qiagen) or trizol (Life Technologies) followed by cDNA synthesis using the High-
Capacity RNA-to-cDNA Kit (Thermo Fisher) or iScript cDNA synthesis kit (Bio-Rad).
gRT-PCR was performed using SYBR Green PCR Master Mix (Thermo Fisher). All
analyses were normalized to 18s rRNA and fold-changes were calculated against Cas9

only control groups for in vitro transfection experiments and AAV-GFP group for in vitro

—AACt
transduction or in vivo experiments (2 ). Primer sequences for qPCR are listed in

table 2 in supplementary notes.
4.2.7. DNA isolation and real-time PCR for AAV genomic copies in tissues

DNA isolation from tissues was performed using DNeasy blood and tissue kit
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(Qiagen) according to the manufacturer’s protocol. qPCR reactions consist of 100 ng
template DNA from each sample and primers and probes for viral inverted terminal
repeats (ITRs) using Probe Based gPCR Master Mix (IDT) according to the

manufacturer's protocol. Data was normalized to mouse Acvr2b control gene.

4.2.8. Fluorescent Reporter Assay

HEK293T cells were transfected with the built-in safety circuit along with a Cas9
expression cassette. 48 hours after transfection, cells were assayed by flow cytometry to
measure GFP signal. Cells were trypsinized with trypsin (Gibco) and then inactivated
using Hanks Balanced Salt Solution (HBSS-/-; Corning Life Sciences) supplemented
with 10% FBS. Next, cells were transferred to a 96- well plate and pelleted at 300g for 2
min at 4 °C. Cells were resuspended in 200 pL of phosphate-buffered saline (PBS;
Corning Life Sciences) with 10% FBS after aspiration of the supernatant. 7-AAD (7-
amino-actinomycin D) conjugated with PerCP was used for the exclusion of nonviable
cells in analysis. We selected live cells (PerCP negative population) expressing blue
fluorescence>2x102 A.U as our transfection marker to exclude the un-transfected cells
from the analysis and quantified the percentage of cells expressing GFP>10% A.U. Flow
cytometry was performed using a FACSCelesta flow cytometer (Becton Dickson) with
HTS. EBFP was measured with violet laser (405 nm) and a 450/50 filter; GFP, measured
with a 488-nm laser and a 530/30 filter. We gathered at least 300,000 flow cytometer

events per sample.
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4.2.9. Animals

All the experiments with animals were approved by the Institutional Animal Care and
Use Committee (IACUC) at Arizona State University and have been performed
according to institutional guidelines. All the experiments were performed on at least 3
mice of 6-8 weeks old per group. Both male and female were included in experiments.
The sample size in each group is indicated in each figure legend.

Male C57BL/6 mice (JAX Stock number: 000664) were used for studying AAV2/1-
GFP, tropism towards different organs and AAV-CRISPR control switch experiments.
Both male and female Rosa26-Cas9 knockin mice (JAX Stock number 026179) were

used for AAV-CRISPR repression experiments.

4.2.10. Retro-Orbital injections

AAYV particles were delivered to mice through retro-orbital injection of the venous
sinus. Animals were anesthetized with 3% isoflurane and virus particles were injected to
the left eye with 100 microliters of AAV solution (1E11 to 1E12 genome copy per mouse

for a total of 1.01E+12 GC AAV-TTN and AAV-Cas9 (100:1 ratio).

4.2.11. Tissue harvest

Mice were euthanized via CO; inhalation. Tissue samples taken from liver, spleen,
lung, testis, bone marrow and blood were collected in RLT (Life Technologies) or snap

frozen for RNA analysis.
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4.2.12. In vivo tetracycline delivery

Mice were given intraperitoneal (i.p.) injection of tetracycline (Sigma) at a
concentration of 20 mg/kg three consecutive days prior to the harvest. Mice were

euthanized 24 hours post the last tetracycline injection via CO; inhalation.

4.2.13. Statistical analysis

Statistical analyses are included in the figure legends. Data are presented as the mean
+ SEM or mean = SD. N = number of individual transfections for in vitro experiments
and N = number of animals for in vivo experiments. Statistical analyses were performed
using prims 7 Software (GraphPad). We performed One-tailed Student’s t-test. P < 0.05

was considered significant and represented as * (p < 0.05), ** (p < 0.01), *** (p < 0.001).

4.3. Results

For safe clinical translation, it is essential to expand CRISPR toolkits to fine-tune
gene therapies should an adverse reaction happens. Therefore, we next set out to address
this notion by harnessing CRISPR multi-functionality to develop control switches that
can regulate both the function of CRISPR and the dosage of delivered carrier viruses.

We focused on generating CRISPR genetic control switches with a size suitable for
the limited payload capacity of one or two AAV viruses. Our previously reported
multifunctional CRISPR-Cas9 with the ability of switching between nuclease—dependent
and -independent functions through gRNA engineering enables us to perform
simultaneous genetic and epigenetic modulations. Based on this notion, we engineered

an inducible safety gRNA by incorporating a previously reported tetracycline responsive
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riboswitches within a full length (20nt) gRNA, which renders the inactive gRNA to an
active form in the presence of the tetracycline?. Subsequently, we designed a genetic
circuit within one AAV transfer vector containing three transcription units: 1) A “worker”
gRNA, defined as a truncated gRNA responsible for transcriptional modulation of a
desired endogenous genes through recruitment of Cas9 nuclease and an MS2-effector
complex, 2) a full length “safety” gRNA, carrying a tetracycline responsive aptamer,
which is also orthogonal to mouse genome, 3) and an MS2-activator complex (MS2-

HSF1-P65-GFP)? (Figure 4.1-A).
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Figure 4.1. Build and test Multifunctional CRISPR-based control switches (A)

Schematic illustrates the design of CRISPR-based control switch. Cas9 nuclease acts as a

transcriptional activator through recruitment of the worker (14nt) gRNA and an activator

complex to the desired endogenous locus. Cas9 retains its nuclease activity when binds
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the safety (20nt) gRNA which targets orthogonal sites located within the AAV vector.
Safety gRNA is activated upon receiving tetracycline. (B) Data shows GFP expression as
a surrogate for the integrity of the AAV vector 24 hours after transfection of HEK293FT
cells. Fold changes were calculated relative to the GFP expression level of cells cultured
in the absence of tetracycline. (N = 3 biologically independent samples). (C and D)
Validation of control switch in vitro though gqRT-PCR measurement of Ttn mRNA level
in Neuro 2A (C) and CYP3A4 mRNA level in HEK293FT (D) upon addition of
tetracycline (Tet). Cells were transfected with AAV-Cyp3a4 or AAV-TTN vector along
with AAV-Cas9 vector. Levels of targeted gene activation were quantified by qgPCR 72
hours post-transfection. Fold changes were quantified relative to Cas9 only control group.
(N = 3 independent transfections). (E) Schematic of Co-administration of AAV-TTN and
AAV-Cas9 to mice via retro-orbital injection. (F) gRT-PCR analysis of TTN mRNA in
spleen samples after AAV-TTN and AAV-Cas9 co-injections. Gene expression fold
changes were quantified relative to AAV-GFP control mice treated with tetracycline (N =
7 for AAV-TTN groups and N = 6 for AAV-GFP groups) **P <0.01 indicates statistical

significance measured by Students’ t-test. Tet = tetracycline.

Building upon our previously published CRISPR responsive promoters*, we designed
the AAV transfer vector to contain minimum seven safety gRNA target sites in locations
that do not interfere with expression of transgenes from AAV. More precisely, we
inserted two safety gRNA target sites upstream and downstream of TATA box in U6
prompter driving working gRNAUG6 promoter, four target sites within the promoter
region of the activation domains and one immediately upstream of the Poly (A) (Figure

4.2-A).
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Figure 4.2. Validation of CRISPR control switch in vivo. (A) Schematic
representation of the AAV transfer vector encoding all-in-one CRISPR based control
switch. (B) Data shows mean = SD of geometric mean of GFP expression 48 hours after
transfection of HEK293FT cells. Percentage of high GFP expressing cells was assessed

by flow cytometry in cells expressing>2x102 A.U of a transfection marker. (N = 3
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biologically independent samples). (C) qRT-PCR analysis of Ttn mRNA level in testes 3
weeks post co-administration of AAV-TTN and AAV-Cas9 to C57BL/6 mice. Fold
changes were quantified relative to AAV-GFP control with tetracycline treatment (N = 5-
7) *P <0.05. (D and E) gPCR analysis of AAV genome copy number in spleen (D) and
testes (E) in mice receiving AAV-TTN and AAV-Cas9 with and without tetracycline
treatment. AAV genomic copies per mouse diploid genome were calculated against
standard curves for both viral inverted terminal repeats (ITRs) and the mouse Acvr2b

sequence (N = 4-7). Tet = tetracycline.

To determine whether the safety gRNA is responsive to tetracycline, we first co-
delivered the circuit into HEK293 cells together with Cas9 expression cassette. We
cultured the cells in the presence and absence of different tetracycline concentrations and
performed qRT-PCR and flow cytometry to measure GFP expression, as a surrogate for
the integrity of the AAV vector. As demonstrated in Figure 4.1-B and Figure 4.2-B, we
observed a stepwise reduction in GFP expressing cells following the addition of
tetracycline both by gPCR and flow cytometry, which hint to the activation of the safety
20nt gRNA and disruption of the circuit after addition of Tetracycline. To further
evaluate the function of entire control switch in vitro, we designed “worker” gRNA to
target titin (Ttn) promoter, which encodes one of the largest proteins in mouse and human
with crucial functional and structural roles in muscles and similar tissues. We transfected
mouse Neuroblastoma cell line (Neuro-2A cells) with Cas9 expression cassette as well as
an AAV transfer vector containing 14nt “worker” gRNA targeting Ttn, 20nt “safety”
gRNA and MS2-activator (MS2-HSF1-P65) cassette and examined the circuit function

72 hours later (Figure 4.1-C). Our data demonstrate activation of Ttn, and near complete
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turn-off of the Ttn expression upon addition of tetracycline. Next, we extended our
approach to human HEK 293FT cell line targeting endogenous CYP3A4 (a key member
of the cytochrome P450 family of metabolizing enzymes). We showed around 600-fold
activation using 14nt gRNA and Cas9 nuclease competent protein. We could dramatically
reduce such expression via activation of a 20nt safety gRNA subsequent to addition of
tetracycline (Figure 4.1-D). Having demonstrated the efficient functionality of this safety
switch in vitro, we tested the functionality of this engineered system in vivo. We
packaged the engineered genetic circuit in AAVDJ capsid, a synthetic AAV serotype,
able to efficiently transduce a broad range of cell types®. The AAV2/DJ viruses harboring
our engineered genetic circuit and Cas9 nuclease were delivered systemically into 6 to 8-
week-old C57BI/6 mice. Three weeks post injections, subgroups of mice were treated
with tetracycline for three consecutive days prior to harvesting tissues. Following tissue
harvest, we detected high Ttn activation in spleen (Figure 4.1-F). Furthermore, Ttn
expression was significantly reduced in mice receiving tetracycline treatment. In
agreement with previous reports, we also detected CRISPR activity in reproductive
organs (Testes) following systemic delivery®. We observed modest activation of Ttn in
testes, which was further reduced by tetracycline treatment and induction of safety gRNA
(Figure 4.2-C). The detection of CRISPR activity in testes was particularly intriguing,
considering the biosafety concerns of CRISPR therapies. Measurement of AAV virus
titer in spleen and testes further demonstrates that tetracycline leads to a decrease in the
AAV titer in CRISPR treated mice as compared to GFP treated mice that did not receive

tetracycline. (Figure 4.2-D and E). Collectively, these results provide proof of concept for
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the utility of multifunctional CRISPR/Cas9 in the generation of control switches that

regulate both CRISPR action and the virus titer for in vivo gene therapies.

4.4. Discussions

Employment of a nuclease competent Cas9 and a truncated gRNA in this study opens
an opportunity for simultaneous application of CRISPR for targeted gene editing while
modulating the inflammatory response in the targeted tissue. AAV vectors reside in cells
for a long time and this prolonged expression of CRISPR in tissues raises the concern
that the possible unwanted effects could be exacerbated, specifically when a longer-term
expression is desired to achieve durable epigenetic modulation. Therefore, built-in
control switches will provide a layer of safety and control for CRISPR epigenetic and
genetic therapies. Our proposed approach provides proof of concept that CRISPR
multifunctionality can be exploited to mitigate safety concerns and induce controllability
for both CRISPR and its delivery platform. This can be a strategy that mandates less
complicated FDA regulations for clinical trials compared to incorporating other
exogenous protein regulators as it is based on only one operational system, here CRISPR
itself.
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CHAPTER 5
DISCUSSION

CRISPR-based therapeutics face several challenges that necessitate further work
before clinical applications can be tested. Increasing CRISPR specificity to minimize
genomic off-target effect, improving CRISPR gene editing efficiency, spatiotemporal
regulation of the CRISPR activity in vivo, controlling possible adverse immune responses
to CRISPR, and the appropriate method of delivery are among the biggest challenges that
need to be properly addressed before translating CRISPR technologies to clinic.

Among these challenges, | have addressed three major barriers for human
applications of CRISPR genetic/epigenetic therapies. Being a bacterial derived system,
patient immune response to CRISPR is a key concern as clinical trials begin. However, to
date, only limited studies have explored this aspect. In chapter 2, we detected antibodies
to Streptococcus pyogenes Cas9 (SpCas9) in at least 5% of 143 healthy individuals. We
also reported pre-existing human CD8+ T cell immunity in the majority of healthy
individuals screened. We identified two immunodominant SpCas9 T cell epitopes for
HLA-A*02:01 using an enhanced prediction algorithm that incorporates T cell receptor
contact residue hydrophobicity and HLA binding and evaluated them by T cell assays
using healthy donor PBMCs. In a proof-of-principle study, we demonstrated that Cas9
protein can be modified to eliminate immunodominant epitopes through targeted
mutation while preserving its function and specificity. Our study highlighted the problem
of pre-existing immunity against CRISPR-associated nucleases and offers a potential

solution to mitigate the T cell immune response. Further studies are needed to enhance

145



our understanding and ability to control immune response against CRISPR before its
human translation can be explored.

CRISPR-based modulation of gene expression will be beneficial for a variety of
complex diseases such as inflammatory and autoimmune diseases, in which expression of
multiple genes is dysregulated. Clinical implementation of CRISPR-Cas9 requires
comprehensive evaluation of its in vivo profile. In chapter 3, we established platforms for
CRISPR-mediated transcriptional modulators of endogenous genes and showed
modulation of potential host responses to CRISPR-based therapies. We provided the first
proof of concept study to modulate “therapy induced inflammatory response” by
CRISPR-mediated transient repression of endogenous genes in vivo. Although further
studies are needed to decode exact repression dynamics and design principles of this
approach, the findings set the stage to use CRISPR to reprogram body’s own protective
mechanisms in combating inflammation, e.g. subsequent to viral exposure. We showed
that this system is effective in modulating layers of downstream signaling and can create
a visible protective phenotype in vivo.

To spatiotemporally control CRISPR function, several rational design approaches
have been developed. such as developing light-activated CRISPR/Cas9 effectors (LACE),
Doxycycline inducible CRISPR-Cas9 system promoter specific Cas9 activity. Recently,
naturally occurring off-switches in bacteria have been described for CRISPR system from
N. meningitides. The anti-CRISPR proteins could bind the Cas9 protein in human cells
and disable gene editing, although quite in the beginning of the road, these naturally
occurring anti-CRISPRs could also someday be useful in controlling CRISPR functions
at the tissue of interest in human therapies. gRNA engineering is another component of
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CRISPR that is capable of augmenting CRISPR customizability and controllability. By
including modified riboswitches within gRNA that are responsive to small molecules or
endogenous signaling protein, above mentioned engineering approaches leverage multi-
component nature and modularity of the CRISPR system. Employment of a nuclease
competent Cas9 and a truncated gRNA in my work enabled simultaneous application of
CRISPR for targeted gene editing. Although administration of immunosuppressive drugs
can be used to control adverse reactions, their application may be contraindicated in
certain patient populations with conditions such as chronic infectious diseases and poses
systemic side effects. Concomitant control of immune response against AAV and Cas9 in
tissues that pick up CRISPR therapies can be employed in conjunction with
immunosuppression to facilitate therapies and reduce unintended side effects. AAV
vectors reside in cells for a long time and this prolonged expression of CRISPR in tissues
raises the concern that the possible untoward effects could be exacerbated, specifically
when a longer-term expression is desired to achieve durable epigenetic modulation.
Therefore, built-in control switches will provide a layer of safety and control for CRISPR
epigenetic/genetic therapies. Our proposed approach provided proof of concept that
CRISPR multifunctionality can be exploited to mitigate safety concerns and induce
controllability. This can be a strategy that mandates less complicated FDA regulations for
clinical trials compared to incorporating other exogenous protein regulators as it is based

on only one operational system, here CRISPR itself.
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APPENDIX A

SUPPORTING INFORMATION FOR MULTIFUNCTIONAL CRISPR-CAS9 WITH

ENGINEERED IMMUNOSILENCED HUMAN T CELL EPITOPES

166



Supplementary Figures
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Supplementary Figure 2.1. A. Representative flow cytometry gating for analysis of Cas9

function on synthetic promoters. Cells are gated based on Forward (FSC) and Side

Scatter (SSCs). Live cells (PerCP negative population) are selected and then the

transfected population is gated based on the expression of a transfection control (here

BFP-BV421) more than 2x10?> A.U. The geometric mean of the output (here YFP-

BB515) is determined in this population. B. Flow cytometry gating for analysis of Cas9

pentamer+ CD8+ T lymphocytes (Fig. 2A, B). Cells are gated based on FSC and SSC
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and negatively gated on CD4/CD14/CD19/CD56. The CD8-, CD8+, and Cas9 pentamer+

population are shown (bottom right).
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Supplementary Figure 2.2. Reduced T cell response to epitopes o and 3 after mutation of
the anchor residues. (A) and (B). IFN-y ELISpot for 12 healthy donor PBMCs stimulated
with wild type or mutated peptide a (A) or B (B). *Significant SFU change (corrected p
value<0.03, 5% FDR; see Supplementary Table 4). Statistical analysis was performed

post hoc and results are exploratory.
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Supplementary Figure 2.3. A. Schematic of the experiment assessing Cas9-p2 cleavage
capacity at a synthetic promoter. Cells were transfected with either WT-Cas9, Cas9-p2 or
an empty plasmid as well as 20nt gRNA targeting a synthetic CRISPR promoter that
harbors two gRNA target sites flanking a mini-CMV promoter. The targeting and
cleavage at the promoter should disrupt the promoter and decrease EYFP expression. B.
Each individual dot represents EYFP expression 48 hours after transfection in cells
expressing >2x10? A.U. of a transfection marker (BFP) measured by flow cytometry
(n=3 independent technical replicates). C. Schematic of the experiment assessing Cas9-

B2 transcriptional activation capacity at a synthetic promoter. Cells were transfected with
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either WT-Cas9, Cas9-2 or an empty plasmid as well as aptamer binding transcriptional
activation domains, and a 14nt gRNA targeting a synthetic CRISPR promoter that
harbors multiple target sites upstream of a mini-CMV promoter. Targeting the promoter
should enable iRFP expression. D. Each individual dot shows iRFP expression 48 hours
after transfection in cells expressing >2x10%> A.U. of a transfection marker (GFP)
measured by flow cytometry (n=3 independent technical replicates). Data are presented

as mean + S.E.M.
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Supplementary Figure 2.4. A. Analysis of cleavage capacity of Cas9-02 as compared to
WT-Cas9 in a synthetic promoter. Each individual dot shows EYFP expression 48 hours
after transfection in cells expressing >2x10? A.U. of a transfection marker measured by

flow cytometry (n=3 independent technical replicates). B. Percentage of indel formation
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in EMX-1 locus (n=3 independent technical replicates). C. Transcriptional modulation by
Cas9-02 at a synthetic promoter. Each individual dot shows IRFP expression 48 hours
after transfection in cells expressing >2x102 A.U. of a transfection marker measured by
flow cytometry (n=3 independent technical replicates). D, E. Data represent the mRNA
level relative to an untransfected control experiment. Note for A and C: WT-Cas9 and no
Cas9 data are also reported in Supplementary Figure 2. For B-E: WT-Cas9 and no Cas9
data are also reported in Fig.3. (n=3 independent technical replicates). Data represent
mean + S.E.M. F. Activated CD8+CD137+ T cells detected in PBMCs stimulated with
peptide o were reduced in PBMCs stimulated with peptide a2 (data representative of 3

individual stimulations).
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Supplementary Tables

Binding Protein Processing
Rank Position Sequence Code IEDB NetMHC Syfpeithi  IEDB ANN Sb Si Su.Si
1 988-997  YLNAVVGTAL vy 1.25 215 24 0.27 002 0068 0975 0.002
2 1281-1290  ILADANLDKY 1.25 11.37 31 -0.06 049 0003 0447 0.002
3 236-244 GLFGNLIAL & 06 10.12 29 1.15 104 0020 0900 0.002
4 240-248 NLIALSLGL a 17 61.18 25 0.15 022 0061 0903 0.006
5 615-623 ILEDIVLTL B 15 53.29 29 0.28 056 0023 0710 0.007
6 §14-623  DILEDIVLTL 46  3105.79 28 -1.53 -1.02 0063 0388 0.007
7 719727 SLHEHIANL 1.4 9.14 30 0.93 082 0013 0.380 0.008
8 415-423 HLGELHAIL 44 276.73 25 -0.75 081 | 0071 0.876 0.009
9 300-308 ILLSDILRY 0.3 6.51 29 0.67 07 0019 0404 0.011
10 1086-1085 VLSMPQVNIV 365  178.87 26 1.05 143 | 0059 0758 0.014
11 719-728  SLHEHIANLA 47 60.17 19 -0.98 174 | 0126 0390 0.014
12 11941203 LIKLPKYSL 85 966.31 25 0.97 1.04 | 0090 0.841 0.014
13 1346-1355  TLIHQSITGL 1.95 57.8 27 0.12 006 | 0.043 0632 0016
14 11971207  KLPKYSLFEL 1.2 10.93 27 0.9 05 0.040 0579 0.017
15 1041-1050  NIMNFFKTEI 2.85 314.8 19 -1.03 09 | 0121 0857 0017
16 512520  SLLYEYFTV 0.4 4.56 25 0.57 055 | 0.055 0678 0.018
17 1309-1318  IIHLFTLTNL 425 10836 24 -1.04 078 | 0.085 0787 0.018
18 661670  RLSRKLINGI 35 278.03 24 -0.82 105 | 0078 0746 0.020
19 1227-1236  ALPSKYVNFL 43 111.14 27 0.05 026 | 0.051 0.59 0.021
20 996-1004  ALIKKYPKL 26 154.09 28 -0.27 0 0.037 0407 0.022
21 221229 RLENLIAQL 42 242.87 26 -0.46 046 | 0061 0.581 0.026
22 1237-1245  YLASHYEKL 1.2 10.3 26 0.9 084 | 0.050 0.446 0.027
23 1265-1273  YLDEIEQI 0.3 4.3 26 0.52 06 0046 0399 0.028
24 1042-1050  IMNFFKTEI 3.2 131.4 21 -0.69 087 | 0103 0724 0.028
25  815-824  YLQNGRDMYV 0.25 13.01 22 -0.18 007 | 0.083 0.627 0.031
26 1212-1220 RMLASAGEL 3.2 333.2 22 -0.64 051 | 0.095 0.650 0.033
27 1020-1028  KMIAKSEQEI 3.1 64.01 21 0.36 09 | 0103 0671 0.034
28 793-801 SQILKEHPY 2.8 191.23 16 1.4 136 | 0.149 0.766 0.035
29 742-750  KVVDELVKV 2.8 44.75 24 -0.06 026 | 0.074 0.505 0.036
30 1181-1190 FLEAKGYKEV 325  105.27 21 -1.08 -142 | 0103 0651 0.036
31 160-189  HMIKFRGHFL 475  324.13 21 0.59 073 | 0110 0.628 0.041
32 551-559  LLFKTNRKV 3 381.3 25 -1.52 -125 0067 0.368 0.043
33 141-149  KLVDSTDKA 3.4 274.05 20 -1.48 447 0114 0520 0.055
34 472-481  TITPWNFEEV 445  124.55 21 -0.84 -1.21 0107 0429 0.061
35 194-203  QLFEENPINA 1.65 67.94 17 0.71 079 0135 0469 0.072
36  518-527  FTVYNELTKV 255  169.93 20 -1.12 4115 0111 0216 0.087
37 473-481 [TPWNFEEV 6.4 351.14 18 -1.25 165  0.143 0229 0.110
38 970-978  FQFYKVREI 27 135.61 16 -0.66 039 0148 0.229 0.114

Supplementary Table 2.1. Predicted Cas9 immunogenic T cell epitopes - The table shows
Cas9 HLA-A*02:01 epitopes predicted using an integrative prediction model and ranked
according to their Sh.Si score (the lower the more immunogenic). The immunodominant
and subdominant epitopes as confirmed by ELISpot are highlighted in dark gray and light

gray, respectively. Sh, binding score; Si, immunogenicity score.
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Cas9 fragmentl- FW
Cas9 fragmentl- RV
Cas9 fragment2-FW
Cas9 fragment2-RV
qPCRMIAT-FW
qPCR-MIAT RV
qPCRTTN FW
qPCR-TTN-RV
PCR-EMX1-FW
PCR-EMX1-RV

ttttGGTCTCTAGGTCCACCATGGACTATAAGGACCACGA
tttggtctcaGAACAGCTGGTTGTAGGTCTGCA
ttttGGTCTCTACCAACCGGAAAGTGACCGTGAAG

ttttGGTCTCAAAGCTTACTTTTTCTTTTTTGCC
TGGCTGGGGTTTGAACCTTT
AGGAAGCTGTTCCAGACTGC
TGTTGCCACTGGTGCTAAAG
ACAGCAGTCTTCTCCGCTTC
CCATCCCCTTCTGTGAATGT
GGAGATTGGAGACACGGAGA

Supplementary Table 2.2. Sequences of primers used in this study.

MIAT-14bp gRNA
TTN-14bp gRNA
Reporter2-20bp gRNA
CR10-14bp-gRNA

EMX1- 20bp gRNA

GAGGCTGAGCGCAC

GGAAGTCTCCTTTG

GTCCCCTCCACCCCACAGTG

GCATCAGGAACATGT

CACC GAGTCCGAGCAGAAGAAGAA

Supplementary Table 2.3. Sequences of gRNAs used in this study
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Sequence Similarity (%) Protein Sequence ID Source

1 NLIALSLGL 9/9 (100%) type Il CRISPR RNA-guided WP 014612333.1 Streptococcus dysgalactiae
endonuclease Cas9

2 NLIALSLGL 9/9 (100%) type Il CRISPR RNA-guided WP _054279288.1 Streptococcus phocae
endonuclease Cas9

3 NLIALSLGL 9/9 (100%) type Il CRISPR RNA-guided WP_067062573.1 Streptococcus pantholopis
endonuclease Cas9

4 NLIALSLGL 9/9 (100%) type Il CRISPR RNA-guided WP 048800889.1 Streptococcus constellatus
endonuclease Cas9

5 NLIALSLGL 9/9 (100%) type Il CRISPR RNA-guided WP _002304487.1 Streptococcus mutans
endonuclease Cas9

6 NLIALSLGL 9/9 (100%) type Il CRISPR RNA-guided WP 049516684.1 Streptococcus anginosus
endonuclease Cas9

7 NLIALSLGL 9/9 (100%) type Il CRISPR RNA-guided WP_003079701.1 Streptococcus macacae
endonuclease Cas9

8 NLIALSLGL 9/9 (100%) type Il CRISPR RNA-guided GAD40915.1 Streptococcus intermedius
endonuclease Cas9 SK54

9 NLIAESLGL 8/9 (89%) Full=RNA polymerase-associated Q6LV34.1 Photobacterium profundum
protein RapA; AltName: 559
Full=ATP-dependent
helicase HepA

10 | NLISLSLGL 8/9 (89%) type Il CRISPR RNA-guided WP _096633625.1 Streptococcus parauberis
endonuclease Cas9

11 | NLIALALGL 8/9 (89%) type Il CRISPR RNA-guided WP_075103982.1 Streptococcus cuniculi
endonuclease Cas9

12 | NLIALALGL 8/9 (89%) type Il CRISPR RNA-guided WP 058692367.1 Streptococcus gallolyticus
endonuclease Cas9

13 | NLIALALGL 8/9 (89%) type Il CRISPR RNA-guided WP 061100419.1 Streptococcus pasteurianus
endonuclease Cas9

14 | NLIALALGL 8/9 (89%) type Il CRISPR RNA-guided WP 018363470.1 Streptococcus caballi
endonuclease Cas9

15 | NLIALALGL 8/9 (89%) type Il CRISPR RNA-guided WP 099412266.1 Streptococcus macedonicus
endonuclease Cas9

16 | NLIALALGL 8/9 (89%) type Il CRISPR RNA-guided WP _014334983.1 Streptococcus infantarius
endonuclease Cas9

17 | DLIALYLGL 7/9 (78%) Full=NADH-quinone oxidoreductase A81421.1 Azorhizobium caulinodans
subunit N; AltName: Full=NADH ORS 571
dehydrogenase | subunit N;
AltName: Full=NDH-1 subunit N

18 | NLLALALGL 7/9 (78%) type Il CRISPR RNA-guided WP 007896501.1 Streptococcus
endonuclease Cas9 pseudoporcinus

19 | NLIGLALGL 7/9 (78%) type Il CRISPR RNA-guided WP 061587801.1 Streptococcus oralis
endonuclease Cas9

20 | NLVALALGL 7/9 (78%) type Il CRISPR RNA-guided WP 074862269.1 Streptococcus equinus
endonuclease Cas9

21 | NLVALVLGL 7/9 (78%) type Il CRISPR RNA-guided WP 020917064.1 Streptococcus lutetiensis
endonuclease Cas9

22 | SLIAESLGL 7/9 (78%) ectoine/hydroxyectoine ABC WP_086160327.1 Streptomyces sp. SCSIO 03032
transporter permease subunit EhuD

23 | YLIALALGL 7/9 (78%) ectoine/hydroxyectoine ABC WP 026413155.1 Actinomadura oligospora

transporter permease subunit EhuD

Supplementary Table 2.4. Sequence homology of epitope o to amino acid sequences from

known proteins.
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Sequence Similarity (%) Protein Sequence ID Source

type Il CRISPR RNA-guided

1 ILEDIVLTL 9/9 (100%) endonuclease Cas9 WP _084916602.1 Streptococcus dysgalactiae
type Il CRISPR RNA-guided

2 ILEDIVLTL 9/9 (100%) endonuclease Cas9 WP 074484960.1 Streptococcus henryi
type Il CRISPR RNA-guided

3 ILEDIVLTL 9/9 (100%) endonuclease Cas9 WP 003088697.1 Streptococcus ratti
type Il CRISPR RNA-guided

4 ILEDIVLTL 9/9 (100%) endonuclease Cas9 WP 044681799.1 Streptococcus suis
type Il CRISPR RNA-guided

5 ILEDIVLTL 9/9 (100%) endonuclease Cas9 WP 024786433.1 Streptococcus mutans
type Il CRISPR RNA-guided

6 ILEDIVLTL 9/9 (100%) endonuclease Cas9 WP 057491067.1 Streptococcus orisasini
type Il CRISPR RNA-guided

ILEDIVLTL 9/9 (100%) endonuclease Cas9 WP 082312238.1 Streptococcus intermedius

8 ILEGIVLTL 8/9 (89%) peptide chain release factor2 NP 275123.1 Neisseria meningitidis MC58
type Il CRISPR RNA-guided

9 ILEDIVQTL 8/9 (89%) endonuclease Cas9 EAQ61901.1 Streptococcus agalactiae
type Il CRISPR RNA-guided

10 | ILEDIVQTL 8/9 (89%) endonuclease Cas9 WP 070454905.1 Streptococcus sp. HMISC063D10
type Il CRISPR RNA-guided

11 | VLEDIVLTL 8/9 (89%) endonuclease Cas9 WP 075346866.1 Streptococcus sp. 'caviae'
type Il CRISPR RNA-guided

12 | VLEDIVLSL 7/9 (78%) endonuclease Cas9 WP 093650272.1 Streptococcus varani
type Il CRISPR RNA-guided

13 | ILENIVHTL 7/9 (78%) endonuclease Cas9 KYF37509.1 Streptococcus mitis
type Il CRISPR RNA-guided

14 | ILENIVHTL 7/9 (78%) endonuclease Cas9 WP 084972088.1 Streptococcus oralis
type Il CRISPR RNA-guided

15 | ILENIVHTL 7/9 (78%) endonuclease Cas9 WP 045635197.1 Streptococcus gordonii

Supplementary Table 2.5. Sequence homology of epitope B to amino acid sequences from

known proteins.

Donor ID p value Corrected p value
Peptide a
5 0.0000003 0.000001
10 0.0000075 0.0000124
9 0.0007779 0.0008557
1 0.0017641 0.0014554
12 0.0079662 0.0052577
7 0.0387297 0.0213013
6 0.045632 0.0215122
2 0.0655837 0.0270533
3 0.0783807 0.0287396
Peptide B
9 0.0002026 0.0005757
6 0.0003655 0.0005757
7 0.0007587 0.0007967
3 0.005237 0.0041241
2 0.0096527 0.0060812
1 0.0219659 0.0099651
10 0.0221447 0.0099651
12 0.0272351 0.0107238
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Supplementary Table 2.6. Multiple comparison results of mutated epitope ELISpot

screening. Uncorrected and corrected p values for donors with a significant reduction in T

cell response after mutating epitope o or by the Benjamini-Hochberg method (5% FDR)

are shown for Supplementary Figure 1.

Peptide ID Peptide Sequence HLA Allelefz)
15 KTYAHLFDDK A"03:015 1101

16 FLYLASHYEK A*03:01 & 24:02 & BS5:01 & BOS:01
17 KTHREVTV A"03:01

18 KVLPKHSLLY A"03:01

19 RILSARLSK A"03:01 & 11:01

20 LSMPOVNIVE A*11:01 & 2402 & B42:02 & B44:03
21 TIMERSSFEK A*11:01 & BOE:D1 & B55:01

2 WENIMMNFFE A*11:01 & 24:02

13 K'YPKLESEF A*24:02 & BOE-D1

24 RYTRRENRI A*24:02

25 FFFYSNIMNE A*24:02

26 ELDINRLSDY A*01:01

7 MLDKVLSAY A*01:01

28 ESEFVYGDY A*01:01

29 ILDSRMNTEY A"01:01 & BOE:D1

30 NTOLOMNEKLY A*01:01

31 MELALPSKY B"44-02 & B44-03

12 MEMAKVDDSF B°44-02 & B55:01 & BOS:01 & B44:03
33 SEETITPWNF B 4402 & B44-03

34 EETITPWNF B"44-02 & BOB-01 & B44:03

35 IANLAGSPA B"55:01 & B4403

Supplementary Table 2.7. Sequences of SpCas9 non-HLA-A*02:01 class | epitopes used

to screen for pre-existing T cell reactivity against SpCas9 in healthy donors.
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Peptide ID Peptide Sequence HLA

1 ILEDIVLTLTLFEDR DPA1/DPB2
2 KNGLFGNLIALSLGLTPNF DRB1

3 RLSDYDVAAIVPQSFLK DQA1

4 ERHPIFGNIVDEVAYHY DQA1-2

5 VLPKHSLLYEYFTVYNELT DPA1

6 ATAKYFFYSNIMNFFK DPA1-2

7 DLRLIYLALAHMIKFR DRB1-2

8 MKNYWRQLLNAKLITQ DRB1-3

Sequences of peptides a and B are highlighted.

Supplementary Table 2.8. Sequences of long peptides that include epitopes in the top 2%
of predicted MHC class Il binders that were used to screen for SpCas9 class Il immune
reactivity.

Supplementary Note 2.1

Sequences of modified Cas9 genes. Cas9-a2
ATGGACTATAAGGACCACGACGGAGACTACAAGGATCATGATATTGATTACA
AAGACGATGACGATAAGATGGCCCCAAAGAAGAAGCGGAAGGTCGGTATCC
ACGGAGTCCCAGCAGCCGACAAGAAGTACAGCATCGGCCTGGACATCGGCA
CCAACTCTGTGGGCTGGGCCGTGATCACCGACGAGTACAAGGTGCCCAGCAA
GAAATTCAAGGTGCTGGGCAACACCGACCGGCACAGCATCAAGAAGAACCT
GATCGGAGCCCTGCTGTTCGACAGCGGCGAAACAGCCGAGGCCACCCGGCTG
AAGAGAACCGCCAGAAGAAGATACACCAGACGGAAGAACCGGATCTGCTAT
CTGCAAGAGATCTTCAGCAACGAGATGGCCAAGGTGGACGACAGCTTCTTCC
ACAGACTGGAAGAGTCCTTCCTGGTGGAAGAGGATAAGAAGCACGAGCGGC
ACCCCATCTTCGGCAACATCGTGGACGAGGTGGCCTACCACGAGAAGTACCC
CACCATCTACCACCTGAGAAAGAAACTGGTGGACAGCACCGACAAGGCCGA
CCTGCGGCTGATCTATCTGGCCCTGGCCCACATGATCAAGTTCCGGGGCCACT
TCCTGATCGAGGGCGACCTGAACCCCGACAACAGCGACGTGGACAAGCTGTT
CATCCAGCTGGTGCAGACCTACAACCAGCTGTTCGAGGAAAACCCCATCAAC
GCCAGCGGCGTGGACGCCAAGGCCATCCTGTCTGCCAGACTGAGCAAGAGCA
GACGGCTGGAAAATCTGATCGCCCAGCTGCCCGGCGAGAAGAAGAATGGCC
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TGTTCGGAAACGGTATTGCCCTGAGCCTGGGCCTGACCCCCAACTTCAAGAG
CAACTTCGACCTGGCCGAGGATGCCAAACTGCAGCTGAGCAAGGACACCTAC
GACGACGACCTGGACAACCTGCTGGCCCAGATCGGCGACCAGTACGCCGACC
TGTTTCTGGCCGCCAAGAACCTGTCCGACGCCATCCTGCTGAGCGACATCCTG
AGAGTGAACACCGAGATCACCAAGGCCCCCCTGAGCGCCTCTATGATCAAGA
GATACGACGAGCACCACCAGGACCTGACCCTGCTGAAAGCTCTCGTGCGGCA
GCAGCTGCCTGAGAAGTACAAAGAGATTTTCTTCGACCAGAGCAAGAACGGC
TACGCCGGCTACATTGACGGCGGAGCCAGCCAGGAAGAGTTCTACAAGTTCA
TCAAGCCCATCCTGGAAAAGATGGACGGCACCGAGGAACTGCTCGTGAAGCT
GAACAGAGAGGACCTGCTGCGGAAGCAGCGGACCTTCGACAACGGCAGCAT
CCCCCACCAGATCCACCTGGGAGAGCTGCACGCCATTCTGCGGCGGCAGGAA
GATTTTTACCCATTCCTGAAGGACAACCGGGAAAAGATCGAGAAGATCCTGA
CCTTCCGCATCCCCTACTACGTGGGCCCTCTGGCCAGGGGAAACAGCAGATT
CGCCTGGATGACCAGAAAGAGCGAGGAAACCATCACCCCCTGGAACTTCGA
GGAAGTGGTGGACAAGGGCGCTTCCGCCCAGAGCTTCATCGAGCGGATGACC
AACTTCGATAAGAACCTGCCCAACGAGAAGGTGCTGCCCAAGCACAGCCTGC
TGTACGAGTACTTCACCGTGTATAACGAGCTGACCAAAGTGAAATACGTGAC
CGAGGGAATGAGAAAGCCCGCCTTCCTGAGCGGCGAGCAGAAAAAGGCCAT
CGTGGACCTGCTGTTCAAGACCAACCGGAAAGTGACCGTGAAGCAGCTGAAA
GAGGACTACTTCAAGAAAATCGAGTGCTTCGACTCCGTGGAAATCTCCGGCG
TGGAAGATCGGTTCAACGCCTCCCTGGGCACATACCACGATCTGCTGAAAAT
TATCAAGGACAAGGACTTCCTGGACAATGAGGAAAACGAGGACATTCTTGAA
GATATCGTGCTGACCCTGACACTGTTTGAGGACAGAGAGATGATCGAGGAAC
GGCTGAAAACCTATGCCCACCTGTTCGACGACAAAGTGATGAAGCAGCTGAA
GCGGCGGAGATACACCGGCTGGGGCAGGCTGAGCCGGAAGCTGATCAACGG
CATCCGGGACAAGCAGTCCGGCAAGACAATCCTGGATTTCCTGAAGTCCGAC
GGCTTCGCCAACAGAAACTTCATGCAGCTGATCCACGACGACAGCCTGACCT
TTAAAGAGGACATCCAGAAAGCCCAGGTGTCCGGCCAGGGCGATAGCCTGC
ACGAGCACATTGCCAATCTGGCCGGCAGCCCCGCCATTAAGAAGGGCATCCT
GCAGACAGTGAAGGTGGTGGACGAGCTCGTGAAAGTGATGGGCCGGCACAA
GCCCGAGAACATCGTGATCGAAATGGCCAGAGAGAACCAGACCACCCAGAA
GGGACAGAAGAACAGCCGCGAGAGAATGAAGCGGATCGAAGAGGGCATCAA
AGAGCTGGGCAGCCAGATCCTGAAAGAACACCCCGTGGAAAACACCCAGCT
GCAGAACGAGAAGCTGTACCTGTACTACCTGCAGAATGGGCGGGATATGTAC
GTGGACCAGGAACTGGACATCAACCGGCTGTCCGACTACGATGTGGACCATA
TCGTGCCTCAGAGCTTTCTGAAGGACGACTCCATCGACAACAAGGTGCTGAC
CAGAAGCGACAAGAACCGGGGCAAGAGCGACAACGTGCCCTCCGAAGAGGT
CGTGAAGAAGATGAAGAACTACTGGCGGCAGCTGCTGAACGCCAAGCTGATT
ACCCAGAGAAAGTTCGACAATCTGACCAAGGCCGAGAGAGGCGGCCTGAGC
GAACTGGATAAGGCCGGCTTCATCAAGAGACAGCTGGTGGAAACCCGGCAG
ATCACAAAGCACGTGGCACAGATCCTGGACTCCCGGATGAACACTAAGTACG
ACGAGAATGACAAGCTGATCCGGGAAGTGAAAGTGATCACCCTGAAGTCCA
AGCTGGTGTCCGATTTCCGGAAGGATTTCCAGTTTTACAAAGTGCGCGAGATC
AACAACTACCACCACGCCCACGACGCCTACCTGAACGCCGTCGTGGGAACCG
CCCTGATCAAAAAGTACCCTAAGCTGGAAAGCGAGTTCGTGTACGGCGACTA
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CAAGGTGTACGACGTGCGGAAGATGATCGCCAAGAGCGAGCAGGAAATCGG
CAAGGCTACCGCCAAGTACTTCTTCTACAGCAACATCATGAACTTTTTCAAGA
CCGAGATTACCCTGGCCAACGGCGAGATCCGGAAGCGGCCTCTGATCGAGAC
AAACGGCGAAACCGGGGAGATCGTGTGGGATAAGGGCCGGGATTTTGCCAC
CGTGCGGAAAGTGCTGAGCATGCCCCAAGTGAATATCGTGAAAAAGACCGA
GGTGCAGACAGGCGGCTTCAGCAAAGAGTCTATCCTGCCCAAGAGGAACAG
CGATAAGCTGATCGCCAGAAAGAAGGACTGGGACCCTAAGAAGTACGGCGG
CTTCGACAGCCCCACCGTGGCCTATTCTGTGCTGGTGGTGGCCAAAGTGGAA
AAGGGCAAGTCCAAGAAACTGAAGAGTGTGAAAGAGCTGCTGGGGATCACC
ATCATGGAAAGAAGCAGCTTCGAGAAGAATCCCATCGACTTTCTGGAAGCCA
AGGGCTACAAAGAAGTGAAAAAGGACCTGATCATCAAGCTGCCTAAGTACTC
CCTGTTCGAGCTGGAAAACGGCCGGAAGAGAATGCTGGCCTCTGCCGGCGAA
CTGCAGAAGGGAAACGAACTGGCCCTGCCCTCCAAATATGTGAACTTCCTGT
ACCTGGCCAGCCACTATGAGAAGCTGAAGGGCTCCCCCGAGGATAATGAGCA
GAAACAGCTGTTTGTGGAACAGCACAAGCACTACCTGGACGAGATCATCGAG
CAGATCAGCGAGTTCTCCAAGAGAGTGATCCTGGCCGACGCTAATCTGGACA
AAGTGCTGTCCGCCTACAACAAGCACCGGGATAAGCCCATCAGAGAGCAGG
CCGAGAATATCATCCACCTGTTTACCCTGACCAATCTGGGAGCCCCTGCCGCC
TTCAAGTACTTTGACACCACCATCGACCGGAAGAGGTACACCAGCACCAAAG
AGGTGCTGGACGCCACCCTGATCCACCAGAGCATCACCGGCCTGTACGAGAC
ACGGATCGACCTGTCTCAGCTGGGAGGCGACAAAAGGCCGGCGGCCACGAA
AAAGGCCGGCCAGGCAA AAAAGAAAAAGTAAG

Cas9-p2
ATGGACTATAAGGACCACGACGGAGACTACAAGGATCATGATATTGATTACA
AAGACGATGACGATAAGATGGCCCCAAAGAAGAAGCGGAAGGTCGGTATCC
ACGGAGTCCCAGCAGCCGACAAGAAGTACAGCATCGGCCTGGACATCGGCA
CCAACTCTGTGGGCTGGGCCGTGATCACCGACGAGTACAAGGTGCCCAGCAA
GAAATTCAAGGTGCTGGGCAACACCGACCGGCACAGCATCAAGAAGAACCT
GATCGGAGCCCTGCTGTTCGACAGCGGCGAAACAGCCGAGGCCACCCGGCTG
AAGAGAACCGCCAGAAGAAGATACACCAGACGGAAGAACCGGATCTGCTAT
CTGCAAGAGATCTTCAGCAACGAGATGGCCAAGGTGGACGACAGCTTCTTCC
ACAGACTGGAAGAGTCCTTCCTGGTGGAAGAGGATAAGAAGCACGAGCGGC
ACCCCATCTTCGGCAACATCGTGGACGAGGTGGCCTACCACGAGAAGTACCC
CACCATCTACCACCTGAGAAAGAAACTGGTGGACAGCACCGACAAGGCCGA
CCTGCGGCTGATCTATCTGGCCCTGGCCCACATGATCAAGTTCCGGGGCCACT
TCCTGATCGAGGGCGACCTGAACCCCGACAACAGCGACGTGGACAAGCTGTT
CATCCAGCTGGTGCAGACCTACAACCAGCTGTTCGAGGAAAACCCCATCAAC
GCCAGCGGCGTGGACGCCAAGGCCATCCTGTCTGCCAGACTGAGCAAGAGCA
GACGGCTGGAAAATCTGATCGCCCAGCTGCCCGGCGAGAAGAAGAATGGCC
TGTTCGGAAACCTTATTGCCCTGAGCCTGGGCCTGACCCCCAACTTCAAGAGC
AACTTCGACCTGGCCGAGGATGCCAAACTGCAGCTGAGCAAGGACACCTACG
ACGACGACCTGGACAACCTGCTGGCCCAGATCGGCGACCAGTACGCCGACCT
GTTTCTGGCCGCCAAGAACCTGTCCGACGCCATCCTGCTGAGCGACATCCTG
AGAGTGAACACCGAGATCACCAAGGCCCCCCTGAGCGCCTCTATGATCAAGA
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GATACGACGAGCACCACCAGGACCTGACCCTGCTGAAAGCTCTCGTGCGGCA
GCAGCTGCCTGAGAAGTACAAAGAGATTTTCTTCGACCAGAGCAAGAACGGC
TACGCCGGCTACATTGACGGCGGAGCCAGCCAGGAAGAGTTCTACAAGTTCA
TCAAGCCCATCCTGGAAAAGATGGACGGCACCGAGGAACTGCTCGTGAAGCT
GAACAGAGAGGACCTGCTGCGGAAGCAGCGGACCTTCGACAACGGCAGCAT
CCCCCACCAGATCCACCTGGGAGAGCTGCACGCCATTCTGCGGCGGCAGGAA
GATTTTTACCCATTCCTGAAGGACAACCGGGAAAAGATCGAGAAGATCCTGA
CCTTCCGCATCCCCTACTACGTGGGCCCTCTGGCCAGGGGAAACAGCAGATT
CGCCTGGATGACCAGAAAGAGCGAGGAAACCATCACCCCCTGGAACTTCGA
GGAAGTGGTGGACAAGGGCGCTTCCGCCCAGAGCTTCATCGAGCGGATGACC
AACTTCGATAAGAACCTGCCCAACGAGAAGGTGCTGCCCAAGCACAGCCTGC
TGTACGAGTACTTCACCGTGTATAACGAGCTGACCAAAGTGAAATACGTGAC
CGAGGGAATGAGAAAGCCCGCCTTCCTGAGCGGCGAGCAGAAAAAGGCCAT
CGTGGACCTGCTGTTCAAGACCAACCGGAAAGTGACCGTGAAGCAGCTGAAA
GAGGACTACTTCAAGAAAATCGAGTGCTTCGACTCCGTGGAAATCTCCGGCG
TGGAAGATCGGTTCAACGCCTCCCTGGGCACATACCACGATCTGCTGAAAAT
TATCAAGGACAAGGACTTCCTGGACAATGAGGAAAACGAGGACATTGGTGA
AGATATCGTGCTGACCCTGACACTGTTTGAGGACAGAGAGATGATCGAGGAA
CGGCTGAAAACCTATGCCCACCTGTTCGACGACAAAGTGATGAAGCAGCTGA
AGCGGCGGAGATACACCGGCTGGGGCAGGCTGAGCCGGAAGCTGATCAACG
GCATCCGGGACAAGCAGTCCGGCAAGACAATCCTGGATTTCCTGAAGTCCGA
CGGCTTCGCCAACAGAAACTTCATGCAGCTGATCCACGACGACAGCCTGACC
TTTAAAGAGGACATCCAGAAAGCCCAGGTGTCCGGCCAGGGCGATAGCCTGC
ACGAGCACATTGCCAATCTGGCCGGCAGCCCCGCCATTAAGAAGGGCATCCT
GCAGACAGTGAAGGTGGTGGACGAGCTCGTGAAAGTGATGGGCCGGCACAA
GCCCGAGAACATCGTGATCGAAATGGCCAGAGAGAACCAGACCACCCAGAA
GGGACAGAAGAACAGCCGCGAGAGAATGAAGCGGATCGAAGAGGGCATCAA
AGAGCTGGGCAGCCAGATCCTGAAAGAACACCCCGTGGAAAACACCCAGCT
GCAGAACGAGAAGCTGTACCTGTACTACCTGCAGAATGGGCGGGATATGTAC
GTGGACCAGGAACTGGACATCAACCGGCTGTCCGACTACGATGTGGACCATA
TCGTGCCTCAGAGCTTTCTGAAGGACGACTCCATCGACAACAAGGTGCTGAC
CAGAAGCGACAAGAACCGGGGCAAGAGCGACAACGTGCCCTCCGAAGAGGT
CGTGAAGAAGATGAAGAACTACTGGCGGCAGCTGCTGAACGCCAAGCTGATT
ACCCAGAGAAAGTTCGACAATCTGACCAAGGCCGAGAGAGGCGGCCTGAGC
GAACTGGATAAGGCCGGCTTCATCAAGAGACAGCTGGTGGAAACCCGGCAG
ATCACAAAGCACGTGGCACAGATCCTGGACTCCCGGATGAACACTAAGTACG
ACGAGAATGACAAGCTGATCCGGGAAGTGAAAGTGATCACCCTGAAGTCCA
AGCTGGTGTCCGATTTCCGGAAGGATTTCCAGTTTTACAAAGTGCGCGAGAT
CAACAACTACCACCACGCCCACGACGCCTACCTGAACGCCGTCGTGGGAACC
GCCCTGATCAAAAAGTACCCTAAGCTGGAAAGCGAGTTCGTGTACGGCGACT
ACAAGGTGTACGACGTGCGGAAGATGATCGCCAAGAGCGAGCAGGAAATCG
GCAAGGCTACCGCCAAGTACTTCTTCTACAGCAACATCATGAACTTTTTCAAG
ACCGAGATTACCCTGGCCAACGGCGAGATCCGGAAGCGGCCTCTGATCGAGA
CAAACGGCGAAACCGGGGAGATCGTGTGGGATAAGGGCCGGGATTTTGCCA
CCGTGCGGAAAGTGCTGAGCATGCCCCAAGTGAATATCGTGAAAAAGACCGA
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GGTGCAGACAGGCGGCTTCAGCAAAGAGTCTATCCTGCCCAAGAGGAACAG
CGATAAGCTGATCGCCAGAAAGAAGGACTGGGACCCTAAGAAGTACGGCGG
CTTCGACAGCCCCACCGTGGCCTATTCTGTGCTGGTGGTGGCCAAAGTGGAA
AAGGGCAAGTCCAAGAAACTGAAGAGTGTGAAAGAGCTGCTGGGGATCACC
ATCATGGAAAGAAGCAGCTTCGAGAAGAATCCCATCGACTTTCTGGAAGCCA
AGGGCTACAAAGAAGTGAAAAAGGACCTGATCATCAAGCTGCCTAAGTACTC
CCTGTTCGAGCTGGAAAACGGCCGGAAGAGAATGCTGGCCTCTGCCGGCGAA
CTGCAGAAGGGAAACGAACTGGCCCTGCCCTCCAAATATGTGAACTTCCTGT
ACCTGGCCAGCCACTATGAGAAGCTGAAGGGCTCCCCCGAGGATAATGAGCA
GAAACAGCTGTTTGTGGAACAGCACAAGCACTACCTGGACGAGATCATCGAG
CAGATCAGCGAGTTCTCCAAGAGAGTGATCCTGGCCGACGCTAATCTGGACA
AAGTGCTGTCCGCCTACAACAAGCACCGGGATAAGCCCATCAGAGAGCAGG
CCGAGAATATCATCCACCTGTTTACCCTGACCAATCTGGGAGCCCCTGCCGCC
TTCAAGTACTTTGACACCACCATCGACCGGAAGAGGTACACCAGCACCAAAG
AGGTGCTGGACGCCACCCTGATCCACCAGAGCATCACCGGCCTGTACGAGAC
ACGGATCGACCTGTCTCAGCTGGGAGGCGACAAAAGGCCGGCGGCCACGAA
AAAGGCCGGCCAGGCAA AAAAGAAAAAGTAA

Cas9-a2-p2
ATGGACTATAAGGACCACGACGGAGACTACAAGGATCATGATATTGATTACA
AAGACGATGACGATAAGATGGCCCCAAAGAAGAAGCGGAAGGTCGGTATCC
ACGGAGTCCCAGCAGCCGACAAGAAGTACAGCATCGGCCTGGACATCGGCA
CCAACTCTGTGGGCTGGGCCGTGATCACCGACGAGTACAAGGTGCCCAGCAA
GAAATTCAAGGTGCTGGGCAACACCGACCGGCACAGCATCAAGAAGAACCT
GATCGGAGCCCTGCTGTTCGACAGCGGCGAAACAGCCGAGGCCACCCGGCTG
AAGAGAACCGCCAGAAGAAGATACACCAGACGGAAGAACCGGATCTGCTAT
CTGCAAGAGATCTTCAGCAACGAGATGGCCAAGGTGGACGACAGCTTCTTCC
ACAGACTGGAAGAGTCCTTCCTGGTGGAAGAGGATAAGAAGCACGAGCGGC
ACCCCATCTTCGGCAACATCGTGGACGAGGTGGCCTACCACGAGAAGTACCC
CACCATCTACCACCTGAGAAAGAAACTGGTGGACAGCACCGACAAGGCCGA
CCTGCGGCTGATCTATCTGGCCCTGGCCCACATGATCAAGTTCCGGGGCCACT
TCCTGATCGAGGGCGACCTGAACCCCGACAACAGCGACGTGGACAAGCTGTT
CATCCAGCTGGTGCAGACCTACAACCAGCTGTTCGAGGAAAACCCCATCAAC
GCCAGCGGCGTGGACGCCAAGGCCATCCTGTCTGCCAGACTGAGCAAGAGCA
GACGGCTGGAAAATCTGATCGCCCAGCTGCCCGGCGAGAAGAAGAATGGCC
TGTTCGGAAACGGTATTGCCCTGAGCCTGGGCCTGACCCCCAACTTCAAGAG
CAACTTCGACCTGGCCGAGGATGCCAAACTGCAGCTGAGCAAGGACACCTAC
GACGACGACCTGGACAACCTGCTGGCCCAGATCGGCGACCAGTACGCCGACC
TGTTTCTGGCCGCCAAGAACCTGTCCGACGCCATCCTGCTGAGCGACATCCTG
AGAGTGAACACCGAGATCACCAAGGCCCCCCTGAGCGCCTCTATGATCAAGA
GATACGACGAGCACCACCAGGACCTGACCCTGCTGAAAGCTCTCGTGCGGCA
GCAGCTGCCTGAGAAGTACAAAGAGATTTTCTTCGACCAGAGCAAGAACGGC
TACGCCGGCTACATTGACGGCGGAGCCAGCCAGGAAGAGTTCTACAAGTTCA
TCAAGCCCATCCTGGAAAAGATGGACGGCACCGAGGAACTGCTCGTGAAGCT
GAACAGAGAGGACCTGCTGCGGAAGCAGCGGACCTTCGACAACGGCAGCAT
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CCCCCACCAGATCCACCTGGGAGAGCTGCACGCCATTCTGCGGCGGCAGGAA
GATTTTTACCCATTCCTGAAGGACAACCGGGAAAAGATCGAGAAGATCCTGA
CCTTCCGCATCCCCTACTACGTGGGCCCTCTGGCCAGGGGAAACAGCAGATT
CGCCTGGATGACCAGAAAGAGCGAGGAAACCATCACCCCCTGGAACTTCGA
GGAAGTGGTGGACAAGGGCGCTTCCGCCCAGAGCTTCATCGAGCGGATGACC
AACTTCGATAAGAACCTGCCCAACGAGAAGGTGCTGCCCAAGCACAGCCTGC
TGTACGAGTACTTCACCGTGTATAACGAGCTGACCAAAGTGAAATACGTGAC
CGAGGGAATGAGAAAGCCCGCCTTCCTGAGCGGCGAGCAGAAAAAGGCCAT
CGTGGACCTGCTGTTCAAGACCAACCGGAAAGTGACCGTGAAGCAGCTGAAA
GAGGACTACTTCAAGAAAATCGAGTGCTTCGACTCCGTGGAAATCTCCGGCG
TGGAAGATCGGTTCAACGCCTCCCTGGGCACATACCACGATCTGCTGAAAAT
TATCAAGGACAAGGACTTCCTGGACAATGAGGAAAACGAGGACATTGGTGA
AGATATCGTGCTGACCCTGACACTGTTTGAGGACAGAGAGATGATCGAGGAA
CGGCTGAAAACCTATGCCCACCTGTTCGACGACAAAGTGATGAAGCAGCTGA
AGCGGCGGAGATACACCGGCTGGGGCAGGCTGAGCCGGAAGCTGATCAACG
GCATCCGGGACAAGCAGTCCGGCAAGACAATCCTGGATTTCCTGAAGTCCGA
CGGCTTCGCCAACAGAAACTTCATGCAGCTGATCCACGACGACAGCCTGACC
TTTAAAGAGGACATCCAGAAAGCCCAGGTGTCCGGCCAGGGCGATAGCCTGC
ACGAGCACATTGCCAATCTGGCCGGCAGCCCCGCCATTAAGAAGGGCATCCT
GCAGACAGTGAAGGTGGTGGACGAGCTCGTGAAAGTGATGGGCCGGCACAA
GCCCGAGAACATCGTGATCGAAATGGCCAGAGAGAACCAGACCACCCAGAA
GGGACAGAAGAACAGCCGCGAGAGAATGAAGCGGATCGAAGAGGGCATCAA
AGAGCTGGGCAGCCAGATCCTGAAAGAACACCCCGTGGAAAACACCCAGCT
GCAGAACGAGAAGCTGTACCTGTACTACCTGCAGAATGGGCGGGATATGTAC
GTGGACCAGGAACTGGACATCAACCGGCTGTCCGACTACGATGTGGACCATA
TCGTGCCTCAGAGCTTTCTGAAGGACGACTCCATCGACAACAAGGTGCTGAC
CAGAAGCGACAAGAACCGGGGCAAGAGCGACAACGTGCCCTCCGAAGAGGT
CGTGAAGAAGATGAAGAACTACTGGCGGCAGCTGCTGAACGCCAAGCTGATT
ACCCAGAGAAAGTTCGACAATCTGACCAAGGCCGAGAGAGGCGGCCTGAGC
GAACTGGATAAGGCCGGCTTCATCAAGAGACAGCTGGTGGAAACCCGGCAG
ATCACAAAGCACGTGGCACAGATCCTGGACTCCCGGATGAACACTAAGTACG
ACGAGAATGACAAGCTGATCCGGGAAGTGAAAGTGATCACCCTGAAGTCCA
AGCTGGTGTCCGATTTCCGGAAGGATTTCCAGTTTTACAAAGTGCGCGAGAT
CAACAACTACCACCACGCCCACGACGCCTACCTGAACGCCGTCGTGGGAACC
GCCCTGATCAAAAAGTACCCTAAGCTGGAAAGCGAGTTCGTGTACGGCGACT
ACAAGGTGTACGACGTGCGGAAGATGATCGCCAAGAGCGAGCAGGAAATCG
GCAAGGCTACCGCCAAGTACTTCTTCTACAGCAACATCATGAACTTTTTCAAG
ACCGAGATTACCCTGGCCAACGGCGAGATCCGGAAGCGGCCTCTGATCGAGA
CAAACGGCGAAACCGGGGAGATCGTGTGGGATAAGGGCCGGGATTTTGCCA
CCGTGCGGAAAGTGCTGAGCATGCCCCAAGTGAATATCGTGAAAAAGACCGA
GGTGCAGACAGGCGGCTTCAGCAAAGAGTCTATCCTGCCCAAGAGGAACAG
CGATAAGCTGATCGCCAGAAAGAAGGACTGGGACCCTAAGAAGTACGGCGG
CTTCGACAGCCCCACCGTGGCCTATTCTGTGCTGGTGGTGGCCAAAGTGGAA
AAGGGCAAGTCCAAGAAACTGAAGAGTGTGAAAGAGCTGCTGGGGATCACC
ATCATGGAAAGAAGCAGCTTCGAGAAGAATCCCATCGACTTTCTGGAAGCCA
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AGGGCTACAAAGAAGTGAAAAAGGACCTGATCATCAAGCTGCCTAAGTACTC
CCTGTTCGAGCTGGAAAACGGCCGGAAGAGAATGCTGGCCTCTGCCGGCGAA
CTGCAGAAGGGAAACGAACTGGCCCTGCCCTCCAAATATGTGAACTTCCTGT
ACCTGGCCAGCCACTATGAGAAGCTGAAGGGCTCCCCCGAGGATAATGAGCA
GAAACAGCTGTTTGTGGAACAGCACAAGCACTACCTGGACGAGATCATCGAG
CAGATCAGCGAGTTCTCCAAGAGAGTGATCCTGGCCGACGCTAATCTGGACA
AAGTGCTGTCCGCCTACAACAAGCACCGGGATAAGCCCATCAGAGAGCAGG
CCGAGAATATCATCCACCTGTTTACCCTGACCAATCTGGGAGCCCCTGCCGCC
TTCAAGTACTTTGACACCACCATCGACCGGAAGAGGTACACCAGCACCAAAG
AGGTGCTGGACGCCACCCTGATCCACCAGAGCATCACCGGCCTGTACGAGAC
ACGGATCGACCTGTCTCAGCTGGGAGGCGACAAAAGGCCGGCGGCCACGAA
AAAGGCCGGCCAGGCAAAAAAGAAAAAGT
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APPENDIX B

SUPPORTING INFORMATION FOR SYNTHETIC IMMUNOMODULATION WITH

A CRISPR SUPER-REPRESSOR IN VIVO
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Supplementary Figures
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Supplementary figure 3.1. Evaluation of endogenous Myd88 gene expression using
different CRISPR-mediated repressor circuits (A-B) N2A cells were transfected with
Myd88 gRNA pairs along with either dCas9 plasmid fused to HP1aKRAB or dCas9 and
MS2-HP1aKRAB on two separate cassettes. Expression levels of (A) Myd88, (B) dCas9,
and HP1aKRAB are quantified relative to No-Guide group (N=3 biologically independent
samples) The bars represent the mean + S.E.M. Statistical analysis was performed using
the non-parametric one-tailed Mann-Whitney test. A p value < 0.05 was considered

significant (*P < 0.05).
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Supplementary figure 3.2. In vivo analysis of AAV1 tropism towards different tissues.
AAV1-GFP was delivered to C57BL/6 mice via retro-orbital injection. GFP expression
was assessed in different tissues by gRT-PCR. Average fold change expression levels are
indicated above each group and are quantified relative to not injected mice (N=3 mice for

not injected group, N=4 mice for AAV-GFP group, N=5 mice for AAV-GFP group in

spleen, and N=6 mice for AAV-GFP group in liver).
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Supplementary figure 3.3. RNA-seq analyses of bone marrow samples collected from
mice treated with AAV1/Myd88-MS2-HP1aKr- ab versus AAV1/Myd88-MS2-Krab. (A)
Scatter plot comparing expression of genes (Fragments Per Kilobase of transcript per
Million mapped reads FPKM) in two replicates of bone marrow from Myd88-MS2-
HP1aKRAB versus Myd88-MS2-KRAB. Myd88, [7/14, lcaml, Tnfa and 116 are
highlighted in red and the most downregulated genes in Myd88-Ms2-HPla-KRAB
groups as compared to MyD88-MS2-KRAB are highlighted in Cyan (N=2 mice). (B) GO
enrichment bar graph comparing bone marrow samples collected from mice treated with
AAV1/Myd88-MS2-HPlaKrab versus AAV1/Myd88-MS2-Krab. The top 20

significantly enriched terms in the GO enrichment analysis are displayed. Note that
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pathways such as defense response to bacteria, which are associated with Myd88
signaling are mostly down regulated when HP1laKRAB was used (N=2 mice). (C)
Reactome Enrichment bar graph displaying the top 20 enriched genes in the Reactome
database comparing in the BM samples of Myd88-MS2-HP1aKRAB versus Myd88-
MS2-KRAB (N=2 mice). Statistical analysis was performed using the two-tailed t test

and the method of multiple comparisons adjustments was Benjamini-Hochberg.
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Supplementary figure 3.4. Evaluation of endogenous Myd88 gene expression following
multiple AAV administration. (A) Schematic of experiments demonstrating Cas9
transgenic mice treated with AAV1/Myd88 or AAV1/Mock at day 1, followed by a
second administration of AAV1/Mock on day 21. (B) gRT-PCR analysis of Myd88
expression level in lung, blood, and bone marrow of Cas9 transgenic mice (N = 4 mice).

Fold changes are relative to universal control. The bars represent the mean + S.E.M. (C)
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Schematic of the experiment. Cas9 nuclease transgenic mice were treated with AAV1-
Myd88 or AAV1-Mock vectors via retro-orbital injection followed by a second and third
injection of AAV9-PCSK9 vectors on day 7 and 21. (D) qRT-PCR analysis of Myd88
expression level in lung, blood, and bone marrow of Cas9 transgenic mice (N = 4 mice).
The bars represent the mean + S.E.M. (Mock= Mock-HP1aKRAB, Myd88= Myd88-
HP1aKRAB, PCSK9= PCSK9-HP1aKRAB). Fold changes are relative to universal
control. Universal control is a blood sample collected from an uninjected Cas9 transgenic
mouse. Statistical analysis was performed using the non-parametric one-tailed Mann-

Whitney U test. A p value < 0.05 was considered significant (*P < 0.05).
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Supplementary figure 3.5. Analysis of a set of immune-related transcripts following LPS
injury. gRT-PCR analysis of Ncf, 116, Ifny, and 7/1f mRNA expression in lung, blood, and

bone marrow quantified relative to the universal control following LPS injection (N = 6
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mice for injected groups except for Blood and Bone marrow of Myd88+LPS group which
is N=5 mice, and N = 2 mice for Not Injected group). The bars represent the mean +
S.E.M. (Mock= Mock-HP1aKRAB, Myd88= Myd88-HP1aKRAB). Universal control is
a blood sample collected from an uninjected Cas9 transgenic mouse. Statistical analysis
was performed using the non-parametric one-tailed Mann-Whitney U test. A p value <
0.05 was considered significant (*P < 0.05 and **P <0.01).
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Supplementary figure 3.6. Assessing the level of a panel of immune related genes in lung
and bone marrow following LPS injection. qRT-PCR analysis of in vivo CD68, Infa, Infp,

CD4, Cxcl1, and Stat4 relative to the universal control following LPS injection in lung
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and bone marrow. (N = 5 mice for Lung of Mock+LPS group except for Cxcll which is
N =4, N = 6 mice for Lung of Myd88+LPS group except Cxcll whichis N =5 N =6
mice for Bone Marrow of Mock+LPS, N = 5 mice for Bone Marrow of Myd88+LPS, and
N = 2 for Not Injected group). The bars represent the mean + S.E.M. (Mock= Mock-
HP1aKRAB, Myd88= Myd88-HP1aKRAB). Universal control is a blood sample
collected from an uninjected Cas9 transgenic mouse. Statistical analysis was performed
using the non-parametric one-tailed Mann-Whitney U test. A p value < 0.05 was

considered significant (*P < 0.05 and **P <0.01).
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Supplementary figure 3.7. Targeted gene silencing in wild-type mice using a dual
CRISPR/Cas9 system with AAV1/Cas9 and AAV1 carrying gRNA-MS2- HP1aKRAB.
AAV1 viruses were delivered to wild-type mice via retro-orbital injection. gRT-PCR
analysis was performed to assess Myd88, Icam-1, Tnfo, Ncf, 116, and 1/ mRNA
expression in blood, bone marrow, and lung. Fold change expression levels were
quantified relative to the universal control (N = 4 mice). The bars represent the mean +
S.E.M. (Mock= Mock-HP1aKRAB, Myd88= Myd88-HP1aKRAB). Universal control is
a blood sample collected from an uninjected Cas9 transgenic mouse. Statistical analysis
was performed using the non-parametric one-tailed Mann-Whitney U test. A p value <

0.05 was considered significant (*P < 0.05 and **P < 0.01).
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Supplementary figure 3.8. Assessing the repression efficiency of AAV1-Myd88 targeting
a different region of Myd88 in liver. (A) gRT-PCR analysis of in vivo Myd88 expression
in liver samples 3 weeks post retro-orbital injection of AAV1 in Cas9 transgenic animals.
Gene expression fold-change was quantified relative to the universal control (N = 2 mice
for Not Injected group, N=4 mice for Mock, N=7 mice for Myd88Guidesetl, and N=3
mice for Myd88Guideset2). The bars represent the mean + S.E.M. (B) qRT-PCR analysis
of in vivo Myd88 expression in liver samples 6 hours post LPS injection. Fold change
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expression levels were quantified relative to the universal control (N = 2 mice for Not
Injected group, N=6 mice for Mock, and N=4 mice for Myd88Guideset2). The bars
represent the mean + S.E.M. Universal control is a blood sample collected from an
uninjected Cas9 transgenic mouse. Statistical analysis was performed using the non-
parametric one-tailed Mann-Whitney U test. A p value < 0.05 was considered significant
(*P <0.05 and **P < 0.01).

Supplementary table:

No LPS Lung Blood Bone Marrow
Mean of repression(%)+ STD | Mean of repression(%)+ STD | Mean of repression(%)+ STD
: Myds8s8 | 75%+0.389 84%+0.124 63%+0.227
cam-1 | 74%20.1 88%:+0.05 61%+0.24
| 63%+0.19 58%+0.09 57%+0.18
MydS88 52%+0.7 59%+0.185 34%+0.276
Icam-1 NC=0.35 70%+0.29 41%=+0.21
Infa 37%+0.46 45%+0.57 56%+0.19
Myd88-KRAB

Supplementary table 3.1. Repression levels of Myd88, Icam-1, and Tnfa assessed by
gRT-PCR in lung, blood, and bone marrow 3 weeks post retro-orbital injection of AAV
N = 4 for injected groups except for the following: Mock/MS2-KRAB group N=3,
Myd88/MS2-HP1aKRAB in bone marrow N=7, Myd88/MS2-HP1aKRAB in blood and
lung N=5). Gene expression fold-change was quantified relative to the universal control.
The repression levels are reported as percentage of fold change of AAV-Myd88 group

divided by the fold change of AAV-Mock group for each gene. NC=No Change

Supplementary table 3.2.1.

14nt gRNASs- 5° to 3°

Mouse Myd88-1 | GCATCCACCTTGAT
Mouse Myd88-2 | GCCACCGATCAAGG
Mouse Myd88-3 | GCGAGCGTACTGGA
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Mouse Myd88-4 | GTGGACGGCACCGG

Mouse Mock AGCTTAGGGATAAC

Human CXCR4 GCAAAGTGACGCCGA

Mouse PCSK9 GAACGGGAGCCCAC

Mouse PCSK9 GGCAGGCTGCCGGT
Supplementary table 3.2.2.

20nt gRNAs- 5" to 3’

Human SEL1L-1 GGCAGGAAGAGCAGCGGCGAGG
Human SELI1L-5 GGGGGGCGGATACTGACCCG
Human SEL1L-7 GGATACTGACCCGAGGACGCCG
Human SYVN1-10 GGGCGCTGGGTTCCTGGTGAGT
Human SYVN1-4 GGTTGCGGGCGTCGCAGGCA
Human SYVN1-3 GGCACCGGCGTCTGAGGTCTC
Human NEAT1-1 GGCGACAGGGAGGGATGCGCGCC
Human NEAT1-2 GGCGCGCCTGGGTGTAGTTGT
Human NEAT1-3 GGAAGTGGCTAGCTCAGGGCTTC
Human XIST-1 GGCAGCGCTTTAAGAACTGAA
Human XIST-2 GGACTGAAGATCTCTCTGCACTT
Human XIST-3 GGCCATATTTCTTACTCTCTCG
Human CXCR4 GCAGGTAGCAAAGTGACGCCGA
Mouse Myd88 GAGATCGCCTAGTCCATCCA
Mouse Myd88 CTTGGCCCACCGATCAAGGT
Supplementary table 3.3.1.

Mouse gPCR primers- 5’ to 3’

GFP-FW1.: CAACCACTACCTGAGCACCC

GFP-RV1.: GTCCATGCCGAGAGTGATCC

Myd88 primer FW

GTGAGGATATACTGAAGGAGCTG

Myd88 primer RV

CTGTAAAGGCTTCTCGGACTC

Stat4-FW CCTGACATTCCCAAAGACAAAGC
Stat4-RV TCTCTCAGCACAGCATATGCAC
Cxcl1-FW GACCATGGCTGGGATTCACC

Cxcl1-RV CCAAGGGAGCTTCAGGGTCA

IFNa-fw GGACT T TGGAT TCCCGCAGGAGA AG
IFNa -RV GCTGCATCAGACAGCCT TGCAGGTC

IFN-y-PRIMETIME

IDT:MM.PT.58.41769240

IFN-B-PRIMETIME

IDT:MM.PT.58.30132453.G

lcam-1-FW

CAATTTCTCATGCCGCACAG
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Icam-1-RV AGCTGGAAGATCGAAAGTCCG
TNFa-FW AGGCTGCCCCGACTACGT

TNFa-RV GACTTTCTCCTGGTATGAGATAGCAAA
NCF-FW GCTGCGTGAACACTATCCTGG
NCF-RV AGGTCGTACTTCTCCATTCTGTA
18S-FW GGCCGTTCTTAGTTGGTGGAGCG
18S-RV CTGAACGCCACTTGTCCCTC
CD68-FW TGCGGCTCCCTGTGTGT

CD68-RV TCTTCCTCTGTTCCTTGGGCTAT
CD8-FW GCTCAGTCATCAGCAACTCG
CD8-RV TCACAGGCGAAGTCCATC

CD4-FW GAGAGTCAGCGGAGTTCTC

CD4-RV CTCACAGGTCAAAGTATTGTTG
IL6-PRIMETIME IDT: Mm.PT.58.100

IL1B-FW TCGCTCAGGGTCACAAGAAA
IL1B-RV CATCAGAGGCAAGGAGGAAAAC
PCSK9 IDT: Mm.PT.58.5401743

LacZ-FW TTGAAAATGGTCTGCTGCTG 3
LacZ-RV TATTGGCTTCATCCACCACA 3
dCas9-FW TCGGAAGCGACCACTTATCG
dCas9-RV TCCGGTCTGTACTTCGGTCT
HPla-Krab-FW TAAGAGCTCGGGAGGTGGTT
HPla-Krab-RV GCCGTAAGTGATTTCGCGTC
Supplementary table 3.3.2.

Human gqPCR primers- 5’ to 3’

SEL1L-FW GTGGCTGTTGGAGTCGGTAT
SEL1L-RV ATTCACTCCCCACCCTCTCT
NEATI1-FW AGGTCAGGCAGAGGAAGTCA
NEAT1-RV CTGCCTCCCGATACAACAAT
XIST-1-FW AGGTCAGGCAGAGGAAGTCA
XIST-1-RV CTGCCTCCCGATACAACAAT
SYVN1-FW ACCAGCATCCCTAGCTCAGA
SYVN1-RV TCCTCAGGCATCTCCTCTGT
CXCR4-FW ACTACACCGAGGAAATGGGCT
CXCR4-RV CCCACAATGCCAGTTAAGAAGA
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Chapter 2: Multifunctional CRISPR-Cas9 with engineered immunosilenced human T cell
epitopes

Authors of the published manuscript: Shayesteh R Ferdosi (S.R.F.), Radwa Ewaisha
(R.E.), Farzaneh Moghadam (F.M.), Sri Krishna (S.Kr.), Jin G Park (J.G.P.), Mo R

Ebrahimkhani (M.R.E.), Samira Kiani (S.K.), Karen S Anderson (K.S.A.)

S.R.F. and R.E. designed experiments, performed experiments, and analyzed data. F.M.
generated Cas9 variant constructs, performed Cas9 functional analysis experiments, and
analyzed data. S. Kr. generated predicted Cas9 epitopes and designed and assisted with
the T cell experiments. F.M. and S. Kr. contributed equally. J.G.P. analyzed RNA seq
data. M.R.E. helped with the design of experiments and interpretation of data. S.K. and
K.S.A. supervised this study. R.E. took the lead in writing the manuscript with input from

S.R.F., S.K. and K.S.A. and support of all the other authors.

Authors thank Dr. Erich Sturgis for providing the serum samples, Dr. Diego Chowell for
support with the computational prediction model, and Padhmavathy Yuvaraj for technical
assistance. Authors thank all the other members of the Anderson, Kiani, and
Ebrahimkhani labs for their assistance and insightful discussions. This work was
supported by ASU institutional funds, the startup fund by the School of Biological and
Health Systems Engineering of ASU, National Institute of Biomedical Imaging and
Bioengineering RO1 grant (1IR0O1EB024562-01A1), and DARPA Young Faculty Award
(D16AP00047) to S.K. We thank the Center for Computational and Integrative Biology
(CCIB) DNA core facility at Massachusetts General Hospital and Genomics and

Bioinformatics (TCGB) core at UCLA for the DNA and RNA sequencing services.
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