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CRISPR CAS S

CRISPR: Clustered Regularly
Interspaced Palindromic Repeats
Loci in 40% of bacteria and 90%

of archaea

Cas9: CRISPR associated protein
9 a nuclease, an enzyme
specialized for cutting DNA

PAM: protospacer adjacent
motif with sequence NGG (any,
guanine, guanine) specific to
Streptococcus pyogenes and 5'-
NAG (any, adenine, guanine)
PAM tolerated in human cells
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SIX DOMAINS

RECI DOMAIN IST THE
LARGEST AND IS RESPONSIBLE
FOR BINDING GUIDE RNA

PAM INTERACTING DOMAIN IS

RESPONSIBLE FOR INITIATING
BINDING TO TARGET DNA
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Introduction

e Expression of Streptococcus pyogenes Cas 9 Protein has evoked cellular and humoral immune
response in mice

e Raises concerns regarding safety and efficacy as gene or epi-gene therapy in humans
e SpCas 9 best characterized ubiquitous pathogen (annual incidence of 700 Mio. Worldwide)

» Epigenetic therapy requires longer term expression of Cas9 in vivo = poses challenge of
combating pre-existing immune response
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Seek to characterize pre-existing immune response to SpCas 9 protein in healthy individuals

Identify immunodominant T cell epitopes

Developing SpCas 9 proteins that have diminished capacity to invoke human adaptive response
Findings:
e |dentified two immunodominant SpCas 9 T cell epitopes for HLA-A* 02:01

e Demonstrated that Cas 9 Protein can be modified to eliminate immunodominant epitopes
through targeted mutation while preserving function and specificity
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Methods




Detection of Cas9-specific serum antibodies

* Healthy sera (n=143)
e S.pyogenes lysate

* Serum antibody detection was performed using ELISA
e Horseradish peroxidase anti-human IgG Abs
e Detection: supersignal ELISA Femto Chemiluminescent substrate

 Luminometer: RLU (relative light unit)

e Cut-off value = any reactivity higher than top 99% of RLU values for
human haemoglobin (dotted line)
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Cas9 candidate T cell epitope prediction

e predicted MHC class | restricted 9-mer and 10-mer candidate epitopes
derived from Cas9 protein for HLA A *02:01

* Protein sequence entered into 5 different prediction algorithms
e 3 MHC binding:
e |[EDB consensus binding, Net MHCpan binding, Syfpeithi
e 2 antigen-processing algorithms:
* |EDB consensus processing, ANN processing

e |[EDB consensus binding = list of high binding Cas9 peptides = assigned a
normalized binding score (Sb)

* Si (immunogenicity score) calculated based on amino-acid hydrophobicity (ANN-
Hydro)

 Individual scores normalized within pool of predicted peptides (exclusion of
poor binders) - re-rank

e Top 38 candidate peptides selected for experimental testing
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Exkurs:

Chowell et al.

TCR contact residue hydrophobicity is a hallmark of immunogenic
CD8+ T cell epitopes

Proc Natl Acad Sci U S A. 2015 Apr 7;112(14):E1754-62. doi: 10.1073/pnas.1500973112. Epub 2015 Mar 23.

* relative amino acid hydrophobicity within immunogenic epitopes
reveals an antigenic pattern that can be recognized by TCRs

e design an immunogenicity model - ANN-Hydro

3
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Neural network

e Supervised learning system
* Neurons = function

* Each neuron can make simple decisions and feed those decisions to
other neuron

e Organized in interconnected layer

e Components:
e |Input layer
e Hidden layer(s)
e Output layer
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Peptide predictions

Predictions from IEDB-
consensus binding tool

A4

Assign a binding score
(Sg) to each peptide

.
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Assign total score (5= 5,5 ) to
each peptide in each of the four
regions as illustrated
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Ex vivo stimulation and epitope mapping of Cas9 by ELISpot

e PBMCs from healthy donors

e Predicted Cas9 peptides (Sb < 0,148) n=38 synthesized (Proimmune UK)
e ELISpot — anti IFN-y — PBMCs — human IL2 added

e Stimulated with Cas9 peptide pools

e CEF positive control, DMSO negative control

* incubated, 2>washed 3x 2incubated detection antibody—> washed & incubated Streptavidin=> washed-> detection buffer = AID ELISpot reader
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e Autologous APC generation from healthy individual PBMCs

e T cell stimulation by autologous APCS

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- incubated
in BCM-10% human serum and IL-4.

24 hrs later - APCs were washed and incubated with thawed whole PBMCs at a ratio of 1:2 in
a 24-well plate in BCM supplemented with 20U/mL recombinant human IL-2 and 5ng/mL IL-7

day 5, partial media exchange: replacing half the well with fresh BCM and IL-2.
day 10fresh APCs were peptide pulsed in a new 24-well plate

day 11, expanded T cells were restimulated with peptide-pulsed APCs

T cells were used for T cell assays or immunophenotyped after day 18.
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Flow cytometry staining for T-cells

e Cells washed in MACS buffer-centrifuged-resuspended in buffer — stained buffer (anti CD137)
conjugated with PE — anti-CD8-PC5, anti-CD4 , anti-CD14 and anti-CD19

 all conjugated to Fluorescein isothiocyanate (FITC)

e covered and incubated for 30min on ice, washed twice in PBS, and resuspended in 1mL PBS prior
to analysis

Pentamer staining for T cell immunophenotyping

e HLA-A*02:01 PE-conjugated Cas9 pentamers were obtained from Prolmmune:
* F2A-D-CUSA*02:01-ILEDIVLTL-Pentamer and 007-Influenza A MP 58-66-GILGFVFTLPentamer

e T cells washed twice in MACS buffer - centrifuged -re-suspended in staining buffer

e Each of the pentamers was added to resuspended T cells, stimulated with the respective peptide
or APCs

e incubated at room temperature for 30min in the dark - washed twice in MACS buffer

e Cells were stained in MACS buffer with antiCD8-PC5, anti-CD4-FITC, anti-CD14-FITC, and anti-
CD19-FITC

e washed twice with PBS and analyzed by flow cytometry

Journal Club SS19 Brunner Tabea 18



e Cell culture for endogenous target mutation and activation
e HEK293FT cell line was purchased from ATCC, incubated 37° Grad

e PEl was used to transfect HEK293 FT, Transfection complexes prepared
according to Polysciences instructions.

e Fluorescent reporter assay for quantifying Cas 9 function

e Assessing Cas9 cleavage capacity at a synthetic promoter HEK293FT cells were
transfected with gRNA (200ng), Cas9 constructs (200ng), reporter plasmid
(50ng), EBFP (25ng)

e Assessing Cas9 transcriptional activation capacity , HEK293FT co-transfected

with gRNA (50ng), Cas9 constructs (70ng), MS2-P65-HSF1-GFP (100ng),
reporter plasmid (200ng)

e Fluorescent reporter experiments were performed 48h after transfection

e selected cells expressing EBFP >2x102 A.U. or GFP >2x102A.U. (transfection
markers) in the cleavage and activation experiments

* Flow cytometry was performed using a FACSCelesta flow cytometer
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Quantitative RT-PCR analysis

e HEK293FT cells were co-transfected with

 sRNA, Cas9 constructs, MS2-P65-HSF1 and EBFP plasmid as the
transfection control

e 72 post transfection - cells were lysed - RNA was extracted (RNeasy
Plus mini kit)- cDNA synthesis (High-Capacity RNA-to-cDNA Kit)

* gRT-PCR : SYBR Green PCR Master Mix

Journal Club SS19 Brunner Tabea 20



Endogenous indel analysis

e HEK293FT cells co-transfected Cas9 plasmids (200ng), gRNA coding
cassette (10ng), EBFP plasmid (25ng)

e 72h later, transfected cells were dissociated and spun down at 200g for
5min at room temperature

* Genomic DNA was extracted - QuickExtract DNA extraction solution
(Epicentre)

* Genomic DNA was amplified by PCR using primers flanking the targeted
region

* PCR cycles were performed

* 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
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RNA sequencing for quantifying activator specificity

e HEK293FT cells cotransfected with :

 gsRNA targeting MIAT locus, Cas9 constructs, MS2-P65-HSF1, transfection
control

e 72h post transfection RNA extracted using RNeasy Plus mini kit
* RNA sequencing using NextSeq500

e Aligned to human reference genome with STAR (ultrafast universal
RNA-seq aligner
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Results




Cas9-specific serum antibodies in healthy controls

a10

e Detectable 1gG Abs to SpCas9 in healthy
individuals .

e healthy control sera (n=143)
e 82 (57,3%) > detectable Abs against S.
pyogenes lysate (ELISA)

e Sera with highest reactivity screened for
Abs against recombinant SpCas9 2

e 7(8,8%) positive st
* 5% had Cas9 specific Abs (143). S.pyogenes Cas9 Hemoglobin EBNA
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Cas9 candidate T cell epitope prediction

e Predict more immunogenic epitopes
High HLA binding (low Sb)

More hydrophobicity (high Si)
HLA-A*02:01 most common HLA

European/North American
Caucasians

Rank Position
988-997
1281-1290

236-244
240-248

615-623

O 20O N =

Sequence
YLNAVVGTAL
ILADANLDKV

GLFGNLIAL
NLIALSLGL

ILEDIVLTL

Code
Y

o
o

B

HLA binding S, S,

1.25
1.25

0.6
1.7

1.5

0.068 0.975
0.003 0.447

0.020 0.900
0.061 0.903

0.023 0.710
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T cell epitope mapping of Cas9

* PBMcs measurable T cell reactivity against predicted SpCas9 MHC
class | epitopes

e Synthesized 39 peptides, grouped in 10 pool, 3-4 peptide each
* IFN-y ELISpot assays (n 12)

 |dentified immunoreactive epitopes within pools 3 and 5 in 83% of
donors tested (90% of HLA-A* 02:01)

e Evaluated by IFN-y ELISpot assays - dominant immunogenic epitopes:
e SpCas9 240-248 and SpCas9 615-623 designated peptides o and B
* subdominant epitopes were found to be y and 6
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T cell epitope mapping of Cas9
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e Dominant: a and B
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T cell epitope mapping of Cas9

e Both immunodominant and subdominant epitopes identified by IFN-y
ELISpot were within top 5 most immunogenic epitopes predicted by model

e Sequence similarity: peptides a and B to amino acid sequences in known
grotebins was investigated using Protein BLAST and the IEDB epitope
atabase

e T cellimmune response due to previous exposure to another protein

* Peptide considered “similar” to a or B if no more than 2 of 9 amino acid
residues (that are not the second or ninth) were not matching (78%)

 Non resembled known epitopes in IEDB database
e Similarity to other orthologs and bacterial proteins detected

e Epitope B sequence similarity to peptide derived from Neisseria
meningitidis peptide chain release factor 2 protein (ILEDIVLTL versus
ILEGIVLTL).
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Mutated Cas9 proteins have lower immune recognition

e Assumption: mutation of MHC-binding anchor residues would abolish
specific T cell recognition

* Epitope anchor residues (2"¥ and 9t") necessary for peptide binding to
MHC groove and crucial for recognition by T cell receptor

e Percentage of CD8+ B pentamer+T cells decreased to 0,3% when
Apcs were pulsed with mutated peptide
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Mutated Cas9 proteins have lower immune recognition

a | wrg) b Mut (B2)

D8+ Pent CD8 CD8+ Pent
10° CD8+ Pent+ 10° 53.06% + Pent+
105 3.09% 0.3%

o 10° ©
0 0
O 10° O
10°
1
10 CD8-Pent+ CD8~-Pent+
100 ] b W s | il 2 T Ry Raaromy F sraany wTwoe i | e ee— —
10° 10° 10* 10° 10* 10°
Pentamer Pentamer
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Mutated Cas9 proteins have lower immune recognition

e Reactivity of healthy donor T cells to modified peptides a or B with
mutations in residues 2, 9 or both

Peptide code Peptide HLA binﬁing Peptide code Peptide HLA binding
(position) sequence Egﬁ:):e" "€ (position) sequence  (percentile rank)
o. (240-248) NLIALSLGL 17 B (615-623) ILEDIVLTL 1.5

02 NGIALSLGL 26 g2 IGEDIVLTL 23

09 NLIALSLGG 14 B9 ILEDIVLTG 12

029 NGIALSLGG 62 B29 IGEDIVLTG 49
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Mutated Cas9 proteins have lower immune recognition

 Epitope-specific T cell reactivity markedly reduced with the mutant

peptides
d e i
o« e _ .. ' o2 B2
B . | .f': ‘; ::i;-, 09 8O
cer @B @ @ o - | e Average reduction
DMSO e 25 fold from a to a 29 (n=7)

e 30 fold from B to B29 (n=8)
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Supplementary Figure 1
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Mutated Cas9 proteins have lower immune recognition

e Engineering Cas9 variant with reduced

immunogenicity potential = safer CRISPR c
therapies, reduction of dosage of systemic EMX-1
iImmunosuppression .
e Tested function of Cas9- B compared with WT- % " .
Cas9 (DNA cleavage and transcriptional E
modulation) @
* Nuclease activity: targeted to endogenous locus ? B e
(EMX-1): measured percent indel formation g , |
a 0
b L
O Q7 0
P >’ cb&) o
20 nt gRNA L N\ Endogenous \‘QQO Q‘b‘j epcp

| Cas9 indel formation
E < " (Emx-1)
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Immune response to non HLA-A*02:01 Cas9 epitopes

a g- .

HLA-A*24:02 Bonor 1D

- 14
o T = 15
3 100 - s 16
- _i_ 1 v 17
4
o
T 50 } | {L
5 1 {r If
N 1[ : 'I' 5 ! } IFN gamma ELISpot

16 20 22 23 24 25
Peptide ID

e Predicted T cell epitopes for non HLA-A *02:01 alleles (IEDB)

* Synthesized 5-6 epitopes

e 7 common alleles: A*01:01, A*03:01, A*11:01, A*24:02, B*08:01, B*44:01, B*55:01

e Stimulate PBMCs (n=6)

. i&ezcélif(i)czT cell immune response (in more than 1 donor) against peptide 25 in two HLA-

Journal Club SS19 Brunner Tabea 37



Immune response to MHC Class Il Cas9 epitopes

—

b ELISpot
100 | CD8 depleted PBMCs n=3
L) Donor ID
3 *3
% 5. =4
X A6
od
"j L]
5 I
0] S i v T e e
1 2 4 7 8

3 5 6
Class |l peptide |ID

e predicted MHC class Il binding epitopes for the SpCas9 protein to HLA-DRB1 (10 alleles), HLA-DQ (5 alleles), and HLA-
DP (8 alleles) (IEDB)

e For MHC class Il, epitope a is predicted to be a top binder to HLADRB1*01:02

e epitope B a top binder to HLA-DPA1*01:03 and DPB1*02:01

* Synthesized SpCas9 long peptides with epitopes in top 2% of predicted binders
* Measured peptide-specific CD4+ T cell immunity

* Limited CD4+ immune response

Journal Club SS19 Brunner Tabea 38
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250 7
+ CD4
50 ] CD4 response o CD8

e 200 1 f
40

0

»
@ — c%i: 150 -
& % T g
é . | iL % 100 - «}
Bol I “ 5]
" . ‘ . %f - RA
Unstimulated Cas9 EBNA D Unstimulated Peptide 3 ::EF

e Stimulated sorted CD4+ or CD8+ T
cells isolated from PBMCs with

 Stimulation of healthy donor CD8 tide B

depleted PBMCs with recombinant peptide eta. _

SpCas9 or EBNA e Detected: primarily CD8+response
e Less than two fold of unstimulated * PBMCs n=3
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Discussion:

e CD8+ T cell immunity likely memory responses
* Following 18 days of T cell stimulation by peptides (alpha, beta) expansion of naive T cells is not precluded

e Suggests: even in absence of pre-existing immune response, expression of Cas9 in naive individuals may trigger T cell
response (could prevent subsequent administration)

e Selective deimmunization (immunosilencing) of Cas9 can represent an attractive alternative

* Modest CD4+ immune response against recombinant SpCas9 protein (IFN-y ELISpot)

* No response any of class Il SpCas9 peptides that were used

e Silencing one epitope for an HLA-A*02:01 sufficient to significantly reduce Cas 9 immunogenicity

* Alteration of one of the anchor residues of an immunodominant epitope abolished specific T cell recognition
e HLA allotype diversity

e Existence of numerous epitopes in Cas 9 protein - deimmunization

e OQverall impact of removal of select immunodominant epitopes remain to be seen
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