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PROTEIN DELIVERY IN PRIMARY HEMATOPOIETIC CELLS

CROSS-REFERENCES TO RELATED APPLICATIONS
[0001] This application claims priority to U.S. Provisional Application Nos. 62/110,187,
filed January 30, 2015, and 62/209,711, filed August 25, 2015, the contents of each of which

are hereby incorporated by reference in the entirety for all purposes.

BACKGROUND OF THE INVENTION
[0002] Methods, compositions, reaction mixtures, kits, and devices, for precise and
efficient manipulation primary cells hold great promise for development of cell-based
therapeutics, as well as basic research into the function of various cells, tissues, organs, and
systems in the body. For example, recent advances in the generation and use of primary
antigen-specific T cells holds great promise for immunotherapy against cancer and infectious
diseases. As another example, the ability to precisely target regulatory genes in primary cells

can be used to study the phenotypic results of such modulation.

BRIEF SUMMARY OF THE INVENTION
[0003] Disclosed is a method of editing the genome of a cell, wherein the cell is a primary
hematopoietic cell or a primary hematopoietic stem cell, the method comprising: a) providing
a reaction mixture comprising a Cas9 nuclease domain (e.g., a Cas9 apo protein) and the cell;
and b) introducing the Cas9 nuclease domain inside the cell, wherein the Cas9 nuclease
domain forms a complex with a guide RNA inside the cell. In one aspect, the present
invention provides a method of editing the genome of a cell in vitro or ex vivo, wherein the
cell is a primary hematopoietic cell or a primary hematopoietic stem cell, the method
comprising: a) providing a reaction mixture comprising a Cas9 ribonucleoprotein complex
and the cell, wherein the Cas9 ribonucleoprotein complex comprises a Cas9 nuclease domain
and a guide RNA, wherein the guide RNA specifically hybridizes to a target region of the
genome of the cell; and b) introducing the Cas9 ribonucleoprotein complex inside the cell via

electroporation. In some



examples, the guide RNA inside the cell is encoded by a guide RNA gene inside the cell,
wherein the guide RNA gene comprises DNA. In some embodiments, the cell does not
contain a nucleic acid encoding the Cas9 nuclease domain. In some examples, the efficiency
of Cas9 delivery is at least about 20% or 30%. In some examples, the primary hematopoietic
cell or a primary hematopoietic stem cell is modified to express a heterologous protein either
before, during, or after the genome of the cell is edited as described. above or elsewhere

herein. In some examples, the heterologous protein is
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encoded by a viral (e.g., a lentiviral) vector. In some examples, the heterologous protein is a
chimeric antigen receptor (CAR) protein or a heterologous T-cell Receptor (TCR), including
but not limited to a rearranged TCR.

[0004] In some examples, the present disclosure provides a method of editing the genome
of a cell, wherein the cell is a primary hematopoietic cell or a primary hematopoietic stem
cell, the methed comprising: a) providing a reaction mixture comprising a Cas9
ribonucleoprotein complex and the cell, wherein the Cas9 ribonucleoprotein complex
comprises a Cas9 nuclease domain and a guide RNA, wherein the guide RNA specifically
hybridizes to a target region of the genome of the cell; and b) introducing the Cas9
ribonucleoprotein complex inside the cell. In another aspect, the present invention provides a
method of editing the genome of a cell in vitro or ex vivo, wherein the cell is a primary
hematopoietic cell or a primary hematopoietic stem cell, the method comprising: a) providing
a reaction mixture comprising a Cas9 nuclease domain and the cell; and b) introducing the
Cas9 nuclease domain inside the cell, wherein the Cas9 nuclease domain forms a complex
with a guide RNA inside the cell. In some examplesthe method provides an efficiency of
genome editing of at least about 20%. In some examples, the cell does not contain a nucleic

acid encoding the Cas9 and/or a DNA nucleic acid encoding a guide RNA.

[0005] In some examples, prior to the providing of a) the cell is not immortalized or
transformed. In some cases, after the introducing of b) the cell is not immortalized or
transformed. In some examples, the cell has not been passaged prior to the providing of a).
In some cases, prior to the providing of a), the cell has been directly isolated from a host
organism or tissue and cultured. In some cases, prior to the providing of a), the cell has been

directly isolated from a host organism or tissue and has not been cultured.

[0006] In someexamples, the introducing comprises electroporation. In some examples,
the introducing comprises: coating a nanowire or nanotube with the Cas9 ribonucleoprotéin
complex or Cas9 apo protein; contacting the cell with the nanowire or nanotube coated with
the Cas9 ribonucleoprotein complex or Cas9 apo. protein; and piercing a cell membrane of the
cell with the nanowire or nanotube coated with the Cas9 ribonucleoprotein complex or Cas9
apo protein. In some examples, the introducing comprises: foreing the reaction mixture

through a cell deforming constriction that



is smaller than the diameter of the cell, wherein the forcing introduces transient pores into a
cell membrane of the cell; and allowing the Cas9 ribonucleoprotein complex or Cas9 apo

protein to enter the cell through the transient pores.

[0007] In some examples, the Cas9 ribonucleoprotein complex or Cas9 apo protein
comprises a ligand for an extracellular receptor on the cell, and the introducing comprises
receptor mediated internalization of the Cas9 ribonucleoprotein complex or Cas9 apo protein.

In some examples, the Cas? ribonucleoprotein complex or Cas9 apo protein comprises a
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cell penetrating peptide, and the introducing comprises contacting the cell penetrating peptide

to the cell.

[0008] In some cases, the electroporation comprises positioning the reaction mixture into a
chamber between a cathode and an anode, and applying a voltage potential between the
cathode and the anode of from about 20 kV/m to about 100 kV/m. In some cases, the voltage
potential is applied as a pulse having a length of from about 5 ms to about 100 ms. In some
cases, the method further comprises repeating the application of the voltage potential pulse
from 2 to 10 times. In some cases, the chamber is a hollow member having a longitudinal
length and a horizontal cross sectional area; the chamber comprises a first and second distal
end separated by the longitudinal length; and the chamber has: a first electrode at the first
distal end; and a reservoir containing an electrolytic solution in fluid communication with the
second distal end of the chamber, said reservoir having a second electrode. In some cases,
the chamber has a ratio of longitudinal length to horizontal cross-sectional area in the range

of 50 to 10,000.

[0009] In some examples, the Cas9 ribonucleoprotein complex or the Cas9 apo protein in
the reaction mixture is at a concentration of from about 0.25 pM to about 5 uM. In some
examples, the Cas9 ribonucleoprotein complex or the Cas9 apo protein in the reaction
mixture is at a concentration of from about 0.9 uM to about 1.8 pM. In some examples, the
reaction mixture contains from about 1 x 10°to about 4 x 10° primary hematopoietic cells or
primary hematopoietic stem cells or from about 0.9 x 10* to about 3.6 x 10" primary
hematopoietic cells or primary hematopoietic stem cells per pl.. In some examples, the
reaction mixture contains from about 2 x 10°to about 2.5 x 10° primary hematopoietic cells
or primary hematopoietic stem cells or 1.8 x 10" to about 2.2 x 10* primary hematopoietic
cells or primary hematopoietic stem cells per pl.. In some examples, the cell is a primary

hematopoietic cell.

[0010] In some cases, the primary hematopoietic cell is an immune cell. In some cases, the
immune cell is a T cell. Insome cases, the T cell is aregulatory T cell, an effector T cell, or
anaive T cell. In some cases, the regulatory T cell, effector T cell, or naive T cell is a CD4"
T cell. In some cases, the T cell is a CD4*CD25MeD127° regulatory T cell. In some cases,
the T cell is 2 FOXP3" T cell. In some cases, the T cell is a CD4*CD25°CD127" effector T
cell. In some cases, the T cell isa CD4'CD25°CD127"CD45RA"CD45R0O" naive T cell. In
some cases, the T cell is a CD8" T cell. In some cases, the T cell is a CD4'CD8™ T cell. In



10

15

20

25

30

some cases, prior to the providing of a), the T cell is pre-activated. In some cases, prior to the
providing of a), the T cell is unstimulated. In some cases, the T cell comprises a recombinant

antigen receptor.

[0011] In some examples, the reaction mixture further comprises a double or single-
stranded oligonucleotide DNA template, and wherein the method comprises introducing the
double or single-stranded oligonucleotide DNA template inside the cell. In some examples,
the double or single-stranded oligonucleotide DNA template is at a concentration of from
about 9 uM to about 180 pM. In some cases, the double or single-stranded oligonucleotide
DNA template is at a concentration of about 45 pM. In some cases, the method provides an
efficiency of primary hematopoietic cell (e.g., stimulated or unstimulated T cell) or primary
hematopoietic stem cell genome editing (e.g., by nick repair, non-homologous end joining
repair, or homology directed repair of Cas9 single or double-stranded cleavage sites) of at
Ieast about 20%, 21%, 22%, 23%, 24%, 25%, 26%, 27%., 28%, 29%, 30%, 31%, 32%, 33%,
34%, 35%, 36%, 37%, 38%, 39%, 40%, 41%, 42%, 43%, 44%, 45%, 46%, 47%, 48%, 49%,
50%, 51%, 52%, 53%, 54%, 55%, 56%, 57%, 58%, 59%, 60%, 61%, 62%, 63%, 64%, 65%,
66%, 67%, 68%, 69%, 70%, 71%, 72%, 73%, 74%, 75%, 76%, 77%, 78%, 79%, or 80%. .

[0012] In some cases, the method provides an efficiency of primary hematopoietic cell
(e.g., stimulated or unstimulated T cell) or primary hematopoietic stem cell genome editing
(e.g., by nick repair, non-homologous end joining repair, or homology directed repair of Cas9
single or double-stranded cleavage sites) of from about 20% to about 80%, from about 25%,
to.about 70%, from about 30% to about 75%, from about 40% to about 75%, from about 50%
to about 70%, from about 20% to about 70%, from about 25% to about 65%, from about 30%
to about 60%, or from about 35% to about 55%..

[0013] In some cases, the method provides an efficiency of primary hematopoietic cell
(e.g., stimulated or unstimulated T cell) or primary hematopoietic stem cell template directed
genome editing of at least about 5%, 6%, 7%, 8%, 9%, 10%, 11%, 12%, 13%, 14%, 15%,
16%, 17%, 18%, 19%, 20%, 21%, 22%, 23%, 24%, 25%, 26%, 27%, 28%, 29%, 30%, 31%,
32%, 33%, 34%, 35%, 36%, 37%, 38%, 39%, 40%, 41%, 42%, 43%, 44%, 45%, 46%, 47%,
48%, 49%, 50%, 51%, 52%, 53%, 54%, 55%, 56%, 57%, 58%, 59%, 60%, 61%, 62%, 63%,
64%, 65%, 66%, 67%, 68%, 69%, 70%, 71%, 72%, 73%, 74%, or 75%.
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[0014] In some cases, the method provides an efficiency of primary hematopoietic cell
(e.g., stimulated or unstimulated T cell) or primary hematopoietic stem cell template directed
genome editing of from about 5% to about 30%, from about 7% to about 25%, from about
10% to about 20%, from about 5%, to about 25%, from about 10% to-about 25%, from about
5% to about 20%, from about 5% to about 15%, or from about 10% to about 15. In some
cases, the single stranded oligonucleotide DNA template encodes a recombinant antigen

receptor, a portion thereof, or a component thereof.

[0015] In some examples, the cell is a T cell, and the method further comprises: ¢) after the
introducing of b), transferring the reaction mixture to a culture medium containing a CD3
agonist and a CD28 agonist and culturing the cells. In some cases, the CD3 agonist or the
CD28 agonist are immebilized on a solid surface, or the CD3 agonist and the CD28 agonist
are immobilized on a solid surface (e.g., immobilized on a bead or separate beads or on a
surface of a culture plate or well). In some cases, the CD3 agonist is an anti-CD3 antibody.
In some cases, the CD28 agonist is an anti-CD28 antibody. In some cases, the method
further comprises: ¢) after the culturing of ¢), transferring the reaction mixture to a culture

medium that does not contain a CD3 agonist or a CD28 agonist and culturing the cells.

[0016] In some cases, the anti-CD3 antibody (e.g:, immobilized or soluble) is at a
concentration of about 1,2, 3,4, 5,6,7,8,9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23,
24, or 25 ug/mL. In some cases, the anti-CD3 antibody (e.g., immobilized or soluble) is at a
concentration of from about 0.5 to about 25 pg/mL, from about 1 to about 20 pg/ml., from about
2 to about 15 pg/ml., from about 5 to about 15 pg/mlL, or from about 5 to about 10 pg/mL. In
some cases, the anti-CD28 antibody (e.g., immobilized or soluble) is at a concentration of about
1,2,3,4,5,6,7,8,9,10,11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, or 25 pg/mL. In
some cases, the anti-CD28 antibody (e.g., immobilized or soluble) is at a concentration of from
about 0.5 to about 15 pg/mL, from about 1 to about 15 pg/mL, from about 2 to about 10 pg/mL,
from about 1 to about 7.5 pg/mL, or from about 2 to about 5 pg/mL.

[0017] In some examples, the Cas9 ribonucleoprotein complex or Cas9 ape protein comprises a
Cas9 nuclease. In some examples, the Cas9 ribonucleoprotein complex or Cas9 apo protein
comprises a Cas9 nickase. In some examples, the Cas9 ribonucleoprotein complex or Cas9 apo.
protein comprises a Cas9 nuclease domain fused to a restriction endonuclease or nickase. In some

examples, the Cas9 ribonucleoprotein
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complex or Cas9 apo protein comprises a Cas9 nuclease domain fused to a transcriptional

modulator or a chromatin modifier.

[6018] In some examples, the reaction mixture comprises at least two structurally different
Cas9 ribonucleoprotein complexes or at least two structurally different Cas9 apo proteins. In
some cases, the at least two structurally different Cas9 ribonucleoprotein complexes contain
structurally different sgRNAs. In some cases, the at least two structurally different Cas9
ribonucleoprotein complexes or at least two different Cas9 apo proteins contain structurally

different Cas9 domains.

[0019] In yet another aspect, the present invention provides a plurality of primary
hematopoietic cells or primary hematopoietic stem cells, wherein the plurality of cells do not
contain a nucleic acid encoding Cas9 and/or a DNA nucleic acid encoding a guide RNA, and
wherein at least 20% of the plurality of cells contains a Cas9 ribonucleoprotein complex. In
some examples, at least 30% of the plurality of cells contains a Cas9 ribonucleoprotein
complex. In some examples, at least 20% of the plurality of cells contains a Cas9
ribonucleoprotein complex and a single stranded oligonucleotide DNA template. In some
examples, the plurality of cells have not enriched for the presence of the Cas9
ribonucleoprotein complex. In some examples, at least 20% or 30% of the plurality of cells
contains a double stranded break, or an NHEJ or HDR repaired double stranded break at a
target genomic region. In some examples, the primary hematopoietic cells or a primary
hematopoietic stem cells are modified to express a heterologous protein (e.g., a chimeric
antigen receptor {CAR)) either before, during, or after the genome of the cell is edited as
described above or elsewhere herein. The heterologous protein can be encodes by a viral

vector (e.g., a lentiviral vector) introduced into the cells.

DEFINITIONS

[0020] As used in this specification and the appended claims, the singular forms "a," "an,

and "the" include plural reference unless the context clearly dictates otherwise.

[0021] The term “nucleic acid” or “polynucleotide” refers to deoxyribonucleic acids
(DNA) or ribonucleic acids (RNA) and polymers thereof in either single- or double-stranded
form. Unless specifically limited, the term encompasses nucleic acids containing known
analogues of natural nucleotides that have similar binding properties as the reference nucleic

acid and are metabolized in a manner similar to naturally occurring nucleotides. Unless
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otherwise mdicated, a particular nacleic acid sequence also implicitly encompasses
conservatively modified vanants thereof {e.g., degenerate codon substitutions), alleles,
orthologs, SNPs, and complementary sequences as well as the sequence explicitly indicated.
Specifically, degenerate codon substitutions may be achieved by generating sequences in
which the third position of one or more selected {or all} codons 1s substituted with mixed-
base and/or deoxyinosing residues {Batzer et al , Nucleic Acid Res. 195081 (1991); Ohtsuka
ctal, J. Biol Chem. 260:2605-2608 (1985); and Rossclini ¢t al., Mol. Cell. Probes 8:91-98
(1994)).

{6622} The term “gene” can refer to the segment of DNA mnvolved in producing or
encoding a polypeptide cham. It may melude regions preceding and followmg the coding
region {leader and trailer) as well as intervening sequences (introns} between individual
coding segments {(exons}). Altematively, the term “gene” can refer to the segment of DNA
mvolved in prodacing or encoding a non-translated RNA, such as an rRNA, tRNA, goide

RNA {e.g., asmall guide RNA), or micro RNA.

{66237 A "promoter” 1s defined as an array of nucleic acid control sequences that direct
transcription of a nucleic acid. As used herem, a promoter includes necessary nucleic acid
sequences near the start site of transcription, such as, in the case of a polymerase I type
promoter, a TATA clement. A promoter also optionally includes distal enhancer or repressor
clements, which can be located as much as several thousand base pairs from the start site of

transeription.

[6624] An “expression cassetie” is a nucleic acid construct, generated recombinantly or
synthetically, with a series of specified nucleic acid elements that permit transcription of a
particular polynucleotide sequence in a host cell. An expression cassetie may be partof a
plasmid, viral genome, or nucleic acid fragment. Typically, an expression cassette includes a

polynucleotide to be transcribed, operably hinked to a promoter.

16025] A “reporter gene” encodes protems that are readily detectable due to their
biochemical characteristics, such as enzymatic activity or chemifluorescent features. One
specific example of such a reporter 1s green fluorescent protein. Fluorescence generated from
this protein can be detected with vanous commercially-availabie fluorescent detection
systeras. Other reporters can be detected by staining. The reporter can also be an enzyme that
generates a detectable signal when contacted with an appropriate substrate. The reporter can

be an enzyme that catalvzes the formation of a detectable product. Suitable enzymes include,
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but are not limited to, proteases, nucleases, lipases, phosphatases and hydrolases. The
reporter can encode an enzyme whose substrates are substantially impermeable to eukarvotic
plasma membranes, thus making it possible to tightly control signal formation. Specific

examples of suitable reporter genes that encode enzymes include, but are not hmited to, CAT

(]

{chloramphenicol acety! transferase; Alton and Vapnek (1979) Nature 282: 864-869);
huciferase (fox); P-galactosidase; Lac/Z; B.-glucuromdase; and afkaline phosphatase (Toh, et
al. (1980) Fur. J. Biochem. 182: 231-238; and Hall et al. (1983} J. Mol. Appl. Gen. 2: 101),
cach of which are incorporated by reference herein in its entivety. Other suitable reporters
include those that encode for a particular epitope that can be detected with a labeled antibody

10 that specifically recognizes the epitope.

{6826} The term “aminoc acid” refers to naturally cocurring and synthetic amine acids, as well
as amino acid analogs and amino acid mimetics that function in a manner similar to the
naturally occurring amino acids. Naturally occurring amino acids are those encoded by the
genetic code, as well as those aming acids that are later modified, e g, hvdroxyproline, v-

15 carboxyglutamate, and O-phosphoserine. Amino acid analogs refers to compounds that have
the same basic chemical structure as a naturally occurring amino acid, 7.e., an o carbon that is
bound to a hydrogen, a carboxyl group, an amino group, and an R group, e. g, homoserine,
norleucine, methionine sulfoxide, methionine methyl sulfonium. Such analogs have modified
R groups {e.g., norleucing)} or modified peptide backbones, but retain the same basic chemical

20 structure as a naturally occurring amino acid. “Amuino acid mimetics” refers to chemical

compounds having a structure that 1s different from the general chemical structure of an

amino acid, but that fonctions in a manner similar to a naturally occurring amino acid.

18027] There are various known methods in the art that permit the incorporation of an
annatural amino acid derivative or analog into a polypeptide chain in a site-specific manner,

25 see e.g, WO 02/086075.

3628} Amino acids may be referred to hereimn by either the commonly known three letter
symbaois or by the one-letter symbols recommended by the IHPAC-TUB Biochemical
Nomenclature Commission. Nucleotides, likewise, may be referred to by their commonly

accepted single-letter codes.

Loy

8029 “Polypeptide,” “peptide,” and “protein” are used interchangeably herein to referto a
polymer of amino acid residues. All three terms apply to amino acid polvmers in which one

or more amino acid residue 1s an artificial chemical mimetic of a corresponding naturally
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occurring amino acid, as well as to naturally ocearring amino acid polvmers and non-
naturally occurring amino acid polvmers. As used herein, the terms encompass amino acid
chains of any length, including full-length proteins, wherein the amino acid residucs are

hinked bv covalent peptide bonds.

{08838} “Counservatively modified vanants” applies to both amino acid and nucleic acid
sequences. With respect to particular nucleic acid sequences, “conservatively modifie
variants” refers to those nucleic acids that encode identical or essentially identical aming acid
sequenees, or where the nucleic acid does not encode an amino acid sequence, to essentially
identical sequences. Because of the degeneracy of the genetic code, a large number of
functionally identical nucleic acids encode any given protemn. For nstance, the codons GCA,
GCC, GCG and GCU all encode the amino acid alanine. Thaes, at every position where an
alanine is specified by a codon, the codon can be altered to any of the corresponding codons
described without altering the encoded polypeptide. Such nucleic acid variations are “silent
variations,” which are one species of conservatively modified vaniations. Every nucleic acid
sequenee herein that encodes a polypeptide also describes every possible silent vanation of
the nucleic acid. One of skill will recognize that cach codon in a nucleic acid {except AUG,
which is ordinaniy the only codon for methionine, and TGG, which is ordinarnily the only
codon for tryptophan) can be modified to vicld a functionally identical molecule.
Accordingly, each silent variation of a nucleic acid that encodes a polvpeptide is implicit in

cach described sequence.

10631} As to amine acid sequences, one of skilf will recognize that individual substitutions,
deletions or additions to a nucleic acid, peptide, polypeptide, or protein sequence which
alters, adds or deletes a single amuno acid or a small percentage of amino acids n the encoded
sequence 18 a “conservatively modified variant” where the alteration results in the substitution
of an amino acid with a chenucally similar amino acid. Conservative substitution tables
providing functionally similar amino acids are well known in the art. Such conservatively
modified vanants are in addition to and do not exclude polvmorphic variants, interspecies
homologs, and alleles of the invention. In some cases, conservatively modified variants of

Cas? or sgRNA can be utilized as described hergin,

18032] The following eight groups each contain amino acids that are conservative
substitutions for one another:

D Alanine (A), Glyeme (G);

2} Aspartic acid (D), Glutamic acid (E);
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3} Asparaging {(N), Ghutamine ((Q);

4) Arginine (R}, Lysine (K},

5) Iscleucine (I}, Leucine (L), Methionine (M), Valine (V);
6) Phenvialanmine (F}, Tyrosine (Y), Tryvptophan (W),

7 Serine {(§), Threomne (T); and

8} Cysteine (), Methioning (M)

(see, e.g., Creighton, Profeins, W. H. Freeman and Co., N.Y. (1984)).

16033] Amino acids may be referred to berem by either their commonly known three letter
symbois or by the one-letier symbols recommended by the THPAC-TUB Brochemical
Momenclatare Commission. Nacleotides, likewise, may be referred to by their commonly
accepted single-letter codes.

[6634] A “translocation sequence” or “transduction sequence” refers o a peptide or protein
(or active fragment or domain thereof) sequence that dirscts the movement of a protein from
one cellular compartment to another, or from the extracellular space through the cell or
plasma membrane into the cell. Translocation sequences that direct the movement of a
protein from the extracellular space through the cell or plasma membrane into the cell are
“ecll penetration peptides.” Translocation sequences that localize to the nucleus of a cell are
termed “muclear localization” sequences, signals, domains, peptides, or the like. Examples of
translocation sequences include, without limitation, the TAT transduction domam {sce, ¢.g.,
S. Schwarze ¢t al., Science 285 (Sep. 3, 1999}, penetrating or penstratin peptides (D Derossi
ctal, Trends in Cell Bicl. 8, 84-87); Herpes simplex virus type 1 VP22 (A Phelan et al |
Nature Biotech. 16, 440-443 (1998), and polycationic {e.g., polv-arginine} peptides (Cell
Mol Lite Sci. 62 (20053 1839-1849}. Further translocation sequences are known in the art.
Translocation peptides can be fused (e.g. at the amino or carboxy terminus), conjugated, or
coupled to a compound of the present invention, to, among other things, produce a conjugate
compound that may easily pass info target cells, or through the blood brain barmer and into

target cells.

[0633] The “CRISPR/Cas” system refors to a widespread class of bactenal systems for
defense against foreign nucleic acid. CRISPR/Cas systems are found in a wide range of
cubactenial and archaeal orgamisms. CRISPR/Cas systems inchude type | 1 and [T sub-
types. Wild-type type I CRISPR/Cag systems utilize an RNA-mediated nucleage. CasY
complex with guide and activating RNA to recognize and cleave foreign nucleic acid. Guide

RNAs having the activity of both a guide RNA and an activating RNA are also known in the

10
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art. In some cases, such doal activity goide RNAs are referred to as a small ginde RNA

{sgRNA}.

0836} Cas? homologs are found n a wide variety of eubacteria, including, but not limited to
bacteria of the following taxonomic groups: Actinebacreria, Aguificae, Bacteroidetes-
Chiorobhi, Chlamydice-Verrucomicrobia, Chiroflexi, Cyanobacteria, Firmicutes,
Proteobacteria, Spirochaetes, and Thermotogae. An exemplary Cas? protein is the
Streptococcus pyogenes Cas9 protein. Additional Cas? proteins and homologs thereof are
described in, e.g., Chylinksi, er o/, RNA Biol. 2013 May 1; 10{5}: 726-737 ; Nat. Rev.
Microbiol. 2011 June; 9(6): 467-477, Hou, ef &/, Proc Natl Acad Sci U 5 A. 2013 Sep
24;110(39):15644-9; Sampson ef ¢, Nature. 2013 May 9,497(7448):254-7; and Jinek, ef af,
Science. 2012 Aug 17;337(60963:816-21. The Cas9 nuclease domain can be optimized for

cfficient activity or enhanced stabihity in the host cell.

38377 As used herein, the term “Cas9” refers to an RNA-mediated nuclease {e.g., of
bacterial or archeal orgin, or derived therefrom}. Exemplary RNA-mediated nuclases include
the foregoing Cas? proteins and homologs thereof, and include but are not limited to, CPF1
{(See, e.g., Zetsche er of | Cell, Volume 163, Issue 3, p759-771, 22 Gctober 2013). Similarly,
as used herein, the term “CasY ribonucleoprotein” complex and the like refers to a complex
between the Cas9 protein, and a crBRNA (e.g., guide RNA or small guide RNA), the Cas9
protein and a trans-activating crRNA (tracrRNA), the Cas9 protein and a small guide RNA,
or a combination thereof (e.g., a complex containing the Cas? protein, a tractRNA, and a

crRNA guide RNAJ.

{0838} As used herein, the phrase “editing” 1n the context of editing of a genome of a cell
refers to mducing a structural change in the sequence of the genome at a target genomic
region. For cxample, the editing can take the form of inducing an insertion deletion (indel}
mutation into a sequence of the genome at a target genomic region. Such editing can be
performed by inducing a double stranded break within a target genomic region, or a pair of
single stranded nicks on opposite strands and flanking the target genomic region. Methods
for inducimg smgle or double stranded breaks at or within a target genomic region include the
use of a Cas9 nuclease domain, or a derivative thereof, and a guide RNA | or pair of guide

RNAs, directed to the target genomic region.

1363%] As used hercin, the phrase “introducing” in the context of introducing a Cas9

ribonucleoprotein complex or introducing a Cas? nucicase domain refers to the translocation

ii
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of the Cas9 protein or Cas9 nbonucleoprotein complex from outside a cell to inside the cell.
I some cases, mtroducing refers to translocation of the Cas9 or Cas9 nbonucleoprotein from
outside the cell to inside the nucleus of the cell. Various methods of such translocation are
contemplated, mcluding but not himited to, electroporation, contact with nanowires or
nanotubes, receptor mediated intemalization, translocation via cell penetrating peptides,

liposome mediated transiocation, and the like.

{3640} As used herein, the phrase “primary” i the context of a primary cell or primary
stem: cell refers to a cell that has not been transformed or immortalized. Such primary cells
can be cultured, sub-cultured, or passaged a limited number of times {e.g., cultured 0, 1, 2. 3,
4,5,6,7,8,9 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, or 20 times). In some cases, the pnmary
cells are adapted to in vitro culture conditions. In some cases, the pamary cells are 1solated
from an organism, system, organ, or tissue, optionally sorted, and utilized directly without
culturing or sub-culturing. In some cases, the primary cells are stimulated, activated, or
differentiated. For example, primary T cells can be activated by contact with (e g, cultunng

in the presence of) CD3, CD28 agonists, 1L-2, IFN-y, or a combination thercof.

{0841}  As used herein, the phrase “hematopoictic stem cell” refers to a type of stem cell
that can give rise to a blood cell. Hematopoistic stem cells can give rise to cells of the
nweloid or lynphoid lineages, or a combination thercof. Hematopoietic stem cells are
predominantly found in the bone marrow, although they can be isolated from peripheral
blood, or a fraction thercof. Various cell surface markers can be used to identify, sort, or
purtty hematopoietic stem cells. In some cases, hematopoietic stem cells are identified as c-
kit"and lin". In some cases, human hematopoictic stem cells are identified as CD347, CD397,
Thy 1/CDS0™, CD3 8" C-kit/CD1177, i, In some cases, human hematopoietic siem cells
are identified as CD34", CD597, Thy /CD90", CD3 8}”’/', C-kit/CD 177, lin". In some cases,
human hematopoictic stem cells are identified as CD 1337, CDS9™, Thy L/CDO0™, CD3 8% C-
kit/CD1177, Hn'. In some cases, mouse hematopoietic stem cells are identified as CD34",
SCA-1", T}iyl*"q", CD38", C-kit ™, lin". In some cases, the hematopoietic stem cells are

CDI507CD48CD244".

{0842} As used herein, the phrase “hematopoietic cell” refers to a cell derived from a
hematopoietic stem cell. The hematopoietic cell may be obtained or provided by isolation
from an organism, system, organ, or tissue {e.g., blood, or a fraction thereof). Alternatively,

an hematopoietic stem cell can be isolated and the hematopoietic cell obtained or provided by
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differentiating the stem cell. Hematopoietic cells include celis with himited potential to
differentiate into further cell types. Such hematopoietic cells include, but are not limited to,
multipotent progentior cells, lineage-restricted progenttor cells, convnon myeloid progenitor
cells, granulocyte-macrophage progenitor cells, or megakarvocyte-erythroid progenitor cells.
Hematopoietic cells include cells of the lvmphoid and myvelotd lincages, such as
lymphoovtes, ervthrocytes, granulocytes, monocytes, and thrombocyies. In some
crabodiments, the hematopoictic cell is an immune cell, such as a T cell, B cell, macrophasge,

or dendrnitic cell.

16043]  As used herein, the phrase “T cell” refers to a lymphoid ccll that expresses a T ccll
recepior molecule. T cells include, but are not Iimited to, naive T cells, simulated T cells,
primary T cells {e.g., uncultured), coltured T cells, immortalized T cells, helper T cells,
cytotoxic T cells, memory T cells, regulatory T celis, natural killer T celis, combinations
thereof, or sub-populations thereof. T cells can be CD4™, CDR™, or CD4” and CD8™. Teells
can be helper cells, for example helper cells of type Ty, Th2, Tw3, T8, Th17, or Try. Teells
can be cytotoxic T cells. Regulatory T cells can be FOXP3  or FOXP3™. T celis can be
alpha/Beta T cells or gamma/delta T cells. In some cascs, the Teellisa
CD47CD25MCD 127" regulatory T eell. In some cases, the T cell is a regulatory T el
selected from the group consisting of Trl, Th3, CD&+CD28-, Tregl7, and Qa-1 restricted T
cells, or a combination or sub-population thereof. In some cases, the T cell is a FOXP3™ T
cell. In some cases, the T cell is a CD4™CD25CDI27™ effector T eell. In some cases, the T

cell is a CD4CD25°CD1275C D45 RAYCD4AS RO naive T cell.

16044] A T ccll can be a recombmant T cell that bas been genetically manipulated. In
some cases, the recombinant T cell has a recombinant (e.g., mutated or heterologous) T cell
recepior. For example, the T cell receptor can have one or more mutations in a
complementarnity determining region of a T cell receptor to alter antigen spectficity. As
another example, the T cell receptor can be mutated (e.g., n the endodoman} {o increase or
decrease signaling. As vet another example, the T cell receptor can be replaced with a
heterologous T cell receptor. As yet ancther example, the T cell receptor can be replaced
with a polypeptide having a different receptor domain, such as an antibody or antibody
fragment. In some cases, the T cell receptor is a chimernic receptor containing a targeting
domain {e.g., an antibody fragment), a transmembrane domain, and an intracellular or
endodomain domain. The endodomain can contain one or more signaling domains and/or

adaptor domains to provide robust T cell activation and anti-antigen activity.
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13645]  As used hercin, the term “non-homologous end joiming™ or NHEJ refers to a cellular
process in which cut or nicked ends of a BNA strand are directly ligated without the need for
a homologous template nucleic acid. NHEJ can lead to the addition, the deletion,

substitution, or a combination thereof, of one or more nucleotides at the repair site.

[B045] As used herein, the term homology directed repair (HDR) refors to a cellular
process in which cut or nicked ends of a DNA strand are repaired by polymenzation from a
homologous template nucleic acid. Thus, the original sequence is replaced with the sequence
of the template. The homologous template nucleic acid can be provided by homologous
sequences clscwhere in the genome (sister chromatids, homologous chromosomes, or
repeated regions on the same or different chromosomes). Alternatively, an exogenous
template nucleic acid can be mtroduced to obtain a specific HDR-induced change of the

sequence at the target site. In this way, specific mutations can be introduced at the cut site.

38477 As used herein, the phrase “single-stranded oligonuclestide DNA template™ or
“ssODT” refers to a DNA ohigonucleotide that can be utilized by a cell as a template for
HDR. Generally, the ssODT has at least one region of homology to a target stte. In some
cases, the ssODT has two homologous regions flanking a region that contains a mutation or a

heterologous sequence to be inserted at a target cut site.

BRIEF DESCRIPTION OF THE DRAWINGS
[6048] Figure 1. Robust editing of human CXCRY locus in primary human CD4™ T
cells. (A) Experimental scheme of Cas9:single-guide RNA ribonucleoprotein (Cas9 RNP)
delivery to primary human CD47 T cells for genome editing, followed by genetic and
phenotyvpic characterization. (B} Schematic representation of single-guide RNA (sgRNA)
target (blue) and PAM (green) sequence designed to edit coding sequence in the human
CXCRA locus. () FACS plots show increasing percentages of cells with low CXCR4
expression (CXCR4") with higher concentrations of CXCR4 Cas® RNP compared to control
treated cells (Cas9 without sgRNA, CTRLY. {83} T7 endonuclease 1 {T7EL) assay
demonstrates genome editing in the CXCR4 locus with more editing observed in FACS-
sorted CXCR4" cells than in CXCR4M cells. Expected PCR product size (938 nucleotides: nt)
and approximate expected T7EL fragment sizes are indicated. The total editing frequency was
measured using a T7 endonuclease I assay and analyzed using a formula described in

‘Materials and Methods™ and numerical results are indicated as % Edit (Total} below the
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agarose gel image. (K) Mutation patterns detected by sequencing of CXCRY locus in sorted
Cas® RNP treated CXCR4" and CXCR4Y are compared to the sequence from CXCR4"
control treated cells (CTRL). Reference (REF) sequence is shown on top of clonal sequences
from each population with sgRNA target (blue) and PAM (green) sequences indicated. Red
dashes denote deleted bases and red sequences imdicate mutated or inserted nucleotides. Non-

mutated sequences from several clones were truncated.

38497  Figure 2. Efficient bomology-directed repair allows targeted DNA replacement
in primary human T cells. {A) Schematic representation of single-stranded oligonuclestide
HDR template with 90 nucleotide (nt) homologv arms designed to replace 12 nt and
miroduce a novel HindIll restriction enzyme cleavage site (orange) at the CXCRY locus,
where the Cas9 RNP cleaves. sgRNA target (bluc) and PAM (green) sequence are indicated.
{B) Histogram of CXCR4 cell surface staining assessed by tlow cytometry in CXCR4 Cas9
RNP-treated cells in the presence and absence of single-stranded HDR template (compared to
control CasY protein-treated cells and unstained cells}). (L) FACS plots {corresponding to
histogram in Panel B) show maximal ablation of CXCR4 with Cas9 RNP treatment and 1006
pmol of ssODT. (13} T7E1 assay was used to calculate the total editing (defined as the sum of
all NHEJ and HDR events that give rise to indels at Cas9 cleavage site) percentage, whereas
HDR frequency was determined by HindII digestion, which specifically cleaved the newly
integrated Hindlll site. and calculated as the ratio of DNA product to DNA substrate.
Expected PCR product size (938 nucleotides; nt} and approximate expected T7ET and
HindHI digestion fragments are indicated. Total editing and HDR frequencies were calculated
in control cells and in CXCR4 Cas9 RNP treated in cells with varying concentrations of
ssODT (0, 50, 100 and 200 pmol) and numerical results are displayed below agarose gel

image.

[B050] Figure 3. Genome editing of FOXP3 de-stabilizes human Treg cytokine
receptor levels, (A) Schematic representation of two sgRNA targets (blue) and PAM
sequences {green) designed to edit coding sequences in the human FOXFP 3 locus. (B TTET
assay confirms genome editing at two targets in the FOXP S locus with expected PUR product
size (900 macleotides; nt) and approximate expected T7E] fragment sizes mdicated. (T}
Histogram of mtraceilular FOXP3 levels assessed by tlow cytometry in FOXP3 Cas9 RNP
treated cells compared to controls (Cas? protein without sgRNA and isotype staining

control). (I} Histogram of CD127 {IL7Rq} cell surface staiming assessed by flow cytometry

i5
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i FOXP3 Cas9 RNP treated cells compared to controls (CasY protein without sgRNA and

unstained control}.

[6051] Figure 4. Cas? RNPs targeting FOXFP? smpair bumas induced Treg
differentiation. {A) Naive CD4" T cells were electroporated with Cas9 RNPs following two
5 days of ex vivo stiimulation. Following Cas9 RNP treatment, cells were cultured 1n 1'Treg
generating conditions with [L-2 and TGF-B. FOXP3 Cas9 RNPs reduced FOXP3™ iTreg
generation and led to an increased percentage of cells secreting IFNy, a pro-mflammatory
cytokine (assessed by flow cviometry). (B) The quantities of FOXP3" and IFNy secreting
cells with FOXP3 Cas9 RNPs or control RNP were calculated from three experiments (error
10 bars show standard deviation; significant differences relative to control cells are indicated: *
p<0.03, ** p<0.01). Insert shows percentages of FOXP3ITFNY on a magnified scale. {(C)
FOXP3 Cas9 RNPs reduced FOXP3"CTLA-4" iTreg generation (assessed by FACS). CTLA-
4" expression in the FOXP3™ population was less affected, consistent with FOXP3-dependent

and FOXP3-mdependent mechanisms both contributing to CTLA-4 expression.

15 [0052] Figure 8: Hlustrates successful editing of the PD-1 encoding genomic region in

primary human offector T cells (CD4™CD25CDI27™).

[6653] Figure 6 Hlustrates the results of Cas9 RNP delivery to unstimulated effector
CD4™ T cells using a cell squeezing apparatus in which a reaction mixture containing the cells
and the Cas® RNP is foreed through a cell deforming constriction that is smaller than the

20 diameter of the cell. The forcing introduces transient pores into a cell membrane of the celi,
which allows the Cas9 RNPF 1o enter the cell through the transient pores. Cells were sorted
based on uptake of a Pacific Blue (PB)-labeled Dextran (3 kI3) FITC-labeled Dextran (500
kD). A T7 endonuclease 1 assay confirmed enrichment of editing in cells that had taken ap

both Dextrans.

[\
(]

[6034] Figure 7. Hlustrates Efficient editing of CXCRY in primary human CD4" T cells.
{A} Experimental scheme of Cas9:single-guide RNA ribonucleoprotein ({as9 RNP) debivery
to primary human CD47 T cells for genome editing, followed by genetic and phenotypic
characterizations. (B) Schematic representation of single-guide RNA (sgRNA) target and
PAM sequence designed to edit coding sequence in the human CXCRS locus. (C) FACS plots
30 show increasing percentages of colls with low CXCR4 expression (CXCR4™) with higher
concentrations of CXCR4 Cas9 RNP (Cas9 RNP™: 0.9 uM; Cas% RNP™ 1.8 uM) compared
to control treated cells (Cas9 without sgRNA CTRL; final concentration: 1.8 uMy. (D) T7
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endonuclease 1 (T7EL) assay demonstrates genome editing in the CXCR4 locus with more
editing observed in FACS-sorted CXCRA4Y cells than in CXCR4" cells. Expected PCR
product size (938 nucleotides; nt} and approximate expected sizes of TTET digested
fragments are indicated. The total editing frequencies are indicated as % Total Edit below the
agarose gel image. () Mutation patterns detected by clonimg and Sanger sequencing of
CXCR4 locus in sorted Cas® RNP (1.8 pM) treated CXCR4A™ and CXCR4A" cells are
compared to the sequence from CXCRA® control treated colls (CTRL). Reference (REF)
sequence 1s shown on top of clonal sequences from cach population with sgRNA target (blug)
and PAM {green) sequences indicated. Red dashes denote deleted bases and red sequences
indicate mutated nucleotides. Arrowhead indicates the predicted Cas9 cut site. Poor quality
sequences obtained from three additional CXCR4" clones were removed from the sequence

alignment.

[B0S5]  Figure 8 Efficient homology-directed repair allows targeted DNA replacement in
primary human T cells. (A) Schematic representation of single-stranded oligonucleotide HBR
ternplate with 90 nt homology arms designed to replace 12 nt including the PAM sequence
and introduce a novel Hindll restriction enzyme cleavage site at the CXCR4 locus, where the
Cas9 RNP cleaves. sgRNA target and PAM sequence are indicated. (B) Histograms of
CXCRA4 cell surface staining assessed by flow cytometry in CX{CR4 Cas9 RNP-treated cells
in the presence of varying concentrations of single-stranded HDR template {(compared to
control CasY protem-treated cells and unstaned cells). (O FACS plots (corresponding to
histograms in Panel By show maximal ablation of CXCR4 with Cas9® RNP treatment and 100
pmol of HDR template. (D} T7ET assay was used to estimate the % Total Edit {defined as the
sum of all NHEJ and HDR cvents that give risc to indels at Cas9 cleavage site) percentage,
whereas HDR frequency was determined by HimdIH digestion, which specifically cleaved the
newly integrated HindlE site, and calculated as the ratio of DNA product to DNA substrate.
Expected PCR product size (938 ut) and approximate expected T7E1 and Hindl digestion

fragments are indicated.

[6656] Figare 9: Effects of ‘on-target” and control HDR templates on PD-1 and CXCR4
surface expression levels. (A} The etfects on CXCR4 expression were tested for two different
HDR templates with the same nucleotide composition. In celis that were all treated with
CXCR4 Cas9 RNP, CXCR4 HDR template {rows 5-8) was compared with a control HBDR
template consisting of the same nucleotides as the oniginal CXCR4 HDR in randomized order

including a HindlH restriction site {rows 1~4} and with no HDR template treatment (rows 9-
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12}. Fuarther controls are Cas® CTRL (Cas9 without HDR template; final two rows) and
scrambled guide Cas® RNP {no predicted cut within the human gesome} with 100 pmol
CXCR4 HDR template (rows 13 and 14}, The histograms show the results of 4 experiments
with 2 differently 77 vitro transcribed CXCR4 sgRNAs (two different purification strategics,
see Materials and Methods section of Example 4) tested in 2 different blood donors. As in
Figure 12, for cach blood donor, experiments done with phenol/chloroform extracied
sgRNAs arc shown on top and experiments with PAGE purificd sgRNAs are shown below;
scrambled guides were prepared for both experiments with phenol/chloroform extraction. (B)
PD-1 {left pancl) and UXCR4 (right panel) surface expression levels after editing with the
respective Cas9 RNPs and on- or off-target HDR templates. Targeted cells were compared to

cells treated with Cas9 CTRLE (dark grev) or scrambled guide Cas9 RNF as indicated.

[B657} Figure 14 Quantitative analysis of Cas9 ENP-mediated editing and HDR by deep-~
sequencing. (A)y CXCR4 Cas9 RNP-mediated indels and HDR from experniments in Figure 8
were analyzed by targeted deep sequencing of the CXCR4 locus. A total of 100 nt centered on
the predicted cut site are shown with sgRNA target, PAM, and predicted sequence after HDR
genome targeting. At cach posttion, the fraction of reads that correctly aligned to the
reference genome or HDR template-derived sequence are shown. Although rare (~1-2%),
edits were detected with Cas9 only control treatment, including at the predicted CXCR4 cut
site, potentially indicating trace amounts of experimental contamination of the Cas® RNPs.
(B) Bar graph summarizes the fractions of reads edited with deletions, insertions, or
successful HDR targeting in Cas9 CTRL, UXCR4 Cas% RNP and CX R4 Cas9 RNP cells
with 50 pmol or 100 pmol CXCR4 HDR template at the CXCRY site and two predicted oftf-
target sites. Reads with HDR template-derived sequence incorporated were removed to
calenlate fractions with deletions and insertions. Scatter plots show the genomic localization
{(+/- 100 nt around the expected Cas9 cut side; chromosome2:136873140-136873340) and the
length of (C) deletions and (D) insertions. Top pane! shows deletions/insertions for CXCR4
RNP treated cells; muddie shows deletions/insertions in reads without HDR template
sequence incorporated in cells treated with CXCR4 RNP and CXCR4 HDR template; bottom
shows deletions/insertions in reads with HDR template-derived sequence incomporated.

Arrowheads indicate approximate location of expected Cas9 cuf site.

{0658} Figure 11; Distribution of insertion and deletion lengths near expected CXCRA ent
site. Histograms show the percent of reads that contain varying sizes of deletions (grey bars)

and msertions {black bars} within +/~ 20 nt ot the predicted cut site. Top shows insertions and
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deletions for CXCR4 RNP treated cells. Middle shows insertions and deletions in reads
without HDR template-derived sequence incorporated in the cells treated with CXCR4 RNP
and CXCR4 HDR template (bottom). Insertions and deletions in reads that did incorporate
the HDR template-denved sequence in the cells treated with CXCR4 RNP and CXCR4 HDR

template.

[B059]  Figure 12 Figure 4. CasY RNPs can be programmed tor knock-in editing of PD-7
or CXCR4. (A) Schematic representation of the single-stranded PD-1 HDR template with 80
nt homology arms designed to replace 12 nt with 11 st introducing a novel HindiH restriction
cnzyme cleavage site to replace the PAM sequence. sgRNA target and PAM scquence are
mndicated. (B) Histograms of PD-1 cell surface expression levels assessed by flow cvtometry.
Al cells were treated with 100 pmol of PD-1 HDR template. PD-1 Cas9 RNP-treated cells
are shown in blue, CXCR4 Cas9 RNP-treated celis in light grev and scrambled guide (no
predicted cut within the human genome) Cas9 RNP-treated cells in dark grey. (C) Histograms
of CXCR4 cell surface expression levels assessed by flow cyvtometry. All cells were treated
with 100 pmol of CXCR4 HDR template. CXCR4 CasS RNP-treated cells are shown in first
four rows, PD-1 CasY RNP-treated cells m the next four rows and scrambled guide Cas9
RNP-treated in the final two rows. Panels B and C show the results of 4 expeniments with 2
differently in vitro transcribed and purified CXCR4 and PD-1 sgRNAs (see Supplementary
Information Materials and Methods section of Example 4) tested 1o 2 different blood donors.
For each blood donor, experiments done with phenol/chloroform extracted sgRNAs are
shown on top and experiments with PAGE purified sgRNAg are shown below; scrambled
guides were prepared for both experiments with phenol/chloroform extraction. Dotted line
mdicates gating on PD-1 high expressing or CXCR4 high expressing cclls, respectively. The
percentage of PD-1 high expressing cells was significantly lower with PD-1 Cas9 RNP
treatment compared either CXCR4 Cas® RNP treatment (p < 0.001) or scrambled gunde Cash
RNP treatment (p < 0.001). The percentage of CXCR4 high cxpressing cells was significantly
lower with CXCR4 Cas9 RNP treatment compared to either PD-1 Cas9 BNP treatment (p <
(.001) or scrambled guide Cas¥ RNP treatment (p < 0.001) (Pearson's chi~squared). (D)
Genome editing was analvzed by T7E] assay, whereas HDR was detected by HindIlE
digestion, which specifically cleaved the newlv integrated HindlH site; cleavage products for
both assavs are indicated with arrowheads. Concentrations of various HDR templates are
mdicated above the agarose gels. CTRE HDR template refers to a scrambled version of the

original CXCR4 HBR template including a HindIH restriction site. A non-specific second gel
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band of vnclear significance was noted in the T7E1 of the PD-7 amplicon under all
conditions. Total editing and HDR frequencies were calculated and are displayed below

agarosc gel images.

DETAILED DESCRIPTION

£ Introduction

16066] Delivery of mucleic acids, proteins, and complexes of proteins and nucleic acids to
primary cells, such as primary hematopoietic cells or primary hematopoictic stem cells, can
be limited by low efficiency. Described herein are methods and compositions for achieving
surprisingly high efficiency delivery of Cas9 proiein or Cas? ribonuclcoprotein complex to a
primary cell or primary stem cell. Sach high efficiency delivery of Cas@ ora
ribonucleoprotein complex thereof can enable improved methods of genome editing,
chromatin modification, gene regulation, cell differentiation, and control of celludar activity.
In some embodiments, the high efficiency delivery of the Cas9 or a ribonucleoprotein
complex thereof 1s performed in a primary hematopoietic ccll or primary hematopoictic stem

cell.

[B861] High efficiency delivery of Cas9 or Cas? ribonucleoprotems to primary
hematopotetic cells can be used, for instance, for genome editing, chromatin modification,
gene reguiation, cell differentiation, and control of the activity of immune cells, such as T
cells. For example genome editing reagents, chromatin modifying reagents, or agents for
modalating the expression of one or more genes can be delivered into a T ecll. As another
example, reagents that control T cell activity, differentiation, or dedifferentiation, can be
delivered into a T cell. Such methods can be used to treat or prevent cancer, infoctious

discases, or autoimmune discases.

10662}  In some cases, the methods and compositions described herein can be used for
generation, modification, use, or control of recombmant T cells, such as chimeric antigen
receptor T cells {(CAR T cells}. Such CAR T cells can be used to treat or prevent cancer,
infectious diseases, or autoimmune diseases. For example, in some embodiments, one or
more gene products are knocked-in or knocked out in a ccll modified to cxpress a
heterologous protein {¢.g., a chimeric antigen receptor {CAR)). Exemplary gene products to

knock out can include, e.g., PD-1. The CAR can be introduced by any method available, e.g.,
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by viral (e.g., lentiviral) expression. The CAR vector can be introduced into the cell before,

during, or after the genome of the cell is edited to knock 1n or knock out the gene product.

£ Methods

[6063] Methods for delivery of Cas9 protein to primary cells can mclude providing a
reaction mixture comprsing a Cas9 nuclease domain and introducing the CasY nuclease
domain inside the cell. In some cases, the method includes providing a reaction mixtore
comprising a Cas® ribonucleoprotein complex and the cell and b) introducing the Cas®
ribonucleoprotein complex inside the cell. In some cases, the Cas9 ribonucleoprotein
complex comprises a Cas9 nuclease domain and a guide RNA {e.g., small guide RNA). The
autde RNA can be configured to specifically hvbridize to a target region of the genome of the

cell.

38641 In some cases, a plurality of structurally different ribonucleoprotein complexes is
mtroduced into the cell. For example a Cas9 protein can be complexed with a plurality (e.g.,
2,3,4,5 ormore, e.g., 2-10, 5-100, 20-100) of structurally different guide RNAs to target a

plurality of structurally different target genomic regions. As another example,

B

a plurality of
structurally different Cas? proteins {e.g., 2, 3, 4, 3, or more)} can be complexed with a guide
RNA, or a plurality of structurally different guide RNAs to introduce a plurality of different
effector fimctions info the celi. In some cases, the Cas9 ribonucleoproten complexes are
formed separately, such that a selected Cas9 effector function {e.g., genome editing,
transeription modulation, ¢ic.) can be coupled with a selected guide RNA and thus targeted fo
a selecied target genonuc region. Once formed, the plurality of structurally different Cas9
ribonucleoprotems can be provided in a reaction mixture containing a cell and introduced into

the cell as described herem.

[B865] In some embodiments, the methods described herein provide an efficiency of
delivery of the Cas9 or Cas9 ribonucleoprotein complex of at least about 20%, 25%, 30%,
35%, 40%, 45%, 50%, 55%, 60%, 63%, 70%, 75%, 80%, 85%, 90%, 95%, 97.5%, 99%,
§9 5%, 99%, or higher. In some embodiments, the methods described herein provide an
efﬁciency of dehivery of the Cas® or Cas9 ribonucleoprotein complex of from about 20% to
about 99%, from about 30% to about 90%, from about 35% to about 85% or 90% or higher,
from about 40% to about 85% or 90% or higher, from about 50% to about 85% or 90% or
higher, from about 30% to about 3% or 90% or lugher, from about 60% to about 85% or

80% or higher, or from about 70% to about 85% or 90% or higher. In some cases, the
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efficiency 1s determined with respect to cells that are viable afier the introducing of the Cas9
or Cas9 ribonucleoprotein mto the cell. In some cases, the efficiency is determined with
respect to the total number of cells {viable or non-viable) to which the introducing of the

CasY or Cas9 nbonucleoprotein into the cell.

[6066]  Methods for determining efficiency of delivery include, but are not lnnited to one or
more of the following: detection of a detectable label fused, or otherwise attached, to CasY, a
guide RNA, or a Cas9 nbonucleoprotein complex. For example, the Cas9 or gunde RNA can
be fused to a Huorescent label, the internalization of which imto a ¢ell can be detected by
means known in the art. As another example, guide ENA can be detected by lysing the cell,
amplifving the guide RNA, and detecting the amplified guide RNA. In some cases, the
amplification includes a reverse transcription step to produce guide cDNA | and the guide

cDNA is amplified and detected.

{3867}  As another example, the efficiency of delivery can be determined by detecting a
downstream effect of the Cas9 or Cas9 nibonucieoprotein complex. For example, delivery
can be cstimated by quantifying the number of genome edited cells or genome edited alleles
i a population of cells {as compared to total cells/alleles or total viable cells obtained after
the wtroducing step). Various methods for quantifying genome editing can be utilized.
These methods include, but are not limited to, the use of a mismatch-specific nuclease, such
as T7 endonuclease 1; sequencing of one or more target loct {e.g., by sanger sequencing of
cloned target locus amplification fragments); tracking of indels by decomposition (TIDE);

and high-throughput deep sequencing.

{0668} Inthe T7 enndonuclease I assay, a plurality of cells that contain a fraction of edited
cells 13 harvested, the genomic DNA is extracted, the target genomic region amplified, and
the amplicons are hyvbridized. The edited genomic DNA amplicons will form mismatched
hybnd structures with wild-type DNA amplicons. The DNA 15 digested with a mismatch
specific nuclease that cleaves double stranded DNA contaming one or more mismatched base
pairs. The extent of cleavage can be assayed to determine editing efficiency. Alternative
approaches for quantification of editing efficiency can include quantitatve PCR or digital
PCR. In some cases, the number of edited celis can be lower than the number of cells to
which delivery has been achieved due to dowastream inefficiencies in binding to, or cleavage
of target genomic regions, or incfficiencics i the detection of editing cvents. Similardy, the

number of cells extubiting transcriptional modulation or chromatin modification when the

[N
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delivered Cas9 protein is a fusion with an effector domain providing such activity can be
lower than the number of cells to which the delivery has been achieved. As such, the
cfficiency of a detected downstream effect can be considered as a lower himit of debivery

ctficiency.

[B669]  In some cases, the methods described herein provide for high cell viability of cells
to which the Cas9 or Cas9 nibonucleoprotein has been miroduced imnto the cell. In some
cases, the lngh viability is achieved by the formation in the extracellular membrane of a
limited number of pores having a short lifetime. In some cases, the viability of the cells to
which the Cas9 or Cas9 ribonucleoprotein has been introduced into the cell 1s at least about
20%, 25%, 30%, 35%, 40%, 43%, 50%, 55%, 60%, 65%, 70%, 75%, 80%, 83%, 90%, 93%,
97 5%. 99%, 99.5%, 99%, or higher. In some ¢ases, the viability of the cells to which the
Cas9 or Cas9 nibonucleoprotein has been introduced into the cell 1s from about 20% to about
99%, from about 30% to about 90%, from about 35% to about 83% or 90% or higher, from
about 409 to about 85% or 90% or lugher, from about 50% to about 85% or 90% or higher,
from about 50% to about 85% or 90% or higher, from about 60% to about 85% or 90% or

higher, or from about 70% to about 85% or 90% or higher.

(6878} In some cases, the cell to which the Cas9 protein is delivered does not otherwise
contain nucleic acid encoding Cas%. In some cases, the cell to which the CasY protein is
delivered does not contain nucleic acid encoding a Cas9 protein that is structurally wdentical
to the dehivered Cas® protein. In such cases, determunation of delivery efficiency can be with
respect to the number of cells 1n which the structurally distinet delivered Cas? protein has
been introduced, not the number of cells that have anv Cas9 protein. In some cases, the cell
to which the Cas9 is delivered does not contain DNA encoding a guide RNA. For example,
the CasY, 1n the form of a Cas? nbonucleoprotein complex can be introduced into a cell that
does not contain DNA encoding a guide RNA, does not contain DNA encoding a Cas9
protein, and/or does not contain DNA encoding a Cas9 protein structurally identical to the

delivered Cas9 protein tn the ribonucleoprotein complex.

A. Introducing Cas$ or Cas? ribonucleoprotein into g cefl

0871} Methods for introducing Cas9 or Cas9 ribonucleoprotein complex mtoacell {e.g., a
hematopoietic cell or hematopoietic stem cell, includimg, e.g., such cells from humans)
include formung a reaction muxture containing the Cas9 or Cas9 ribonucleoprotein complex

and mtroducing transient holes in the extracellular membrane of the cell. Such transient
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hoeles can be introduced by a variety of methods, mcluding, but not limited to,
clectroporation, cell squeczing, or contacting with nancwires or nanotubes. Generally, the
transient holes are introduced in the presence of the Cas9 or Cas® nibonucleoprotein complex

and the CasY or Cas9 nbonucleoprotein compiex allowed to diffuse into the cell.

[6672 Methods, compositions, and devices for clectroporating cells to introduce a Cas9 or
Cas9 nibonucieoprotein complex can mclude those described in the examples herem.
Additional or alternanive methods, compositions, and devices for electroporating cells to
mtrodoce Cas® or Cas? ribonucleoprotein complex can include those deseribed n
WO/2006/001614 or Kim, J A, ef al. Biosens. Bioclectron. 23, 1353-1360 (2008).

Additional or altemative methods, composttions, and devices for electroporating cells to
introduce CasY or CasY ribonucleoproten complex can include those described in U.S. Patent
Appl. Pub. Nos. 2006/0094095; 2005/0064596; or 2006/0087522. Additional or alternative
methods, composttions, and devices for electroporating cells to mtroduce Cas9 or Cas®
ribonucleoprotein complex can mchude those deseribed in Li, LH. er of. Cancer Res. Treat. 1,
341-350 (2002); U.S. Patent Nos.: 6,773,669, 7 186,539, 7771984, 7 991,359, 6483961,
7020916; and U.S. Patent Appl. Pub. Nos: 2014/0017213; and 2012/0088842. Additional or
alternative methods, compositions, and devices for electroporating cells {o introduce Cas9 or
Cas9 ribonucleoprotein complex can include those described in Geng, T. et of.. J. Control

Release 144, 91100 (2010); and Wang, J, er af. Lab. Chip 10, 20572061 {2010},

36731 In some cases, the methods or compositions described in the patents or publications
cited herein are modified for Cas9 or Cas9 ribonucleoprotein delivery. Such modification
can include mereasing or decreasing voltage, pulse length, or the number of pulses. Such
modification can further include modification of buffers, media, electrolytic sohstions, or
components thereof. Electroporation can be performed using devices known in the art, such
as a Bio-Rad Gene Pulser Electroporation device, an Invitrogen Neon transfection system, a
MaxCyte transtection system, a Lonza Nucleofection device, a NEPA Gene NEPA2]
transfection device, a flow though electroporation system containing a pump and a constant

voltage supply, or other electroporation devices or systems known in the art.

16074] In an excmplary embodiment, the clectroporation 1s performed with a device having
a long distance between the cathode and anode. In some cases, the distance between the
cathode and anode 1s 3,4, 5,6, 7, 8,9, 10, 11,12, 13, 14, 15,16, 17, 18, 19,20, 21, 22, 23, 24,
25,26,27,28, 29,30, 31,32, 33, 34, 35,36,37,38,39,40,41, 42,43, 44, or 45 . In
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some cases, the device 1s configured with an electrode having a relatively small surface area
in contact with the reaction mixture containing the cell. In some cases, the surface area of at
least one of the electrodes, or the surface arca of at least one of the clectrodes that is in
contact with the reaction mixture is, or is about, 0.1 mm?, 0.2 nun’, 0.3 mm?”, 0.33 mm”, 0.4
mm®, 0.5 mm’, 0.6 mm’, 0.7 mm’, 0.8 mm®, 0.9 mm?, or | mm”. In some cases, the ratio of
the distance between the cathode and anode and the electrode surface area is from 1/50 to
171000, In some cases, the ratio of the length of the long axis of the electroporation chamber
to the cross sectional arca of the electroporation chamber is from 50 to 10,000, In some
cases, the ¢lectroporation device has an electroporation chamber with a first and second distal
end separated by the longitudinal length, where the first electrode 1s at the first distal end and
a reservoir containing the second electrode 1s n tluid communication with the second distal

end.

[B0875]  In another exemplary embodiment, the electroporation is performed with a Lonza
4D Nucleofector™ device. For example, electroporation can be performed with the Amaxa
P3 primary cell 96-well Nucleofector™ kit or P3 primary ccll 43-Nucleofector X kit S. In
some cases, the electroporation is performed by resuspending cells in a suitable
clectroporation buffer (e.g., Amaxa buffer P3 with buffer supplement), placing the cells in an
clectroporation chamber, and electroporating the cells. In some cases, activated T cells can
be clectroporated with a Nucleofector™ device using any one of the following programs:
EH-115, CA-137, DS-150, CM-138, DS-120, CM-~137, EH-100, CM-150, EG-100, DN-100,
EN-138, D5-138, EN-150, BS-137, EW-113, or BS-130. In some cases, activated T cells
can be electroporated with a Nucleofector™ device using the EH-115 program. In some
cases, naive T cells can be clectroporated with a Nucleofector™ device using any one of the
following programs: EH-100, DN-100, EOQ-100 EN-138, EW-113, or EN-150. In some
cases, naive T cells can be clectroporated with a Nucleofector™ device using the EH-100 or

DN-100 program.

16676] The electroporation can be performed by positioning a reaction mixture containing
Cas? or a Cas? ribonucleoprotein and a cell inio a chamber between a cathode and an anode
and applving a voltage potential between the cathode and the anode. The voltage potential
can be from about 20 kV/m to about 100 kV/m. In some cases, the voltage potential is from
about 30 kKV/m to about 90 k¥V/m, from about 30 kV/m to about 80 k¥V/m, from about 30
k¥V/m to about 70 kV/m, from about 30 kV/m to about 60 kV/m, from about 40 kV/m to

about 60 kV/m, from about 45 to about 55 or 64 kV/m, or from about 30 to about 535 kV/m.
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In some cases, the voltage potential is at least about 20 kV/m, 30 kV/m, 40 kV/m, 50 kV/m,
53 kV/m, 60 kV/m, 70 kV/m, B0 kV/m, 90 kV/m, or 100 kV/m. In some cases, the voltage
potential is, orisabout, 0.5, 075, 1, 1.2, 13, 14, 15,16, 1.7, 18, 19,2,2.1,22,23,24,0r
2.5 kV. In some cases, the voltage potential is from about 0.5 1o about 2 kV, from about 0.75
1o about 2 kY, from about 1 to about 2kV, from about 1 1 to abowt 1 9kV, form abowt 1 2 1o
about 1.8 kV, from about 1.3 to about 1.7 k¥, from about | 4 to about 1.7 kV, or from about
1.5toabout 1.7kV.

106777  The voltage potential can be applied as a pulse or contmuously. For continuous
voltage application, the reaction mixture can be flowed through an clectrode chamber using a
pump or other iquuid handling apparatus. In some cases, the reaction mixture is flowed
through the electrode chamber once. Alternatively, the reaction mixture can be recirculated
through the clectrode chamber. For pulse voltage application, the pulse length, number of
pulscs, and duration between pulses can be optimized to achieve high etficiency delivery of

Cas® or Cas? ribonucleoprotein complex.

16078] The voltage potential can be applied as a pulse once, or multiple times. fn some
cases, the voltage potential is pulsed from 1 to 10 times, from 1 to 9 times, from 1 to 8 times,
from 1 to 7 times, from 1 to 6 times, from 1 to 5 times, or from 1 to 4 times. In some cases,
the voltage potential is pulsed from 2 to 9 times, from 2 to 8 times, from 2 to 7 times, from 2
to 6 times, from 2 to 5 times, or from 7 1o 4 times. In some cases, the voltage potential 1s

pulsed 1,2,3,4, 5,6, 7 8 9, or 10 times.

[6075] The voltage potential pulse length can be from 1 to 100 ms, from 2 to 90 ms, from 3
1o 80 ms, from 4 to 70 ms, from 3 to 60 ms, from § to 50 ms, from 5 to 40 ms, from 6 to 30
ms, from 7 to 20 ms, or from 8 to 15 ms. In some cases, the pulse length is, or s about, 1, 2,
3.4,5,6,7,8,9, 10, 11, 12, 13, 14, 15, 20, 25, 30, 35, 40, 45, 530, 55, 60, 70, 75, 80, 85, 90,

93, or 100 ms.

[6688] In some cascs, the voltage pulses are interspersed with rest periods of a defined
duration. In some cases the rest period is of a length 1dentical to any of the foregoing pulse
lengths described herein. In some cases, the rest period is significantly longer than the pulse
length. For example, a reaction mixture can be subject to a voltage pulse, recovered for 1, 2,
5,10, 15, 20, or 30 minutes, or longer, and a voltage potential reapplied. in some cases, the

magnitude, duration, or rest period for the multiple voltage pulses 1s variable. For example,
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the first pulse can be of higher voltage potential, or longer duration, than a second pulse, or

VICE VEIsa.

{0881} Methods, compositions, and devices for the use of nanowires or nanotubes to
introduce a CasY or CasY nbonucleoprotein complex can include those described in Proc Natl
Acad Sci U S AL Feb 2, 2010; 107(5y. 1870-1875; U.S. Patent Appl. Publ. Nos.
2012/0094382; and 2013/0260467; and W0/2014/031173. Generally, the Cas9 protein or
Cas® ribonucleoprotein complex is coated onto one or more nanowires or nanotubes and
brought into contact with a cell in a reaction mixture. The nanowires or nanotubes can picree
the cellular membrane and thereby deliver the Cas9 protein or Cas? ribomucleoprotein

complex.

[6082] Methods, compositions, and devices for squeczing or deforming a cell to introduce a
Cas9 or Cas9 nibonucleoprotein complex can include those descnibed herein. Additional or
alternative methods, compositions, and devices can include those described in Nano Lett.
2012 Dec 12:12(12):6322-7; Proc Natl Acad Sci U S A, 2013 Feb 5,110(6):2082-7; § Vis
Exp. 2013 Nov 7.(81):¢50980; and Integr Biol (Camb). 2014 Apr;6(4):470-5. Additional or
alternative methods, compositions, and devices can include those described in U.S. Patent
Appl. Publ. No. 2014/0287509. Generally, the Cas9 protein or CasY ribonucleoprotein
complex is provided in a reaction nuxture containing the cell and the reaction mixture is
forced through a cell deformung ovifice or constriction. In some cases, the constriction is
smaler than the diameter of the cell. In some cascs, the constriction contains cell-deforming
components such as regions of sirong electrostatic charge, regions of hydrophobicity, or
regions containing nanowires or nanotubes. The forcing can introduce transient pores into a
cell membrane of the cell allowing the Cas® or Cas9 ribonucleoprotein complex to enter the
cell through the transient pores. In some cases, squeezing or deforming a cell to introduce
Cas9 or a Cas9 ribonucleoprotein can be cffective even when the cell 1s in a non-dividing

state.

106837 Methods for introducing CasY or Cas? rnibonucleoprotein complex into a cell include
forming a reaction mixture containmg the Cas9 or Cas? ribonucleoprotein complex and
contacting the cell with the Cas9 or Cas® ribonucleoprotein complex to induce receptor-
mediated internalization. Cormpositions and methods for receptor mediated infernalization
are described, e.g., m Wuef @/, J. Biol. Chem. 262, 4429-4432 (1987); and Wagner er g/,
Proc. Natl. Acad. Sci. USA 87, 3410-3414 (1990}, Generally, the receptor-mediated
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mternalization 1s mediated by interaction between a cell surface receptor and a ligand fused to
the Cas9 or fused to the CasY ribonucleoprotein complex {e.g., covalently attached or fused to
a guide RNA m the Cas9 rnibonucleoprotein complex). The ligand can be any protein, small
molecule, polymer, or fragment thercof that binds to, or is recognized by, a receptor on the

surface of the cell. An exemplary higand is an antibody or an antibody fragment (e.g., scFv).

[3084] For example, the CasY protem can be a fusion between a Casy nuclease domam and
an anti-CD3 scFy. The seFv can bind to the T cell co-receptor CB3, which is expressed on T
cells, and induce receptor-mediated imtemalization of a Cas9 or Cas9 ribonucicoprotein
complex. Other suitable receptor targets include, but are not limited to any cell surface
proten on the target cell. In some cases, the suitable receptor target 1s a heterologous
recepior expressed on the surface of the target cell {e.g., a receptor generated by mtroduction
of a recombinant nucleic acid into the target cell). In the case of delivery to T cells, the
receptor can be any cell surface protein on the surface of the T cell such as CD28, TTLA4,
PD-1, an mtegrin, a lectin receptor, a cytokine receptor, or a chemokine receptor. In the case
of delivery to other immune cells, such as macrophages, dendritic cells, monocytes, efe, the
receptor can be a cell surface protein on the surface of the target macrophage, dendritic cell,

monocyte, efc.

[B085] In some cases, the fusion is a cleavable fusion. In some cases, the fusion s a
cleavable fusion that 15 cleaved at the cell surface or upon receptor mediated mternalization.
For example, the fusion can contain a linker between the ligand and a Cas9 protein, which
tinker is a peptide containing one or more cleavage sites for intracelular or membrane bound
proteases. As another example, the fusion can contain an ester linkage, which linkage 1s

labile m the presence of one or more membrane-bound or intracellular esterases.

[B085] In some cases, the Cas? or CasY ribonucleoprotein complex is conjugated to a
ligand for receptor-mediated internalization in vitre. Varnious in vitro methods for
conjugating small molecule, peptide, and polvmer ligands to proteins or nucleic acids are
known m the art. For example, the Cas9 nuclease can be fused o a sortase recognition sife
{e.g., LPXTG) at the C-ternunus, and the ligand can contam an oligo~-glyeine motif with a
free N-terminus. Upon addition of sortase to the Cas9-higand mixture or Cas9
ribonucleoprotein and ligand mixture, the Cas9 proten and ligand are covalently hinked

through a native peptide bond.
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36871 In some embodiments, the Cas9 or Cas9 nbonucleoprotein complex s mtroduced
into the cell with a cell penetrating peptide. In some cases, the cell penetrating peptide
mduces receptor-mediated intemabization. In other cases, the cell penctrating peptide
penetrates the cellular membrane. In some cases, the cell penctrating peptide forms a
transitory inverted micclle structure for entering the cell. One or more cell penetrating
peptides, or ong or more copics of a cell penetrating peptide. or a combination thereof, can be

fused to Cas¥, a Cas9 nbonucleoprotein complex, or to a guide RNA.

{3088] Exemplary ccll penetrating peptides can inchude HIV TAT, TAT2-M1, MPG, PEP-
1, penetratin, transportan, poly-arginine, CADY, or denivatives, analogues, and mutants
thereof. Exemplary cell penetrating peptides can further mclude those described m U.S.
Patent Nos. 8575303, 8772449, 8389481, 8691528; 8372951, or 8614194, Small molecule
numics of cell penctrating peptides can also be used in the methods described herein to
deliver Cas? or Cas? nbonucleoprotein, such as those described in Nature Methods, 4 (2}, pp.

153-159 (2007).

{6689 The cells {e.g., T cells) can be stimulated {e. g., by contact with soluble or solid
surface immobilized anti-CD3 antibodies, anti-CD28 antibodies, or a combination thereof) or
anstinulated prior to one of the Cas9 or Cas9 RNP introduction methods described herein
{e.g., clectroporation}. In some cases, the cells (e.2., T cells) can be stimulated {e.g., by
contact with soluble or solid surface immobilized anti-CD3 antibodies, anti-CD28 antibodies,
or a combination thereof} or incubated without stimulation after one of the {as9 or {as9 RNP
mtrodoction methods descnbed herein {e.g., electroporation). In some cases, an appropnate
cvtokine {e.g., 1L-2) can be contacted with the celis prior to nuxing with Cas9 or Cas9 RNP
mitroduction reagents {¢.g., clectroporation buffer}, or contacted with the cells after Cas® or

Cas9 RNP mitroduction, or a combination thereof

B Cas¥
[3098] The delivered Cas9 protein, whether as an apo protein or in complex with RNA, can
be m an active endonuclease form, such that when bound to target nucleic acid as part of a
complex with a guide RNA, a double strand break is mtroduced into the target nucleic acid.
The double strand break can be repaired by NHEJ to introduce random mutations, or HDR to
introduce specific mutations. Various Cas?® nucleases can be utilized in the methods
described herein. For example, a CasY nuclease that requires an NGG protospacer adjacent

motif {PAM) immediately 37 of the region targeted by the guide RNA can be utilized. Such
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Cas?® nucleases can be targeted to any region of a genome that contains an NGG sequence.
As another example, Cas9 proteins with orthogonal PAM motif requirements can be utilized
1o target sequences that do not have an adjacent NGG PAM sequence. Excemplary Cas9
proteins with orthogonal PAM sequence specificities include, but are not hmuted to, CFP1,
those described in Naturg Methods 10, 1116-1121 (2013), and those described in Zetsche er
al., Cell, Volume 163, Issue 3, p739-771, 22 Gctober 2015,

(]

36911 In some cases, the CasY protein is a mickase, sach that when bound to target nucleic
acid as part of a complex with a guide RNA, a single strand break or nick is introduced into

the target nucleic acid. A pair of Cas9 nickases, cach bound to a structurally different guide

<

RNA, can be targeted to two proximal sites of a target genomic region and thus miroduce a
pair of proximal single stranded breaks into the target genomic region. Nickase pairs can
provide enhanced specificity because off-target effects are likely o result in single nicks,
which are generally repaired without lesion by base-excision repair mechanisms. Exemplary

Cas?® nickases inchude Cas? nucleases having a DNOA or HR40A mutation.

15 6092} Io some cascs, the Cas9 protein is in a nuclease inactive form. For example, the
CasS protein can be in a nuclease mactive form that 1s fused to another accessory protein or
cffector domain. Thus, the Cas?® nuclease, in complex with a guide RNA| can function to
target the accessory protein, effector domain, or the activity thereof, to the target genomic
region. In some cases, the nuclease inactive CasY protemn is fused to an endonuclease or

¢ mnickase. For example, the muclease mactive Cas® can be fused to an obligate heterodimer
endonuclease or nickase {e.g., an obligate heterodimer of Fok 1 endonuclease). A pair of
such nuclease nactive endonucleases fused to corresponding members of an obligate
heterodimer nuclease can be used o localize endonuclease activity at a target genomic region
with enhanced specificitv. Exemplary Cas9 heterodimer endonuclease fusions include those

25 described in Nat Biotechnol. Jun 2014; 32(6); 577-582.

36931  In some cases, a Cas9 protein, such as a nuclease inactive Cas9 protein can be used
to modulate gene expression or modify chromatin structure. In some cases, a nuclease
mactive Cas9 protein can form a complex with a guide RNA targeted to a gene or the

promoter of a gene. The nuclease mactive Cas? protein can thereby interfere with binding of

Loy

transcription factors or other transcription machinery and thus down-regulate transcription of

the target genc. The use of multiple structurally different guide RNAs targeting the same

30



ey

ey

3

WO 2016/123578 PCT/US2016/015836

gene or promoter region, or a combination thersof, can be used to further decrease

transeription of the target gene.

[0894] As another example, a Cas9 protein, such as a nuclease nactive Cas9 protein can be
fused to a transcription activator or repressor to modulate transcription of a target gene.
Exemplary activators include, but arc not limited fo, onc or more copics of a VP8, VP16,
VP64, or a p65 activation domain (p63ADY). Exemplary repressors include, but are not
limited to, a KRAB domain, a chromoshadow domain, a SID domain, or an EAR-repression
domain (SRDX). The transcriptional activator or repressor can be optimized for efficient

activity or enhanced stability in the host cell.

(6895} In some cases, the Cas® nuclease, such as a nuclease mactive Cas? nuclease can be
fused to one or more effector domains that regulate DNA methylation, histone methvlation or
demethvlation, histone deacetviation, RNA polll phosphorviation, or promote an increase in
nucleosome compaction as measured by reduced DINAse 1 hypersensitivity or decreased
micrococcal muclease accessibility. A combination of activation effector domains or enzymes
which could promote transcription could include DNA demethviascs, histone demethylascs
or methvlases, histone acetvlases, RNA polll phosphorylases, or enzymes or effector domains
that reduce nucleosome compaction as measured by increased DNAse | hypersensitivity or
merease micrococcal nuclease accessibility, or promote natural or un-natural chromosomal
looping between distal enhancer elements and proximal promoter elements. A combination
of repressor effector domains or enzymes which could repress transcription could include
DNA methylases, histone demethylases or methylases, histone de-acetviases, RNA polll de-
phosphorvlases, or enzymes or effector domains that increase nucleosome compaction as
measured by decreased DNAse I hypersensitivity or decreased micrococcal nuclease
accessibility, or inhibit chromosomal looping between distal enhancer elements and proximal

promoter clements.

36961 Cas9 nuclease can be fused to one or more nuclear translocation sequences. The
use N-terminal, C-terminal, or internal nuclear translocation sequences, or one or more
nuclear translocation sequences fused to a domain or accessory protemn that s fused to a Cas9
nuclease can enhance delbivery of the Cas® or Cas?® rnibonucleoprotein complex to the nucleus
of the ccl. Directing the delivery of the Cas9 or Cas? ribonucleoproten complex o the
oucleus of the cell can increase the level of genome editing or transcriptional control

provided by introducing the Cas9 or Cas9 ribonucleoprotem mnto the cell.

3i
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{3697} The reaction mixture for introducing the Cas9 or Cas9 nibonucleoprotein complex
into the cell can have a concentration of CasY or {as9 ribonucleoprotein of from about 0.25
pM to about 5 uM, tfrom about 0.5 pM to about 2.5 uM, or from about 0.9 uM to about 1 8
uM. The concentration of the Cas9 or Cas9 nibonucleoprotein complex can be at a
concentration of, or be at a concentration of about, .25 uM, 0.3 uM, 0.4 pM, 05 uM, 0.6
pM, 0.7 uM, 08 uM, 09 oM, T uM, 1T M, 12 M, E3 M, 14 pM, 15 M, Lo uM, 1.7
pM, LR uM, 1.9 M, 2 uM, 2.1 uM, 2.2 uM, 23 uM, 2.4 uM, 2.5 uM, or higher. In some
cases, the concentration of the Cas? or Cas9 ribonucleoprotem complex is less than, or less

than about, 5 uM, 4 uM, or 3 uM.

[6098] The reaction mixture for introducing the Cas9 or Cas9 nbonucleoprotein complex
into the cell can contain from about 1 x 10 to about 4 x 10° target cells, from about 1.5 x 10°
to about 3.5 x 10° target cells, from about 1.75 x 10°to about 3 x 10° target cells, or from
about 2 x 107 to about 2.5 x 10° target cells. In some cases, the concentration of the cells in
the reaction mixtare is from about 0.5 x 10" to about 3 x 10* target cells per pL, from about
(.75 x 10" to about 4 x 10" target cells per pL, from about 1 x 10 to about 3 x 10* target cells
per pl. from about 1.5 x 10%t0 about 2.5 x 10” or 3 x 10 target cells per L. or from about

1.8 x 10* 10 about 2.3 x 10" target cells per ulL.

L. Template nucieic aeids

36991 In some embodiments, the reaction mixtore for introducing the Cas9 or Cas9
ribonuclecprotein complex into the cell can contain a nucleic acid for directing homology
directed repair (HDR) of Cas9 mediated, or Cas? fusion mediated, cleavage or nicking at the
target genomic region. The template nucleic acid 1s generally a double or single-stranded
DNA oligonucieotide. In some cases, the template nucleic acid 1s a single stranded

oligonucleotide DNA template (ssODT).

{3100} The template nucleic acid can contain from 15 bases (b) or base pairs {bp) to about

5 kilcbases (kb) or kilobase pairs (kbp) 1n length {(e.g., from about 50, 75, or 100 b or bp to
about 110, 120, 125, 150, 200, 225, or 256 b or bp in length). Generally longer terplate
nucleic acids are provided in the form of a circular or linearized plasmid or as a component of
a vector {e.g., as a component of a viral vector}, or an amplification or polymerization
product thereof. Shorter template mucleic acids can be provided as single or double stranded
oligonucleotides. Exemplary single or double-stranded template oligonucleotides are, or are

least about 13, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26,27, 28, 29, 30, 31, 32, 33, 34, 35, 36,

(%]
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37,38,39,40, 41,42, 43, 44 45,46, 47,4849, 50, 51, 52, 53, 54, 55,56, 57, 58, 59, 60, 61,
62,63, 64,65, 66,67 68,69, 70, 71,72, 73,74, 75,76, 77, 78,79, 80, &1, 82, 83, 84, 85, 86,
87, 88,89, 90,91, 92,93, 94, 95,96, 97, 98,99, 100, 110, 115, 120, 125, 150, 175, 200, 225,
or 250 b or bp m length. Such template ohigonucleotides can contain one or two {e.g.,
flanking homology arms) homology arms that are identical or substantially identical to a
region adjacent to or flanking the target cut site. In some cases, the homology arm{s) are
from 25 to about 90 nucleotides in length. For example, the homology arm{s) can be about
25,30, 35, 40, 45, 30, 55, 60, 65, 70, 75, 80, &5, 60, 95, 100, 110, 115, or 120 nucleotides in

length.

[6101] The template mucleic acid can be provided in the reaction mixture for introduction
into the cell at a concentration of from about T uM {o about 200 M, from about 2 uM to
about 190 pM, from about 2 uM to about 180 uM, from about 5 uM to about 180 pM, from
about 9 uM to about 180 uM, from about 10 uM to about 150 uM, from about 20 pM to
about 140 pM, from about 30 uM to about 130 uM, from about 40 1M to about 120 uM, or
from about 45 or 50 uM 1o about 90 or 100 uM. In some cases, the template nucleic acid can
be provided in the reaction mixture for introduction into the cell at a concentration of, or of
about, 1 uM, 2 uM, 3 uM, 4 uM, 5 oM, 6 uM, 7 uM, 8 ud, 9 uM, 10 ub, 11 uM, 12 ub,
13 uM, 14 uM, 15 oM, 16 uM, 17 M, 18 pM, 19 uM, 20 pM, 25 puM, 30 M, 35 M, 40
pM, 45 uM, 50 pM, 35 pM, 60 oM. 70 aM, 80 uM, 90 uM, 100 oM, 110 pM, 115 uM. 120
uM, 130 uM, 140 uM, 150 M, 160 uM, 170 uM, 180 uM, 190 uM. 200 uM, or more.

10182} In some cases, the efficiency of template directed and NHEJ genome editing in the

%5,

presence of a template nucleic acid (e.g., ss0DT) can be at least, or at least about, 20%, 25
30%, 35%, 40%, 45%, 50%, 55%, 60%, 65% 70%, 75%, 80%, 85%, 90%, 95%, 99%, or
higher. In some cases, the efficiency of incorporation of the sequence of the template nucleic
acid {e.g., ssODT) by HDR can be at least, or at least about, 5%, 6%, 7%. 8%, 9%, 10%

119%, 12%, 13%, 14%, 15%, 16%, 17%, 18%, 19%, 20%, 25%, 30%, 35%, 40%, 45%, 50%,

55%, 60%, 65% T0%, 75%, 80%, 85%, 90%, 95%, 99%, or higher.

[6303] The template nucleic acid can contain a wide variety of different sequences. In
some cases, the template nucleic acid encodes a stop codon, or frame shift, as compared to
the target genomic region prior to cleavage and HDR. Such a template nucleic acid can be
useful for knocking out or inactivating a gene or portion thereof. In some cases, the template

nucleic acid encodes one or more nussense nwtations or m-frame msertions or deletions as
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compared to the target genomic region. Such a template nucleic acid can be useful for
altening the expression level or activity {e.g., ligand specificity) of a target gene or portion

thereof.

(6104} For example, the template nucleic acid can be used to replace one or more
complementary determining regions, or portions thereof, of a T cell receptor chain or
antibody gene. Such a template nucleic acid can thus alter the antigen specificity of a target
cell. For instance, the target cell can be altered to recognize, and thereby elicit an immune

response against, a tumor antigen or an infectious disease antigen.

{0105} As another example, the template nucleic acid can encode a wild-type sequence for
rescuing the expression kevel or activity of a target endogenous gene or protein. For instance,
T cells contaiming a mutation in the FoxP3 gene, or a promoter region thereof, can be rescued
to treat X-hinked IPEX or systemic lupus ervthematous. Alternatively, the template nucleic
acid can encode a sequence that results in lower expression or activity of a target gene. For
gxample, an increased immunotherapeutic response can be achieved by deleting or reducing
the expression or activity of FoxP3 in T cells prepared for immunotherapy against a cancer or

infectious disease target.

[3106]  As another exanmple, the template nucleic acid can encode a mutation that alters the
function of a target gene. For instance the template nucleic acid can encode a mutation of a
cell surface protein necessary for viral recognition or entry. The mutation can reduce the
ability of the virus to recognize or mfect the target cell. For example, nuttations of CCRS or

{CXCR4 can confer increased resistance to FIV mfection in CD47 T cells.

(6107} Insome cases, the template nucleic acid encodes a sequence that, although adjacent
to or flanked by a sutficicnt region of homology, is entirely orthogonal to the endogenous
sequence. For example, the template nucleic acid can encode an inducible promoter or
repressor element unrelated to the endogenous promoter of a target gene. The inducible
promoter or repressor element can be mserted mto the promoter region of a target gene 1o
provide temporal and/or spatial control of the target gene expression or activity. As another
example, the template nucleic acid can encode a swicide gene, a reporter geng, or a rheostat
gene, or a portion thereof. A suicide gene can be used to remove antigen specific
tmmunotherapy cells from a host after successful treatment. A theostat gene can be used to

modulate the activity of an immune response during immunotherapy. A reporter gene can be
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used to monitor the number, location, and activity of cells in vifro or in vive after introduction

into a host.

16108] Exemplary rtheostat genes are innunuane checkpoint genes. An merease or decrease in
expression or activity of one or more immunc checkpoint genes can be used to modulate the
activity of an inunune response during invnunotherapy. For example, an immune checkpoint
gene can be increased in expression resulting in a decreased immune response. Altematively,
the immune checkpomt gene can be inactivated, resulting in an increased imnmune response.
Exemplary immune checkpoint genes inchude, bwt are not limited to, CTLA-4, and PD-1.
Additional rheostat gencs can include any gene that modulates proliferation or effector
function of the target cell. Such rheostate genes include transcription factors, chemokineg
recepiors, cytokine receptors, or genes mvolved in co-inhibitory pathways such as TEGIT or
TiMs. In some cases the rheostat gene is a synthetic or recombinant rheostat gene that
interacts with the cell signaling machinery. For example, the synthetic rheostat gene canbe a
drug-dependent or hight-dependent molecule that inhibits or activates cell signaling. Such
synthetic genes are described in, e. g, Cell 155(6):1422-34 (2013}); and Proc Natl Acad Sci U
S A 2014 Apr 22;111{16):5896-901.

(6109} EHxemplary suicide genes mclude, but are not limited to, thymidine kinase, herpes
simplex vitus type 1 thymudine kinase (HSV-tk), cviochrome P450 isoenzyme 4B1 (cypd4B1),
cviosine deaminase, human folvipolyglutamate synthase {(fpgs), or inducible casp?. In some
embodiments, the suicide gene is chosen from the group consisting of the gene encoding the
HSV-1 thymiding kinase {abbreviated to HSV-tk), the splice- corrected HSV -tk {abbreviated
to cHSV -1k, see Fehse B et al., Gene Ther (2002) 9(23): 1633- 1638), the genes coding for
the highly Gancvelovir-sensitive HSV-tk mutants (matants wherein the residue at position 75
and/or the residue at position 39 are mutated {see Black ME ot al. Cancer Reg (2001)
61(7):3022-3026; and Qasim W et al., Gene Ther (2002) 9(12) :824-827}. Suicide genes
other than thynudine kinase based gene can be used instead. For mstance, genes coding for
human CD20 (the target of clinical-grade monoclonal antibodies such as Rituximab®; sec
Serafini M et al., Hum Gene Ther 2004;15:63-76.), inducible caspases {as an example:
modified human caspase 9 tused to a human FK3506 binding protein (FKBP) to allow
conditional dimerization using a small molecule pharmaceutical; see D1 Stast A et al,, N Engl
FMed. 2011 Nov 3 :365( 18): 1673-83; Tey SK et al., Biol Blood Marrow Transplant. 2007
Ang:) 3(8):9) 3-24. Epub 2007 May 29} and FCU1 (that transforms a non-toxic prodrug 5-

fluorocytosing or 5-FC to its hughly cvtotoxic derivatives 5-fluorouracil or 5-FU and 5'-
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Auorouridine-S'monophosphate or 3-FUMP; Breton E et al., C R Biol. 2010 Mar;333(3}:220-

5. Epub 2010 Jan 25.) can be used as suicide gene.

(0118} In some embodiments, the template nucleic acid encodes a recombinant antigen
recepior, a portion thereof, or a component thereof. Recombinant antigen receptors, portions,
and components thereof include those described 1n U.S. Patent Appl. Publ. Nos.
2003/0215427, 2004/0043401; 2007/0166327; 2012/0148552 ;2014/0242701; 2014/0274909;
20140314795, 2015/0031624; and International Appl. Publ. Nos.: WO/2000/023573; and
WO/2014/134165. Such recombinant antigen receptors can be used for immunotherapy
targeting a specific tumor associated or infectious discase associated antigen. In some cases,
the methods described herein can be used to knockout an endogenous antigen receptor, such
as a T cell receptor, B cell receptor, or a portion, or component thereof. The methods
described herein can also be used to knockin a recombinant antigen receptor, a portion
thereof, or a component thereof. In some embodiments, the endogenous receptor is knocked
out and replaced with the recombinant receptor {e.g., a recombinant T cell Receptorora
recombinant chimeric anfigen receptor}. In some cases, the recombinant receptor is inserted
ato the genomic location of the endogenous receptor. In some cascs, the recombinant

recepior is inserted into a different genomic location as compared to the endogenous receptor.

I, Tarset senomic regions

{3111} The methods and composttions described heremn can be utihized to target essentially
any genomic sequence of a host cell. The targeting can result in mutation or replacement of
at least a portion of the target genomic sequence. Alternatively, the targeting can result in
modification of the chromatin within and/or near the target genomic region, e.g., by
recruiting a chromatin modifying effector protein. Such chromatin modification can be used
to increase or decrease transcription of genes at or near the target genomic region. As yet
another altemative, the targeting can repress or activate a gene at or near the target genomic
region by recruiting a repressor {e.g., KRAB) or activator (e.g., VP64) domain to the target

LEeNOomIc region.

[6112] Exemplary target genomic regions include regions withm or near the PD-1 gene or
the CTLA-4 gene. PD-1 and CTLA-4 are immmuune checkpoint genes and modulation or
ablation of one or more of the genes can be used to control the Immunogenic activity of the
target cell. Exemplary target genomic regions mclude regions within or near genes encoding

for a receptor used for viral recognition or entry. For example, the CCRS or CXCR4 gene



10

30

WO 2016/123578

PCT/US2016/015836

can be targeted to mutate or downregulate these receptors and thus confer resistance to HEV

nfection m the targeted cell.

16113] Exemplary target genomic regions include regions within or near genes that encode
proteing involved in cell trafficking and target homing or target recognition. Such genes
imnclude, but are not limuted to, T cell and B cell receptors, T cell chemokine receptors such as
CXCR4, CCRY, CCR7, pattern recognition receptors, cutancous lymphocyte antigen, CD34,
L-selectin, D28, and GLYCAM-1.

16114] Exemplary target genomic regions mnclude genes contaming mutations that are
tmplicated in, associated with, or cause disgase. For example, a target genoniic region at or
near the gene encoding FOXP3 can be targeted to merease or rescue FOXP3 function and
thereby treat patients suffering from an autoimmune disease such as IPEX. As another
example, a target genomic region at or near the gene encoding HL2ZRA can be targeted to
mcrease or rescug IL2RA function and thereby treat patients suffering from an autoimmume
disease. As vet another example, a target genomic region at or near the geng encoding
IL2RG can be targeted to mcrease or rescue L2RG function and thereby treat patients
suffering from an immunodeficiency, such as severe combined immunodeficiency. As vet
another example, a target genomic region at or near the gene encoding GATAZ can be
targeted to mcrease or rescue GATA? function and thereby treat patients suffering from

MonoMAC.

£ Guide BNAs
[6113] Dwescribed herein are guide RNAs and hibraries of guide RNAsg. The guide RNAs
can contain from 3”0 3. a binding region, a 3™ hairpin region, a 3™ hairpin region, and a
transcription termination sequence. The guide KNA can be configured to form a stable and
active complex with a Cas9 protein. [n some cases, the guide RNA is optinuzed to enhance

expression of a polynucleotide encoding the guide RNA in a host cell.

[63116] The 5™ hawpin region can be between about 13 and about 50 nuciectides m length
{e.g., about 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26,27, 28,29, 30, 31, 32, 33, 34, 35, 36,
37,38,39, 40,41, 42 43,44, 45, 46, 47, 48, 49, or about 50 nucleotides in length}. In some
cases, the 37 haurpin region is between about 30-45 mucleotides in length {e.g., about 31, 32,
33, 34, 35,36, 37, 38, 39, 40, 41, 42, 43, 44, or 45 nucleotides m length). In some cases, the
57 hatrpin region is, or is at least about, 31 nucleotides in length (e g., 1s at least about 31, 32,

33,34, 35,36, 37, 38,39, 40, 41,42, 43, 44, or 45 nucleotides m length}. In some cases, the
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5” hatrpin region contains one or more loops or bulges, each loop or bulge of about 1, 2, 3, 4,
5,6,7. 8,9 or 10 nuclectides. In some cases, the 5° hairpin region contains a stem of
between about 10 and 30 complementary base pairs (e.g., 11, 12, 13, 14, 15, 16, 17, 158, 19,

20, 21,22, 23,24, 25, 26,27, 28, 29, or 30 complementary base pairs).

[3117] In some cmbodiments, the 57 hairpin region can contain protein-binding, or small
molecule-binding structures. In some cases, the 57 hairpin function {(e.g., interacting or
assembling with a Cas9 protein) can be conditionally activated by drugs, growth factors,
small molecule higands, or a protein that binds to the protein-binding structure of the 57 stem-
loop. In some embodiments, the 5° hairpin region can contain non-natural nucleotides. For
example, non-natural nucleotides can be incorporated to enhance protein-RNA mnteraction, or

to increase the thermal stability or resistance to degradation of the goide RNA.

[3118] The guide RNA can contain an intervening sequence between the 57 and 37 hairpin
regions. The interveming sequence between the 57 and 3” hairpin regions can be between
about 0 to about 50 nucleotides in length, preferably between about 10 and about 50
nucleotides in length (e. 2., at a length of, or about a length of 10, 11, 12, 13, 14, 15, 16, 17,
18, 19,20, 21,22, 23,24, 25,26,27, 28,29, 30, 31, 32, 33, 34, 35,36, 37, 38,39, 40, 41, 42,
43,44, 45 46, 47 48 49, or 50 nucleotides). In some cases, the intervening sequence is
designed to be lincar, unstructured, substantially linear, or substantially unstructured. In
some embodiments, the imtervening sequence can contain non-natural nucleotides. For
example, non-nataral nuclectides can be incorporated to enhance protein-RNA mteraction or
to increase the activity of the guide RNA:Cas9 nbonucleoprotein complex. As another
cxample, natural nucleotides can be incorporated to enbance the thermal stability or

resistance to degradation of the guide RNA.

{3119} The 37 hairpin region can contain an about 3, 4, 5, 6, 7, or 8 nucleotide loop and an
about4,3,6,7,8,9, 10, 11,12, 13, 14, 15, 16,17, 18, 19, 20, 21, 22, 23, 24, or 25 nucleotide
or longer stem. In some cases, the 3 hairpin region can contain a protein-binding, small
molecule-binding, hormone-binding, or metabolite-binding structure that can conditionally
stabilize the secondary and/or tertiary structure of the guide RNA. In some embodiments, the
37 hairpin region can contain non-natural nocleotides. For example, non-natural micleotides
can be mcorporated o enhance protem-RNA interaction or to increase the activity of the
guide RNA:Cas9 nbonucleoprotein complex. As another example, natural nucleotides can be

incorporated to enhance the thermal stability or resistance to degradation of the guide RNA.
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13120} In some embodiments, the gumde RNA inclades a termination structure at its 3° end.

I some cases, the guide RNA mehudes an additional 3” hairpin region, e.g., before the
termoination and after a first 3° hairpin region, that can micract with proteins, small-molecules,
hormones, efc., for stabilization or additional functionalitv, such as conditional stabilization

or conditional regulation of guide RNA: Cas® ribonucleoprotein assembly or activity.

[3121] Generally, the binding region is designed to complement or substantially
complement, and thus bind or hybndize to, a target genomic region or a set of target genomig
regions. In some cases, the binding region can incorporate wobble or degenerate bases to
bind multiple target genomic regions. In some cases, the binding region can complement a
sequence that is conserved amongst a set of target genomic regions to bind multiple target
genomic regions. o some cases, the binding region can be altered io mcrease stability. For
cxample, non-natural nucleotides, can be incorporated fo increase RNA resistance to
degradation. In some cases, the binding region can be aliered or designed to avoid or reduce
secondary struchure formation in the binding region. In some cases, the binding region can be
designed 1o optimize G-C content. In some cases, G-C content is preferably between about
40% and about 60% {e.g., 40%, 45%, 50%, 55%, 60%). In some cases, the binding region,
can be selected to begin with a sequence that facilitates efficient transcrniption of the guide
RNA. For example, the binding region can begin at the 5° end with a G mucleotide. In some
cases, the binding region can contain modified nucleotides such as, without limitation,

methylated or phosphorylated nucleotides.

102122} Guide RNAs can be modified by methods known 1o the art. In some cases, the
modifications can include, but are not limited to, the addition of one or more of the following
sequence elements: a 5’ cap (e.g., a T-methviguanylate cap); a 3” polyadenylated tail; a
riboswitch sequence; a stability control sequence; a hairpin; a subceHular focalization
sequence; a detection sequence or label; or a binding site for one or more proteins.
Modifications can also include the mitroduction of non-natural nucleotides including, but not

limited to, one or more of the following: fhiorescent nucleotides and methylated nucleotides.

{61231 Insome embodiments, the guide RNAs are selected so as not to have significant
off-target effects. In some cases, the similarity of a gnide RNA binding region for off-target
genetic element sequences can be determined. Guide RNAs directed to target genomic
regions having a high similanty to one or more off-target genomic regions exceeding a pre-

designated threshold can be filtered out. In some cases, candidate binding regions, including
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the protospacer adjacent motif (PAM) sequences can be scored using a scoring metric i a
manual or automated fashion. Guide RNA binding regions having an acceptable number of

off-target mismatches can then be selected.

(6124} In some embodiments, the sgRNAs are targeted to specific regions at or near a gene.
For example, an sgRNA can be targeted to a region at or near the 0-750 bp region 37
{upstream) of the transcription start site of a gene. In some cases, the 0-750 bp targeting of
the region can provide, or provide increased, transcriptional activation by a guide RNA Cas®
ribonucleoprotein complex. For instance, a cell can be contacted with a Cas® domain fused
1o a transcriptional activator or epitope fusion domain and an guide RNA, or library of guide

RNAs, targeted to the 0-750 bp region 57 of the transcription start site of one or more genes.

[3125] As another example, a guide RNA can be targeted to a region at or near the 0-1000
bp region 3”7 (downstream) of the transcription start site of a gene. In some cases, the 0-1000
bp targeting of the region can provide, or provide increased, transcriptional repression by an
guide RNA:Cas9 ribonuclesprotein complex. For instance, a cell can be contacted with a
dCas9 fused to a transcriptional repressor or epitope fusion domain and a guide RNA, or
library of guide RNAs, targeted to the 0-1000 bp region 37 of the transcription start site of

Ong OF MOore gencs.

[3126] In some embodiments, the guide RNAs are targeted to a region at or near the
transcription start site (TS8) based on an automated or manually annotated database. For
cxample, transcripts annotated by Ensembl/GENCODE or the APPRIS pipeline (Rodnguez
et al, Nucleic Acids Res. 2013 Jan;4 I{Database 1ssue): D1 10-7 can be used to wdentify the
TSS and target genetic elements 0-750 bp upstream (e.g., for targeting one or more
transcriptional activator domains) or 0-1000 bp downstream {e.g., for targeting one or more

transcriptional repressor domains) of the TSS.

10127} In some embodiments, the sgRNAg are targeted to a genomic region that is
predicted to be relatively free of nucleosomes. The locations and occupancies of
nucleosomes can be assayved through use of enzymatic digestion with micrococcal nuclease
{(MNase). MNase is an endo-exo nuclease that preferentially digests naked DNA and the
DNA in linkers between nucleosomes, thus enriching for nucleosome-associated DNA. To
determine nuclcosome organization genome-wide, DNA remaining from MNase digestion is
sequenced using high-throughput sequencing technologies (MNase-seqg). Thus, regions

having a high MMNase-seq signal are predicted to be relatively occupied by nucleosomes and
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regions having a low MNase-seq signal are predicted to be relatively unoccupied by
nucleosomes. Thus, in some embodiments, the sgRNAg are targeted to a genomic region that

has a low MNase-Seq signal.

(6128} Insome cases, the guide RNAS are targeted to a region predicted to be highly
transcriptionally active. For example, the guide RNAs can be targeted to a region predicted
to have a relatively high occupancy for RNA polymerase H (Polll}. Such regions can be
identificd by Polll chromatin immunoprecipitation sequencing {(ChiP-seq), which includes
affinity purifying regions of DNA bound to Polll using an anti-Polll antibody and identifving
the purificd regions by sequencing. Therefore, regions having a high Polll Chip-seq signal
are predicted to be highly transcriptionally active. Thus, 1n some cases, guide RNAs are
targeted to regions having a high Polif ChiP-seq signal as disclosed in the ENCODE-
published Pollf ChiP-seq database (Landt, er o/., Genome Research, 2012 Sep;22(9y1813-
31

1312%] As another example, the sgRNAs can be targeted to a region predicted to be highly
transcriptionallv active as identified by run-on sequencing or global mun-on sequencing
{(GRO-seq). GRO-seq mvolves tncubating cells or nuclet with a labeled nucleotide and an
agent that inhibits binding of new RNA polymerase to transcription stast sites {e.g., sarkosyl}.
Thus, only gencs with an engaged RNA polvmerase produce labeled transcripts. After a
sufficient period of time to allow global transcription to proceed, labeled RNA is extracted
and corresponding transeribed genes are identified by sequencing. Therefore, regions having
a high GRO-seq signal are predicted to be highly transcriptionally active. Thus, in some
cases, guide RNAs are targeted to regions having a high GRO-seq signal as disclosed in a
published GRO-seq data (e.g., Core e gl , Science. 2008 Dec 19;322(5909):1845-8; and Hah
et ol , Genome Res. 2013 Aug 23(8):1210-23).

[3130] In some embodiments, guide RNAs can be targeted to putative regulatory seguences
(e.g., putative mammalian or human regulatory sequences), such as promoters, enhancers,
mnsulators, silencers, splice regulators, and the like, based on BNA sequence motifs, ChiP-

seq, ATAC-seq, and/or RNA-seq data.

6131} Also described herein are expression casseties and vectors for producing guide
RNAs i a host cell. The expression cassetics can contain a promoter {2.2., a heterologous
promoter) operably linked to a polynucleotide encoding a guide RNA. The promoter can be

inducible or constitutive. The promoter can be tissue specific. In some casgs, the promoter is
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a U6, H1, or spleen focus-forming virus (SFFV} long terminal repeat promoter. In some
cases, the promoter is @ weak mammalian promoter as compared to the human clongation
factor 1 promater (EF1A). In some cases, the weak manmalian promoter is a ubigquitin C
promoter or a phosphoglycerate kinase | promoter (PGK). In some cases, the weak
mammalian promoter is a TetOn promoter in the absence of an inducer. In some cases, when
a TetOn promoter is uithized, the host cell 1s also contacted with a tetracycling transactivator.
In some embodiments, the strength of the selected guide RNA promoter is selected to express
an amount of guide RNA that is proportional to {e.g., within about 0.5-fold, 1-fold, 2-fold, 5-
fold, 7.5-fold, or 10-fold of} the amount of CasY that is delivered. The expression cassetie
can be 1 a vector, such as a plasoud, a viral vector, a lentiviral vector, efe. In some cases, the
expression cassette 1s in a host cell. The gude RNA expression cassetie can be episomal or

mtcgrated in the host cell.

{33321 Also described herein are expression casseties and vectors for producing guide

RNAs by in vitre transcription.

EXAMPLES
{6133} The following examples are offered to illustrate, but not to limit the claimed

mvention.

Example 1:

16134] T cell genome engineering holds great pronuse for cancer immunotherapies and
cell-based therapies for HIV and autoimmune diseases, but genetic manipulation of primary
human T cells has been mefficient. The present inventors have developed a way to achieve
high efficiency delivery of Cas9. This high efficiency delivery of Cas9 can be used for high
cfficiency genome editing, gene silencing, and chromatin or chromosome modification. The
delivered Cas9 can be delivered as a pre-assembled complex with guide RNAs. These active
Cas® ribonucleoproteins (RNPs) enabled the first successfill Cas9-mediated homology
directed repair (HDBR) in primary human T cells. Thus specific nucleotide sequences in
mature immune cells can be replaced with high efficiency— a longstanding goal n the field
that enables diverse research and therapeutic applications. These studies establish Cas9 (e.g.,
Cas9 RNP} technology for diverse experimental and therapeutic genome cngineering
applications, including efficicnt DNA sequence replacement with HDR, in pnmary human T

cells.
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Entroduction

[6135] The CRISPR/Cas? system has been used increasimgly to edit mammalian germ-hne
sequence and cell-lines (1, 2). Considerable efforts arc underway to employ this powerful
syster directly in primary human tissues, but efficiency has been limited, especially in
primary hematopoietic cells, such as human CD4™ T cells. Plasmid delivery of cas? and small
guide RNAs (sgRNAg) was efficient in other cell types, but only ablated 1-5% percent of
target protein expression in CD47 T eells (3). Improved ability to ablate key targets and
correct pathogenic genome sequences in human T cells has therapeutic applications, e.g.,

allowing T cells to be edited ex vive and then reintroduced into paticots.

[6136] Multiple scientific and clinical trials are underway to manipulate T cell genomes
with available technologies, including gene deletions with Transcription Activator-like
Effector Nucleases (TALENSs) and Zinc Finger Nucleases (ZFNs), and exogenous gene
mtrodoction by viral transduction (4). Genetic manipulations have been attempted to
knockout HIV co-receptors CXCR4 and CCRS in T cells to gain resistance to HIV infection
(5-7}. There also has been marked success in engineering T cells to recognize and kill
hematological malignancies, but additional genetic modifications appear necessary for solid
organ tumor immunotherapy {8-103. Further therapeutic opportunitics would be pogsible if
targeted T cell genomie loci could be corrected with specific replacement sequences, rather
than deleted (11}, Robust technology to promote homologous recombination in T cells can
allow therapeutic correction of mutations that affect specialized T cell functions, inchuding
mutations that disrupt regulatory T cell (Treg) development and cause severe, multi-organ
autoimmune discase in patients with Invounodysregulation Polvendocrinopathy Huoteropathy

X-hnked Syndrome (IPEX) (12, 13).

[3137F Recent reports in mammalian cell lines demonstrate that Cas9 ribonucleoproteins
(RNPs; recombinant Cas9 protein complexed with an in vifro transcribed single-guide RNA)
can accomplish efficient and specific genome editing (14-16). Here the inventors show that
delivery of Cas9 {e.g., in the form of Cas9 RNPs) to primary hematopoigtic cells or primary
hematopoietic stem cells can be performed with lugh efficiency. High efficiency delivery of
CasS in the form of a Cas9 nbonucleoprotein complex with sgRNA leads to highly efficient
genome editing of CD4" T cells. Not only were the inventors able to ablate CXCR4
cxpression with randor insertion and deletion mutations {reducing by up to 70% the number

of cells with high cell surface expression of CXCR4; 18% va. 60% in control treated cells),
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but the inventors were also able to introduace a preciscly targeted genome sequence in primary
T cells by homology-directed repair (HBR) using an exogenocus single-stranded DNA
template (reducing by up to 98% the number of cells with high cell surface expression; 1%
vs. 60% 1n control treated cells). This genetic “knock-in’ technology, not previously reported
with Cas9-mediated editing in primary T cells, had ~15% efficiency and accounted for
roughly half of the observed genomic edits, demonstrating that it can be uscful for therapeutic
replacernent of discase associated mutations. Further, the inventors demonstrate the
functional consequences of gene manipulation using Cas9 RNP technology to mutate
FOXP 3, which encodes the master transcription factor of Tregs. Cas9 RNPs enabled a human
in vitro model of the multi-organ autoimmune disease {PEX, where FOXF S muutations tmpair
regulatory T cell differentiation. These studies establish Cas9 RNP technology for

expenimental and therapeutic editing of the genome in primary human T cclls.
Results

10138} We aimed to overcome long-standing challenges in genetic manipulation of primary
T cells, and establish a robust genome enginecring toolkit. Recent reports in mammalian cell
lines suggest Cas® RNPs can accomplish efficient and specific genome editing (14-17).
Given the significant challenges of efficicent genome editing of T cclis with DNA delivery of
Cas9, we tested the efficacy of RNP delivery for targeted genome editing in primary human T

cells (Figure 1A).
Ablation of HIV co-receptor CXTRS with Uas?® RNPs

1613%] A major goal in T cell enginecring 13 targeted ablation of specifie cell surface
receptors, including co-receptors for HIV mfection and co-inhibttory immune checkpoints
that impair tumor inunune response. Here, we programmed the Cas? RNPs to target coding
sequence of CXCR4, which encodes a chemokine receptor expressed on CD4" T cells that
serves as a co-receptor for HIV entry (18, 193, We puntfied recombinant Streptococeus
pyogenes Cas9 carryving two nuclear localization signal sequences (NLS) fused at the C
terminus. This Cas9 protein was incubated with iz vifro transcribed single-guide RNA
(sgRNA} designed to uniguely recognize the human CXCRY genomie sequence (Figure 1B).
These pre-assembled RNP complexes were electroporated into human CD4” T cells isolated

from healthy donors (Methods).

10148} Electroporation of CXCRY Cas® RNPs caused efficient, site-specific editing of
genomic DNA . The Cas9 RNP-induced double-stranded breaks in the CXCRY gene were
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likely repaired by non-homologous end joming (NHEJ), a predominant DNA repair pathway
in cells that gives rise to variable insertions and deletions (indels) and often results in
frameshift mutations (20). Flow cyiometry revealed an RNP dose-dependent increase in the
percentage of T cells expressing low levels of CXCRA4, consistent with mutation of the
CXCR4 gene (Figure 1C). The T7 endonuclease 1 (T7E1) assay 1s a convement method to
assess genome editing. Here. T7E1 confirmed genomic DNA editing in cells treated with
CXUR4 RNPs, but not in control cells treated with spCas? protein not complexed with a
sgRNA (CTRL) (Figure 11). Cas9 RNP-treated cells were separated based on CXCR4
expression with fluorescence activated cell sorting (FACS) and we found an enrichment of
editing in the CXCRA™ cells (15-17%) compared to CXCR4" cells (4-12%). Sanger
sequencing of the target CXCRA genomic locus, performed to directly identify editing events,
suggested that the T7E! assay underestimated editing cfficiency. Sequencing of the CXCRA
gene in CXCR4Y cells showed that 8/9 clones had nuutations/defetions whereas such
mutations/deletions were observed in only 4/10 clones and 0/9 clones in CXCR4™ and CTRL
treated CXCR4" cells, respectively. None of the observed edits in the CXCRA4™ population
terminated the coding sequence {one missense mutation and three in-frame deletions),
consistent with the maintenance of protein expression. By contrast, the CXCR4" population
was enriched for cells with a more extensive mutation burden in the locus (Figure 1E). These
findings demonstrated successtul genomic targeting with Cas9 RNPs and a fumctional effect
on protein expression in human CD47 T cells. FACS was able to purify edited celis,

providing an additional useful tool for Cas® RNP applications in primary T cells.
Efficient genetic *knock-in” with homology-directed repair (HDR}

[6i41] FExogenous tempiate-mediated HDR 1s a powert] techmigue for precise gene
modifications that enables experimental and therapeatic editing of specific variant sequences.
Given the high editing efficiency of Cas9® RNPs, we next tested whether we could achicve
exogenous template~mediated HDR m primary T cells. We used a single-stranded
oligonuclestide DNA template (ssQDT) with 90 nucleotide (nt} homology arms to recombine
with the CXCRY locus at the Cas9 RNP cleavage site {15). The ssODT was designed to
replace 12 1t from the human reference genome and introduce a novel HindH1 restriction
enzyme cleavage site (Figure 2A). Cas9 RNPs were electroporated into primary CD4™ T
cells in the presence of four different concentrations of ssODT (0, 50, 100 and 200 pmol}.
Cas9 RNP without ssODT again reduced the percentage of CXCR4™ cells. Notably, addition

of ssODT significantly improved the efficacy of CXCR4 ablation. In the experiment shown
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here, we were able to achieve up to 98% reduction in the number of cells with high cell
surface CX R4 expression with 100 pmol ssODT and Cas9 RNP (1% vs. 60% in control
treated cellis) (Figure 2B and C).

{6142} Remarkably efficient HDR was observed in colis treated with Cas® RNP and the
ssODT (Figure 2B). We obscrved 24% total editing {(defined as the sum of all NHEJ and
HDR events that give nise to indels at Cas9 cleavage site) without ssODT, as measured by
T7EL assays. Up to 33% total editing was observed in the presence of 50 pmol ssODT. At
this concentration, 14% HDR was observed by Hindili digest of the target locus, indicating
that >40% of editing resulted from HIR (the remaining ~60% of observed editing likely
resulted from NHEI. Although the percentage of HDR was slightly lower with 100 pmol
ssODT (12%;, a higher ratio of HDR o total editing was calculated {0.48 with 100 pm vs.
(.42 with 50 pmol}. The near complete loss of CXCR4 staining 1o this condition
demonstrates that the mutation introduced by HDR (84DLLFV88-> 34ESLDP3S) strongly
affected the cell surface expression of CXCR4 or its recognition by the antibody (Figure 2B

and C). In this experiment, the editing efficiency was reduced with 200 pmol ssODT.

[0143] Both total editing and HDR could be enriched by sorting the CXCR4" population,
although the cffect was fess pronounced than in Figure 1. consistent with the larger fraction
of CXCRAY cells in the unsorted population. Note that in these cxperiments a more stringent
gate was applied to separate the cells with the highest expression of CXCR4, and in this
CXCR4™ population no editing was observed. These studies collectively demonstrated the
power of Cas9 RNPs coupled with ssODT to precisely replace targeted DNA sequences in

primary buman T cells.
Functional effects of FOXP3 mutation during Treg differentiation

[3144] We next tested whether Cas® RNP-mediated genome editing could alter the balance
between pro-inflammatory effector T cell subsets, which are associated with protection
against pathogens and malignancy, and suppressive FOXP3™ Tregs. which are essential to
prevent the development of autoimmunity. FOXP3 is essential for functional Tregs in mice
(21-24). Mutations n the FOXP3 gene in humans lead to impaired Treg development and
function causing IPEX, a multi-organ autoimmurity syadrome (12, 13). Cas9 RNP-mediated
genome editing provides a unique opportunity to expenimentally mtroduce mutations nto the

human FOXF3 gene and test their effects on the development of Tregs.
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[3145]  To test the functional consequences of FOXP 3 mutations, we targeted two exonic
sites with Cas9 RNPs (Figure 3A). To aid in the interpretation of editing in the FOXP3 locus
on the X chromosome, these experiments were conducted with cells from male donors. We
tested the efficacy of Cas9 RNPs in primary CD4"CD257CD127" Tregs that were isolated
from human male donors as previously described (253, Successful genome editing was
detected by the T7E] assay in Tregs treated with FOXP3 Cas9 RNPs, but not in the control
cells transfected with Cas9 protein only (Figure 3B). FOXP3 Cas9 RNPs caused an increased
percentage of FOXP3 negative cells assessed by intracellolar staining (Figare 3C). Flow
cytometry results showed that up to 40% of cells lost FOXP3 expression as a result of Cas9
RNP treatment {(85% FOXP3™ in control treated cells vs. 63% with FOXP3 Cas9 RNP1, 46%
with FOXP3 Cas® RNP2 and 54% with FOXP3 Cas9 BNP 1 and 2 combingd). The fraction
of FOXP3 ablated cells is likely higher nitially as FOXP3 Cas9 RNP treatment appeared to

cause a proliferation defect in Tregs {(data not shown).

16146] Cas% RNP editing revealed the phenotypic consequences of #OXP3 ablation
primary human Tregs. Flow cvtometry confirmed altered cytokine receptor expression in the
FOXP3 Cas9 RNP treated cells with increased levels of CI3127 (JL7Ra) (Figure 31, CD/27
is transcriptionally repressed divectly by FOXP3 (25), suggesting that Cas® RNP treatment
causes expected dysregulation from loss of the master regulator of Tregs. The findings were
consistent with de-stabilization of the gene expression program required for Treg function as

a result of Cas® RNP-mediated FOXF 3 ablation.

13147] We next attempied to recapitulated in vifro the defective Treg differentiation
associated with FOXP 3 mutations in IPEX paticnts. Cash RNPs were delivered to ex vivo
stimulated naive T cells, which were subsequently cultured in IL-2 and TGF- to promoic the
generation of iTregs (26-28). In control cells treated with Cas9 protein alone, 30% FOXP3™
1Tregs developed. FOXP3 Cas9 RNP 1, FOXP3 Cas9 RNP 2, and treatment with both
FOXP3 Cas9 RNP | and 2 all resulted in reduced percentages of FOXP3™ iTregs (8%, 9%
and 11% respectively) (Figure 4A). Reduced percentages of FOXP3™ iTregs, and small but
reproducible increases in the fraction of cells producing the pro-inflammatory cytokine

materferon-y (IFNY) were observed across three independent experiments (Figure 48).

[6148] To further examine the functional effects of FOXP3 mutations during iTreg
differentiation, we subjected the Cas9 RNP-treated cells to FACS analysis of CTLA-4, akey

cell surface receptor involved in Treg suppression (29). Treatment with FOXP3 Cas® RNPs
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reduced the percentage of cells that express UTLA-4 (Figure 4C). In control cells, CTLA-4
was indaced in iTregs as well as in stimulated FOXP3™ effector T cells. We found that
FOXP 3 targeting strongly diminished the percentage of CTLA-4"FOXP3" iTregs, but had
modest etfects on CTLA-4 expression in FOXP3 cells, consistent with FOXP3-dependent
and FOXP3-mdependent mechanisms both contributing to CTLA-4 expression {23, 30).
Electroporation with the short-lived Cas9 RNPs altered the developmental potential of the
FOXP3 ablated T cells. This technology can be used to screen for additional genes or
regulatory elements required for human Treg differentiation. Importantly, the highly efficient
genome editing in T cells by the Cas® RNP approach enabled a human in vifro discase model

of IPEX confirming that #0OXF 3 mautations impair (1reg differentiation.
Biscussion

[314%] Efficient delivery of CasY to primary hematopoietic cells and/or primary
hematopoietic stem cells provides a powerful platform for basic research of cell, tissue, and
system: function, as well as development and use of cell-based therapeutics. For example,
CasY-mediated genome enginecring can be used to cxperimentally and therapeutically target
DNA elements crucial to inflammatory and suppressive human T celf subsets. We report here
successful genome engineering in human conventional and regulatory CD4” T cells by
delivery of in vitro assembled and functional Cas9 RNPs. Electroporation of Cas9 RNPs
allowed targeted “knock-out” of the CXCR4 cell surface receptor. RNPs aiso promoted the
first successtul CasS-mediated genetic “knock-1n" primary human T cells. The highly efficient
targeted DNA replacement in mature immune cells achieves a longstanding goal in the figld
that cnables diverse rescarch and therapeutic applications. Finally, we also coploved Cas9
RNPs to target FOXP3, a master transcriptional regulator, 1o stimulated human naive T cells
and Tregs to model the functional impaimment of Treg differentiation mn patients with IPEX.
The studies collectively establish a broadlv applicable toolkit for genetic mampulation of

human pomary T cells.

13158] There arc notable advantages to genome engineering with transient RNP delivery
compared to other CRISPR/Cas9 delivery methods. Recent work reported ablation of cell
surface markers in bulk human CD4” T cells by transfection of plasmid carrving the cas?
gene and guide RNA coding sequence (3). Although successtul, efficiency was notably low
in CD4" T cells compared to other cell types, possibly due to suboptimal levels of Cas9 or

sgRNA, suboptimal nuclear translocation or suboptimal intracellular RNP complex formation
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{or some combination of these factors}). RNP-based delivery circumvents these challenges.
Delivery of Cas9 RNPs offers fast editing action and rapid protein tumaover in the cells as
they are reportedly degraded within 24 hours of delivery (14). This limited temporal window
of Cas9 editing can make Cas9 RNPs safer for therapeutic applications than other debivery
modes where cells are exposed to Cas9 for a longer time frame. Our findings now show that

Cas9 RNPs are able to rapidly and efficiently edit human T cells.

[3151]  We were able to achieve remarkably efficient HDR here, with 98% reduction in
CXCR4A™ cells with Cas9 RNPs and an HDR tomplate targeting CXCR4 in one experiment,
Remaining variables that affect editing and HDR efficiency in primary T celis can be
optimized to achieve even higher genome editing efficiency. For example, variation in cell
tvpe and cell cycle dynamics can significantly alter Cas® RNP efficiency (15}, In primary
human T cells, editing officiency can also be affected by T cell donor specific factors (c.g.
genetics, recent mfection), i virro T cell activation status, and characteristics of the targeted

genomic locus {¢.g. DNA sequence, chromatin state).

16152] The ability to edit specific DNA sequences in human T cell subsets cnables
expenmental mvestigation of transcription factors, cis-regulatory elements, and target genes
tmplicated 1o T cell inflammatory and suppressive functions. Here we demonstrate, as a
proof-of-principle, the ability to knock-out FOX¥ 3, a key transcriptional regulator, to assess
the functional effects on down-stream expression programs and cellular differentiation. These
experiments model i virro the Treg differentiation associated with the mendclian multi-
organ autoimmune syadrome, IPEX. Extensive efforts have mapped key gene regulatory
circuttry controlling the development and function of diverse and specialized T cell subsets
(31). We recently reported that most causal genetic vanants contributing to risk of human
autctmmune disgases map to key regulatory elements in T ¢ells (32} Genome editing of
primary T cells provides a powerful perturbation test to assess the function of regulatory

clements and charactenize the effects of disease-associated coding and non-coding vanation.

10153} Therapeutic editing requires improved technigues to wdeatify successfully edited
cells i a population. Selection of edited cells is notably challenging i primary cells that
cannot be maintained indefinitely m culture, unlike transformed ccll lines. Here we
demonstrate FACS enrichment of edited cells, based on expected phenotypic changes in cell
surface receptor expression. The success of Cas® RNP-mediated HDR also allows

miroduction of genetic markers to purify homogenously edited cells for certain applications,
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[3154] Therapeutic T cell engincering requires highly efficient and precisely targeted
genome editing in primary cells. The highly efficient Cas9 delivery technology reported here
can provide, e.g., highlv cfficient and preciscly targeted genome editing n primary cchis.
Such highly etficient delivery can be used to correct genetic vanants and engineer human T

cell function for the treatment of infection, autotmmunity and cancer.
Materials and Methods
Homan T cell isolation and culture

[0185} In accordance with protocols approved by the UCSF Committee on Human
Research (CHR), whole blood was collected from human donors into sodium hepannized
vacutainer tubes {Becton Dickinson) and processed within 12 hrs. Peripheral blood
mononuclear cells (PBMCs) were isolated by Ficoll gradient centrifugation. The blood was
mixed in a 1:1 ratio with Ca™" and Mg™" free Hank’s balanced salt sclution (HBSS),
transferred to 50 ml Falcon tubes (30 mi of blood HBSS mixture/tube) and underayed with
12 mi Ficoll-Paque PLUS (Amersham/GE healthcare). After density gradient centrifugation
{(1000g, 20 min, no brakes) the PBMC layer was carefidly removed and the cells washed
twice with Ca’" and Mg™™ free HBSS. CD4™ T cells were pre-enriched with Fasysep Human
CD47 T cell enrichment kit {Stemeell technologics) according to the manufacturer’s protocol.
Pre-enriched CD4™ T cells were stained with following antibodies: aCD4-PerCp (SK3;
Becion Dickinson), al’D25-APC (BU96; TONBO Biosciences), aCD127-PH (R34-34;
TONBO Biosciences), aCD45RA-violetFluord 50 (HI100; TONBO Biosciences) and
sCD4SRO-FITC (UCHLL, TONBO Biosciences). CD4'CD25MCD127° Tregs,
CDA'CD25°CD127" T effectors (Teffs), and CD4"CD25°CD127"CD4SRAYCD4SRO
naive T cells (Tnaives) were isolated using a FACS Aria Hlu (Becton Dickinson). Treg, Teff

and Toaive purity was > 97%,.

{31561 For Cas® RNP transfection, Tregs, Teffs, or Tnatves were pre-activated on oCD3
(UCHTI; BD Phamingen) and aCD28 (CD28.2; BD Phanningen) coated plates for 48 hrs.
Plates were coated with 10 pg/mi oCD3 and aCD238 10 PBS for at least 2 hrs at 37°C. For
{Freg differentiation, FACS-sorted Tnaives were activated with plate-coated ¢CD3 and
¢CD28 in the presence of 100 [U/ml IL-2 (Aldeslevkan, UCKSF Pharmacy) and 10 ng/ml
TGF-B1 (Tonbo Biosciences). One 1Treg differentiation experiment conducted in the
presence of anti-IFNY and anti-IL-4 blocking antibodics was excluded from the analysis in

Figure 4.
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3157}  Teffs were activated in RPMI complete (RPMI-1640 (UCSF CCF} supplemented
with 5 mamol/l 4-(2-hvdroxyethy)-1-piperazinecthancsulfonic acid (HEPES) (UCSF CCF), 2
mmol/l Glutamax {Gibeo), 50 pg/md penicillin/streptomycin (Coming), 50 wmol/ 2-
mercaptoethanol (Sigma-Aldrich), 5 mmol/A nonessential amino acids {Corning), 5 mmol/t
sodium pyruvate (UCSF CCF), and 10% fetal bovine serum (Atlanta Biologicals) in a cell
density of 5x10° cells/ml). After clectroporation the medivm was supplemented with 40

T/l -2,

10158]  Tregs were activated in RPMI complete. Post-electroporation, 300 IU/ml 1E-2 was
added to the medium to further expand the cells. Tregs, Teffs or Tnaives were further
supplemented with their respective medium at day 1, day 3 and day 5 after electroporation.
Teffs and Teffs were kept at a cell density of 5x10°/ml. Tregs were cultured at a cell density

of 2.5x10° cells/mi.
Expression and Parification of Cas9

[6135] The recombinant S. pyogeres Cas9 used in this study carries at the C-terminus an
HA tag and two nuclear localization signal peptides which facilitates transport across nuclear
membrane. The protein was expressed with a N-terminal hexahistidine tag and maltose
binding protein in £ cofi Rosetia 2 cells (EMD Millipore) from plasoud pMI915. The His tag
and maltose binding protein were cleaved by TEV protease, and Cas9 was purified by the
protocols described in Jinek et al., 2012. Cas9 was stored 1 20 mM HEPES at pH 7.5, 150
mM K1, 10% glycerol, 1 mM tris{Z-chloroethyl) phosphate (TCEP) at -80°C.

in vitro T7 transcription of sgRMNA

[3168] The DNA template encoding for a T7 promoter, a 20 nt target sequence and the
chimeric sgRNA scaffold was assembled from synthetic oligonuclestides by overlapping
PCR. Briefly, for the CXCR4 sgRNA template, the PCR reaction contains 20 nM premix of
SLKS3 (5'- TAA TAC GAC TCA CTA TAG GAA GCG TGA TGA CAA AGA GGG TTT
TAG AGC TATGCT GGA AAC AGC ATA GCA AGT TAA AAT AAG G -3') and SLKSH
(- GCA CCG ACT CGG TGC CACTTT TTC AAG TTG ATA ACG GAC TAG CCT
TATTTT AACTIG CTA TGC TGT TIC CAG C -3'), 1 uM premix of 125 (5°-TAA TAC
GAC TCA CTA TAG-3") and SLKS1 (3~ GCA CCG ACT CGG TGC CACTITTTIC AAG
-39, 200 pM dNTP and Phusion Polymerase (NEB) according to manufacturer’s protocol.
The thermocveler setting consisted of 30 cveles of 95°C for 10 sec, 57°C for 10 sec and 72°C

for 10 sec. The PCR product was extracted once with phenol:chloroform:isoamylalcohol and
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then once with chloroform, before isopropanct precipitation overnight at -20°C. The DNA
pellet was washed three times with 70% cthanol, dried by vacuum and dissolved in DEPC-
treated water. The FOXP3 sgRNA template was assembled from T25, SLKS1, SLKS2 and
SLKS4 (5'- TAA TAC GAC TCA CTA TAG AGG AGC CTC GCC CAG CTG GAG TTT
TAG AGC TAT GUT GGA AAC AGC ATA GCA AGT TAA AAT AAG G -3 by the same

procedure.

16161] A 100 ul T7 in vifro transcription reaction consisted of 30 mM Tris-HCI (pH 8), 20
mM Mg(l, 0.01% Triton X-100, 2 mM spermidine, 10 mM fresh dithiothreitol, 5 mM of
cach ribonucleotide triphosphate, 100 pug/ml T7 Pol and 0.1 uM DNA template. The reaction
was incubated at 37°C for 4 h, and 5 units of RNase-frec DNascl (Promega) was added to
digest the DNA template 37°C for 1 h. The reaction was quenched with 2x5TOP solution
{95% deionized formamide, 9.05% bromopheno! blue and 20 mM EDTA) at 60°C for 5 min.
The RNA was purified by electrophoresis in 10% polvacryvlamide gel containing 6 M urea.
The RNA band was excised from the gel, grinded up in a 15 mi tube, and eluted with 5
volumes of 300 mM sodium acetate {(pH 3) ovemight at 4°C. One equivalent of 1sopropanol
was added to precipitate the RNA at ~20°C. The RNA pellet was collected by centrifugation,
washed three times with 70% cthanol, and dried by vacuum. To refold the sgRNA, the RNA
pellet was first dissolved in 20 mM HEPES (pH 7.3}, 150 mM K1, 10% glycerol and 1 mM
TCEP. The sgRNA was heated to 706°C for 5 min and cooled to room temperature. MgCh
was added to a final concentration of | mM. The sgRNA was agamn heated to 50°C for 5 min,
cooled to room temperature and kept on ice. The sgRNA concentration was determined by
ODhsonm using Nanodrop and adjusted to 100 uM using 20 mM HEPES (pH 7.5), 150 mM
K1, 10% ghveerol, 1 mM TCEP and 1 mM MgCl. The sgRNA was store at -80°C.

Cas? RNP assembly and electroporation

[3162] Cas9 RNP was prepared immediately before expeniments by incubating 20 uM
Cas® with 20 pM sgRNA at 1:1 ratio m 20 pM HEPES (pH 7.5}, 150 mM KL, T mM

Mg, 10% glycerol and 1 mM TCEP at 37°C for 10 min to a final concentration of 10 pM.

(0163} T cells were electroporated with a Neon transfection kit and device (Invitrogen). 2 -
2.5 x10° T cells were washed three times with PBS before resuspension in 9 pl of buffer T
{(Neon kit, Invitrogen). Cas9 RNP (1 - 2 ul of 10 uM Cas9 only (CTRL} or Cas9:sgRNA
RNP; final concentration 4.9 - 1.8 uM) as well as HDR template (U - 200 pmol} were added

to the cell suspension, mixed and transfected 1nto the cells with a Neon electroporation device

W
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(Invitrogen; 1600V, 10 msec, 3 pulses). The HDR template 1s a single-stranded
oligonuclestide complementary (- strand} to the target sequence, and contains a HindiH
restriction sequence flanked by 90-nt homology amms (scquence: 5°-GGG CAA TGG ATT
GOT CATCCT GGT CAT GGG TTA CCA GAA GAA ACT GAG AAG CATGAC GGA
CAA GTA CAG GCT GCA CCT GTC AGT GGU CGA AAG CTT GGA TCC CAT CAC
GCTTCC OTT CTG GGC AGT TGA TGC CGT GGC AAA CTG GTA CTT TGG GAA
CTT CCT ATG CAA GGC AGT CCATGT CAT CTA CAC AGT-37).

13164] Electroporated Tregs, Teffs or Toaives were transferred to 500 pl of their respective
culture medium in a aCD3/CD2E coated 48-well plate. 24 hrs afier electroporation cclls were
resuspended and transferred to a non-~coated well plate. 4 - 6 days after electroporation, T

cells were analyzed by FACS and T7 endonuclease { assay.
PCR amplification of target region

8165]  5x10%- 2x10° cells were resuspended in 100 pl of Quick Extraction sofution
{Epicenter) were added to tvse the cells and extract the genomic DNA. The cell lyvsate was
mecubated at 65°C for 20 min and then 95°C for 20 min, and stored at -20°C. The

concentration of genomic DNA was determined by NanoDrop (Thermo Scientific).

{31661 Genomic regions, containing the CXCR4 Target, FOXP3 Target 1 or FOXP3 Target
2 target sites, were PCR amplified using the following primer scts. For CXCR4: forward 5°-
AGA GGA GTT AGC CAA GAT GTG ACT TTG AAA CC -3 and reverse 57~ GGA CAG
GAT GAC AAT ACC AGG CAG GAT AAG GCC 37 (938 bp). For FOXP3 Target ©:
forward 5°-TTC AAA TAC TCT GCA CTG CAA GCC C-3" and reverse $°- CAT GTA
CCTGTG TTC TTG GTG TGT GT-37 (900 bp) For FOXP3 Target 2: forward 5°- GCT
GAC ATTTTG ACT AGC TTT GTA AAG CTC TGT GG-37 and reverse 57~ TCT CCC
CGA CCT CCC AAT CCC-37 (900 bp)y. The CXCR4 primers were designed to avoid
amplifying the HDR templates by annealing outside of the homology arms. The PCR reaction
contained 200 ng of genomic DNA and Kapa Hot start high-fidelity polymerase (Kapa
Biosystems) in high GC buffer according to the manufacturer’s protocol. The thermocveler
setting consisted of one cycle of 95°C for 5 mun, 35 cycles of 98°C for 20 see, 62°C (CXCR4
and FOXP3 Target 23 or 66°C (FOXP3 Target 1) for 15 sec and 72°C for | min, and one
cvele of 72°C for 1 min. The PCR products were purified on 2% agarose gel containing
SYBR Safe (Life Technologies}. The PCR products were cluted from the agarose gel using

QlAquick gel extraction kit {Qiagen). The concentration of PCR BNA was quantitated with a
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NanoDrop device (Therme scientific). 200 ng of PCR DNA was used for T7 endonuclease 1

and Hind i} analyees.
Analysis of Editing Efficiency by T7 endonuclease I assay

[3167] Editing efficiency was determined by T7 endonuclease 1 assay. T7 endonuclease |
recognizes and cleaves mismatched heteroduplex DNA that anises from hybridization of
wild-type and mutant DNA strands. The hybndization reaction contained 200 ng of PCR
DNA in KAPA bigh GC bufter and 50 mM K1, and was performed on a thermocyeler with
the tollowing setting: 93°C, 10 nun, 95-83°C at -2°C/sec, 85°C for 1 mun, 85-75°C at -
2°C/sec, 75°C for 1 min, 75-65°C at -2°C/sec, 65°C for 1 min, 63-55°C at -2°Clsec, 35°C for
1 min, 55-45°C at -2°C/sec, 45°C for 1 min, 45-35°C at -2°C/sec, 35°C for 1 min, 35-25°C at
-2°Clsec, 25°C for | min, and hold at 4°C. Buffer 2 and 5 units of T7 endonuclease I (NEB)
were added to digest the re-anncaled DNA. After 1 hr of incubation at 37°C, the reaction was
guenched with 6x blue gel loading dyve (Thermo Scientific} at 76°C for 10 nun. The product
was resolved on 2% agarose gel containing 5YBR gold (Life technologies). The DNA band
intensity was quantitated using Image Lab. The percentage of editing was calculated using
the following equation {1 ~{1-(b+c¢/a+b -%-c))”2 3« 100, where “a” is the band intensity

of DNA substrate and “b” and “¢” are the cleavage products.
Analysis of HDR by Hindl}] restriction digestion

[3168] The CXCR4 HDR template introduces a Hindll restriction site mto the gene locus.
A 938 bp region as PCR amplified using the primers 3'- AGA GGA GTT AGC CAA GAT
GTG ACT TTG AAA CC 23" and 5 GGA CAG GAT GAC AAT ACC AGG CAG GAT
AAG GCC -3'. The reaction consisted of 200 ng of PCR BNA and 10 umits of HindIH High
Fidelity m CotSmart Buffer (NEB). After 2 hr of incubation at 37°C, the reaction was
quenched with one volume of gel loading dye at 70°C for 10 min. The product was resolved
on 2% agarose gel containing SYBR gold (Life technologies). The band intensity was
quantitated using fmage Lab. The percentage of HDR was calculated using the following
equation (b + ¢/ a + b +¢) x 100, where “a” 13 the band mtensity of DNA substrate and “b”

and “¢” are the cleavage products.
FACS analysis of edited T celis

10169  CXCR4 cell surface staining was performed with aCXCR4-APC (12G5; BD

Pharnungen) for 15 min on ice. Cells were kept at 4°C throughout the staining procedure
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until cell sorting to aveid antibodv-mediated internalization and degradation of the antibody.

Cells were sorted using a FACS Arna Hu (Becton Dickinson).

(0178} For analvsis of Cas9 RNP-edited Tregs and iTregs following antibodies were used:
¢CD-PacificBlae (RPA-T4; BD Pharoungen), aFOXP3-AlexaFluord88 (206D, Biokegend),
aC25-APC (BCY6; TONBO Biosciences), aCD127-PECy7 (HIL-TR-MZ1; BD
Pharmingen), afl-17a-PerCp-Cv3.5 (N49-633; BD Pharmingen), afL~-10-PE (JES3-9D7; BD
Pharmingen), alFNv-AlexaFluor700 (B27; Biolegend), aCTLA-4-PE (L3D10; Biolegend).

16171] Cells were stimulated for 2 hrs with 100 ng/ml PMA (Sigma-Aldrich) and 1 pg/ml
Iononmycin {Sigma-Aldrichy. 1| pM Monensin (Biolegend) was added for 3 hrs of additional
cell stimulation. Cells were stained for surface markers for 20 min at RT followed by 30 min
meubation with FOXP3/Transcrption Factor Fix/Perm (TONBO Biosciences). To increase
FOXP3 signal, Tregs were incubated with 100 U/ml DNAscl (Sigma-Aldnich) in Flow
Cytometry Perm buffer (TONBO Bicsciences). 1Tregs were not treated with DNasel beeause
of subsequent cell sorting and T7EI analysis. Intracelbular cvickine and transcription factor
staining was carried out for 30 min at RT. Tregs were acquired with an LSKFortessaDual
{Becton Dickinson), 1Tregs were acquired and sorted using a FACS Aria Hhy (Becton

Dickinson).
Statistics

[8172]  The quantities of FOXP3" and IFNy secreting cells following FOXP3 Cas9 RNP
treatment in three 1Treg differentiation experiments were compared to the quantities
following control treatment using a t-test. Standard deviations were calenlated and shown as

error bars. Results of analysis are shown in Figure 4B.

{6373} It is understood that the examples and embodiments described herein are for
thustrative purposes only and that various modifications or changes in light thereof will be
suggested to persons skilled in the art and are to be included within the spinit and purview of
this application and scope of the appended claims. All publications, patents, and patent
applications cited herein are hereby incorporated by reference in their entirety for all

PUrPOses.
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Example 2:

[3174] sgRNAs directed to PD-1 exon 1 {(PD-1 target 1, targeted by sgRNAT and PD-1
target 2, targeted by sgRNAZ) and exon 2 (PD-1 target 3, targeted by sgRNA3 and PD-1
target 3, targeted by sgRNA4) were designed (Figere SA). HDR oligonucleotides to provide
template directed repair of double strand breaks mduced at the sgRNA target sites were also
generated (Figure 5A). Cas9® RNPs containing sgRNA -4 were generated and delivered to
primary human effector T cells (CD4'CD25°CD127™), and the cells were recovered.
Aunalysis of the cells afier recovery by FACS reveals high efficiency ablation of PD-1 using
nwltiple Cash RNPs and combinations thereof. The functional cffects of various
combinations of Cas? RNPs targeting PD-1 coding sequence with two different HDR
templates were assessed by FACS analysis of PD-1 cell surface expression. Ablation was
observed with multiple combinations of Cas9 RNPs with cach of the two HDR templates
{designed to delete a portion of the coding sequence and introduce premature stop codons and

a new HindH restriction enzyme digestion site).
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I3175] We also edited chimeric antigen receptor expressing (CAR) CD4+ and CD8+ T
cells. T cells were cdited with PD-1 Cas9 RNPs (PD-1 sgRNA 2) as described before.
Nucleofection with PD-1 Cas9 RNPs was followed by transduction with CAR-GFP
lentivirus. CAR-GFP expression and PD-1 surface expression levels were assessed by FACS.

We were able to generate PD-1-/Iow CAR+ T cells.

Example 3:

{31761 A reaction mixture contaming Cas9 RNP, FITC labeled dextran, Pacific Blue (PB)
labeled dextran, and unstimulated CD4” T cells was provided and squeezed through an 8QZ
cell squeezing device (SQZ Biotech). Cells were sorted by FACUS into a population of
double-labeled (FITC and PB) and unlabeled cells. The two populations of cells were
assaved for Cas9-mediated genome editing using a 77 endonuclease 1 (T7E1) assay. Cellg
were sorted based on uptake of a Pacific Blue (PB)-labeled Dextran (30600 MW) FITC-
labeled Dextran (500,000 MW) and T7 endonuclease 1 assay confirmed enrichment of

editing in cells that had taken up both Dextrans. (Figure 6}

Example 4:

Introduction

{6177} This example provides additional details of the experiments performed in Example
1 as wel as additional related expenimental methods and results. This Examiner
demonstrates the ability of the methods and compositions described herein to ablate a target
gene with the random insertion and deletion mutations that likely result from non-
homologous end joining (NHED} repair of a Cas9-induced double-stranded DNA break
(D5B). Cells with genomic edits in CXCR4 could be enriched by sorting based on low
CXCRA4 expression. This Example further demonstrates the ability to use the methods and
compaositions described herein to introduce precisely targeted nucleotide replacements in
primary T cells at CXCR4 and PD-1 by bomology-directed repair (HDR) using Cas9 RNPs
and exogenous single-stranded DNA templates. This technology enabled Cas9-mediated
generation of ‘knock-in” primary haman T cells. Deep sequencing of a target site confirmed
that Cas9 RNPs promoted ‘knock-in” genome modifications with up to ~20% efficiency
(~22% was achicved with 50 pmol and ~18% with 100 pmol of HDR template), which
accounted for up to approximately one third of the total editing events. These findings show
that Cas9 RNP-mediated nucleotide replacement can prove useful for therapeutic correction

of dis¢asc-associated mutations. This establishes the utility of Cas9 RNP technology for
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experimental and therapeutic knock-out and knock-in editing of the genome in primary

human T cells.
Results

{6178} The methods and compositions described herein overcome long-standing challenges
in genetic manipwlation of primary T cells, and establish an efficient genome engineering
toolkit. Recent reports in mammalian cell Hines suggest Cas® RNPs can accomplish efficient
and specific genome editing (15-18). The experiments deseribed herein demonstrate the
ctficacy of Cas9 RNP delivery for targeted genome editing in primary human T cells (Figure

TA}.

[3179] Ablation of HIV co-recepior CXCR4 with Cas® RNPs. A major goal in T cell
engingering is targeted ablation of specific cell surface receptors, including co-receptors for
HIV imfection and co-inhibitory immune checkpoints that tmpair humor inunune response.
This Example demonstrates the use of programmed the Cas9 RNPs to target the cxonic
sequence of CXCR4, which encodes a chemokine receptor with multiple roles in
hematopoiesis and cell homing that is expressed on CD4”™ T cells and serves as a co-receptor
for HIV entrv (19-21). Punfied recombinant Strepfococcus pyogenes Cas9 carrving two
ouclear localization signal sequences (NLS) fused at the C terminus was utilized. This Cas®
protein was incubated with im vitro transcribed single-guide RNA (sgRNA) designed to
uniguely recognize the human CXCR4Y genomic sequence (Figure 7B). These pre-assembled
Cas9 RNP complexes were electroporated into human CD4™ T cels isolated from healthy

donors.

{G183] Electroporation of CXCR4 Cas9 RNPs caused cfficient, site-specific editing of
genomic DNA. The Cas9 RNP-induced DSBs in the CXCR4 gene were likely repaired by
NHEJ, a predonunant DNA repair pathway in cells that gives rise to vanable msertions and
deletions (indels) and often results in frameshift mutations and loss of gene fimetion (22},
Flow cytometry revealed a Cas9 RNP dose-dependent increase in the percentage of T cells
expressing low levels of CXCR4, consistent with mutation of the CXCR4 gene (Figure 7C).
The T7 endonuclease T (T7EL) assay is a convenient method to assess editing at specific sites
in the genome. Here, T7E1 assay confirmed genomic DNA editing at the CXCR4 locus in
cells treated with CXCR4 Cas9 RNPs, but not in control cells treated with Cas9 protein alone
(no sgRNA; CTRL). CasY RNP-treated cells were separated based on CXCR4 expression

with fluorescence activated cell sorting (FACS). Using the T7E] assav, an enrichment of
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editing in the CXCR4" cells (15-17%) compared to CXCR4" cells was found (4-12% with
varying doses of Cas9 RNP) (Figure 7B). Sanger sequencing of the target CXCR4 genomic
site, performed to directly identify editing events, suggested that the T7E] assay may have

underestimated editing efficiency. The TTE] assay utilizes denaturation and hyvbridization of

(]

the wild-type and mutant sequences to create a mismatch DNA duplex which is then digested
by T7 endonucliease. However, hybridization of the mismatch duplex may be inefficient,
especially when the indel mutation is drastically different from the wild-type sequence,
making self-hybridization an cnergetically more favorable product. Other potential reasons
for observed underestimation of editing efficiency with endonuclease assavs include
10 mcomplete duplex melting, mefficient cleavage of single base pair indels, and deviation
from the expected 300 and 600 basepair products on the agarose gel as a result of large
genome edits (23). Sequencing of the CXCR4 gene in CXCR4" cells showed that 5/6 clones
had mutations/deletions whereas such mutations/deletions were observed in only 4/10 cloneg
and 0/9 clones in CXCR4™ and CTRL treated CXCR4" cells, respectively. Importantly, none
15 of the observed edits in the CXCRA™ population terminated the coding sequence {one
missense mutation and three in-frame deletions), consistent with the maintenance of protein
expression, By contrast, the CXCR4"™ population was enriched for cells with a more
extensive mutational burden in the locus (Figure 7E). These tindings demonstrated successful
genomic targeting with Cas® RNPs and a functional effect on protein expression in haman
20 D47 T cells. FACS was able to enrich the population of edited cells, providing an additional

useful tool for Cas9 RNP applications in prmary T cclis.

10181} Efficient genetic ‘knock-in’ with homology-directed repair (HBR} Exogencus
template-mediated HDR 15 a powerful technique for precise gene modifications that can

enable experimental and therapeutic editing of specific vanant sequences. Given the high

[\
(]

editing efficiency of Cas® RNPs, we next tested whether exogenous template-mediated HDR
in pramary T cells could be achieved. A single-stranded chigonucleotide BNA template (HDR
template) with 90 nucleotide homology arms was used to recombine with the CXCRY locus at
the Cas? RNP cleavage site (16). The CXCR4 HDR template was designed to replace 12
nucleotides from the human reference genome, including the protospacer adjacent motif

30 (PAM) sequence required for CRISPR-mediated DNA cleavage, and introduce a Hindlil
restriction enzvme cleavage site (Figure 8A). Cas9 RNPs were electroporated into primary
CD4" T cells in the presence of four different concentrations of CXCR4 HDR template (0,
50, 100 and 200 pmol; see Supplementary Information Materials and Methods). Cas9 RNP
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without HDR template again reduced the percentage of CXCR4" cells. Notably, in this
experiment, addition of the CXCR4 HDR template improved the efficacy of CXCR4
ablation, although this effect on cell surface cxpression was not scen in all experiments
(Figure 9A). In the experiment shown here, ~60% of cells lost high-level cell surface CXCR4
expression with 100 pmol HDR template and Cas® RNP (1% vs. 60% m control treated cells)
{Figure 8B and ).

{31821 Highly efficient HDR was observed in cells treated with Cas9 RNP and the single
stranded ohigonucleotide HBR template (Figure 8D}, Up to 33% total editing {defined as the
sum of all NHEJ and HDR cvents that give rise to indels at Cas9 cleavage site) was ohserved
in the presence of 50 pmol CXCR4 HDR template, as estimated by T7E1 assays. At this
concentration, 14% HDR was estimated by Hindll digest of the target locus, indicating that a
high fraction of editing resulted from HPR (sce results below for further guantification). The
nearly complete loss of CXCR4 staining with addition of the HDR template suggests that the
mutation introduced by HDR (B4DLLFV88-> 84ESLDPES) strongly affecied the cell surface
expression of CXCR4 or its recogaition by the antibody {Figure 8B and C}. The editing

cfficiency was reduced with 200 pmol HDR template, perhaps as a result of cellular toxicity.

[0183] Both total editing and HDR could be enriched by sorting the CXCR4" population,
although the effect was less pronounced than in Figure 7, consistent with the larger fraction
of CXCRA4® cells in the unsorted population. Note that in these experiments a more stringent
gate was applied to separate the cells with the highest expression of CXCR4, and in this
CXCR4™ population no editing was observed. These studies collectively demonstrated the
power of Cas9 RNPs coupled with simgle-stranded oligonucleotide HDR template to

precisely replace targeted DNA sequences in primary human T cells.

{3184} Deep Sequencing of Target Genomic DNA. Deep sequencing of the targeted
CXCR4 locus allowed more detailed and quantitative analysis of genome editing events. The
results highlighted in Figure 10 show the frequency of mserbions, deletions and HDR-
mediated nucleotide replacement in UX R4 (as9 RNP-treated cells with or without CXCR4
HDR template compared to control-treated cells. In CXCR4 Cas9 RNP treated cells, we
found 55% of reads overlapping the CXCRY target site containing at least one indel within a
200 nucleotide window centered around the expected cut site (Figure 10A, B). As discussed
above, the T7£1 assays arc useful for identifving edited loci, but mav underestimate actual

editing etficiency {quantitation of the T7E] assay in Figure 8D suggested 33% editing
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compared to the 55% editing efficiency computed by deep-sequencing). We also sequenced
the two top predicted ‘off-target” sites for the UXCR4 Cas% RNP (Figure 10B). Rare indels
were observed at both offtarget sites (~1-2%), but at a rate comparable to that observed for
those sites in the control cells treated with Cas9 protein only {(~1-2%).

[3185] The deep sequencing results aliowed quantitative analvsis of ohserved mdel
mutations and their spatial distribution in the target region. Consistent with reports that S
pyogenes Cas9 cuts ~3 nucleotides upstream from the PAM scquence, we found the highest
frequency of indels at 4 nucleotides upstream of the PAM (Figure 10A). Indels were
distributed throughout the sequenced region (Figure 10C and ) with the majority of events
near cut sites (594% within 40 nucleotides). In CXCR4 Cas9 RNP treated cells within +/-
100 nucleotides from the cut site, we ohserved 95% of reads with indels contained a deletion
event while 10% contained an insertion event. Interestingly, of the reads with insertion
events, ~50% also contained at least one deletion. We observed a wide range of insertion and
deletion sizes, with many reads exhibiting deletions up to ~80 nucleotides in length (mean 18
nucleotides, SB 15 nucleotides) and some insertions up to ~535 nucleotides in length (mean
4.4 nucleotides, I 4.8 nucleotides) (Figure 10C, I and 11). This range of indel sizes and
locations was consistent with the exiensive mutational burden observed in Sanger sequencing

of CXCR4" selected cells in Figure 7.

[3186] Deep sequencing verified the successtul targeted replacement ot 12 nucleotides at
the CXCR4 locus, only in cells treated with both Cas® RNPs and CXCR4 HDR template. We
cbserved 25% incorporation of HDR template sequence with 50 pmol HDR template and
2% with 100 pmol HDR template (Figure 10A). Of the reads with HDR template sequence
mcorporated, ~14% of the detected HDR template reads had additional non-specific indels
surrounding the incorporated Hindlll site or other imperfect forms of editing within the 200
oucleotide window centered at the predicted cut site. However, the freguency of indels 1
reads with the HindH site incorporated was reduced compared to reads where the Hindill
stte was not detected (Figure 10C, D and 11}, Interestingly, there was a consistent pattern of
deletion events between CXCR4 Cas® RNP with and without CXCR4 HDR template with an
enrichment of deletions of 2 nucleotides (11%) and 22 nucleotides (5.4%) (Figure 11}
Replacement of the PAM sequence likely helped to Iimit re-cutting of “knock-in” sequence.
Overall, 18-22% of reads (with varying concentrations of HDR template) had correctly

replaced nucleotides throughout the sequenced genomic target site, suggesting that this
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approach could prove useful for gencration of experimental and therapeutic nucleotide

‘knock-in” primary human T cells.

16187] Specific ‘knock-in’ Targeting of Key Cell Surface Receptors. To confirm that
Cas9 RNPs mediate HDR at other genomie sites, we designed a guide RNA and HDR
template to target the £-7 (PDCD Y locus. PD-1 15 an “temune checkpoint” cell surface
receptor found on the surface of chronically activated or exhausted T cells that can inhibit
effective T cell-mediated clearance of cancers. Monoclonal antibody blockade of PD-1 1s
approved for treatment of advanced malignancy, and geoetic deletion of -/ may prove
useful in engineering T cells for cell-based cancer immunotherapies (12). Primary human T
cells were electroporated with a PD-1 Cas9 RNP and a PD-1 HDR template designed to
generate a frameshift mutation and “kaock-in” g Hindl restriction site m the first exon of

PD-[ thereby replacing the PAM sequence (Figure 12A).

13188] To examine the specificity of Cas® RNP-mediated targeting, we compared PD-1
cell surface expression following treatment with PD-1 Cas9 RNP versus (X CR4 Cas9 RNP
(which should not target the £~/ locus} or scrambled guide Cas9 RNP (no predicted cut
within the human genome}. We performed replicate experiments side-by-side with two
different blood donors and with sgRNASs generated with two different in vifre transcription
protocols {sce Supplementary Information Materials and Methods). PD-1 Cas9 KNPs
electroporated with PD-1 HDR template significantly reduced the percentage of cells with
high PD-1 cell surface expression relative to both CXCR4 Cas® RNPs and scrambled guide
Cas® RNPs delivered with PD-1 HDR teraplate (Figure 12B). Similarly, CXCR4 Cas% RNPs
and CXCR4 HDR template caused a decrease in the CXCR4™ coll population relative to both
PD-1 and scrambled guide Cas9 RNP treatments with CXCR4 HDR template (Figure 120).
Loss of CXTR4 was not a non-specific effect of single-stranded DNA delivered along with
CXCR4 Cas® RNP; we observed a higher percentage of CXCR4 expressing cells afier
treatment with CXCR4 Cas9 RNP and scrambled HDR template than with CXCR4 Cas9
RNP and CXCR4 HDR template {(Figure 9A). These findings confirmed the target-specific
modulation of cell surface receptor expression in primary T cells with the programmable

Cas9 RNP and HDR template treatments.

[B189] We then tested the specificity of HDR templates for nucleotide replacement (Figure
12D: examples of corresponding cell surface expression data are shown in Figure 9B). As

expected, we observed efficient PD-/ editing by PD-1 Cas9 RNPs regardiess of whether they
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were delivered with PD-1 HDR template, CXCR4 HDR template or without any HBDR
ternplate. In contrast, the HindlIH site was only incorporated into £D-7 in the presence of both
PD-1 Cast RNP and PD-1 HDR template, but not with CXCR4 HDR template, which should
not be recombined at #D-7 locus due to the lack of sequence homology. Similardy, a HindIi
site was only incorporated inte CXCRY following treatment with CXCR4 Cas9 RNP and
CXCR4 HDR template; HDR was not observed at the CXCRY locus with PD-1 HBR
template, control scrambled HDR tomplate (with a Hindllf site) or without HDR template
(Figure 12D, Taken together, these studies established that specific pairing of a programmed
Cas® RNP and corresponding HDR template can provide for targeted nucleotide replacement

1 primary human T cells.
Materials and Methods

[3390] Human T cell isolation and culfure. Human primary T cells were either isolated
from fresh whole blood or buffy coats. Peripheral blood monomuelear cells (PBMCs} were
isolated by Ficoll gradient centrifugation. CD4™ T cells were pre-enriched with Easysep
Human CD47 T cell enrichment kit (Stemcell technologies) according to the manufacturer’s
protocol. Pre-enrichad D47 T cells were stained with following antibodies: aCD4-PerCp
(8K3; Becton Dickinson), aCD25-APC (BC96; TONBO Biosciences), aCD127-PE (R34-34;
TONBO Biosciences), oCD45RA-violetFluord 50 (HI100; TONBO Biosciences) and
aCBD43RO-FITC (UCHLL;, TONBO Biosciences). CD4"CD25°CD127™ T effectors {Teffs)

were 1solated using a FACS Ana Hlu (Becton Dickinson).

(6191} Cas® RNP assembly and electroporation. Cas9 RNPs were prepared mmediately
before expenments by incubating 20 M CasY with 20 uM sgRNA at 1:1 ratio in 20 uM
HEPES (pH 7.5), 150 mM KCL, 1 mM MgCl,, 10% glycerol and 1 mM TCEP at 37°C for 10
oun to a final concentration of 10 uM. T celis were clectroporated with a Neon transfection

kit and device (Invitrogen).

{0192}  Analysis of Genome Editing. Editing cfficiency was estimated by T7 endonuclease
I assay. HDR templates were designed to mitroduce a HindlH restriction site mto the targeted
gene loet; suceessful HDR was confirmed with HindIH restriction enzyme digestion. The
genomic DNA library, flanking the regions of Cas9 target sites for the CXCR4 on-target and
two predicted off-target genes, was assembled by 2-step PCR method and sequenced with the

Hiumina HiSeq 2500,
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Supplementary Information Materials and Methods

(63931 Human T cell iselation and culture. Human primary T cells were either isolated
from fresh whole blood or buffy coats (Stanford Blood Center}. Whole blood was collected
from human donors into sodium heparinized vacuotainer tubgs (Becton Dickinson), with
approval by the UCSF Comnuttee on Human Research (CHR), and processed within 12 hrs.
Peripheral blood mononuclear cells (PBMCs) were 1solated by Ficoll gradient centrnifugation.
Fresh blood was mixed in a 11 ratio with Ca’" and Mg® ™ free Hank s balanced salt solution
(HBSS), Bufty coats were diluted in a 1:10 ratio with HBSS. 30 mi of the respective
HBSS/blood solution were transferred to 50 mi Falcon tubes and underlayed with 12 ml
Ficoli-Paque PLUS {Amersham/GE healthcare). After density gradient centrifugation (1000g,
20 min, no brakes} the PBMC layer was carcfully removed and the cells washed twice with
Ca’ and Mg free HBSS. CD4™ T cells were pre-enriched with Easysep Human CD4™ T cell
enrichment kit {Stemeell technologies) according to the manufacturer’s protocol. Pre-
enriched CD47 T cells were stained with following antibodies: aCD4-PerCp (SK3; Becton
Dnckinson}, aCD25-APC (BC96; TONBO Biosciences), alD127-PE (R34-34; TONBO
Biosciences), alCD45RA -violetFluor430 (HI106; TONBO Biosciences) and alD4SRO-FITC
{UCHL!: TONBO Biosciences). CD47CD23°CD127" T effectors (Teffs) were isolated using
a FACS Aria Hu (Becton Dickinson). Tett purity was > 97%.

[8194] For Cas9 RNP transfections, the effector CD47 T cells were isolated from whole
blood were pre-activated on CD3 (UCHTI, BD Pharmingen) and aCD28 (CD282; BD
Pharmingen) coated plates for 48 hrs. Plates were coated with 10 pg/ml oCB3 and aCD28 in
PBS for at least 2 hrs at 37°C. Buffv coat derived T cells were activated on plates coated with
10 pg/mi aCD3 (in PBS for at least 2 hrs at 37°C) with 5 ug/ml aCD28 added divectly to the
RPMI complete medinm.

[31951  The T cells were activated m RPMI complete (RPMI-1640 (UCSF CCF)
supplemented with 5 mmol/l 4-2-hydroxyethyl)-1-piperazinecthanesulfonic acid (HEPES)
(UCSF CCF), 2 mmol/i Glutamax {Gibeo), 50 pg/ml penicilliny/streptomycin {Coming}, 50
pmol/t 2-mercaptoethanol (Sigma-Aldnch), 5 mmol/l nonessential amino acids (Comang), S
mmol/l sodium pyruvate (UCSF CCF), and 10% (v/v) fetal bovine serum {(Atlanta

Biologicals}}. After electroporation the mediom was supplemented with 40 IU/ml IL-2.

[3196] Expression and Purification of Cas9®. The recombinant & pyogenes Cas9 used in

this study carries at the C-terminus an HA tag and two nuclear localization signal peptides
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which facilitates transport across nuclear membrane. The protein was expressed with a N-
terminal hexahistidine tag and maltose binding protein in £. coli Rosetta 2 cells (EMD
Miltlipore) from plasmid pMI913. The His tag and maltose binding protem were cleaved by
TEV protease, and CasY was purified by the protocols described in Jinck M, er af. (20123 A
programmable dual-RNA-guided DNA endonuclease in adaptive bacterial immunity. Science
337(6096).816-821. Cas9 was stored in 20 mM HEPES at pH 7.5, 150 mM KCi, 10% {v/v)
glyeerol, 1 mM tris{2-chloroethyl) phosphate (TCEP) at -80°C.

[3197]  In vitre T7 transeription of sgRNA with PAGE purification. The DNA template
cncoding for a T7 promoter, a 20 nucleotide (nt) target scquence and the chimeric sgRNA
scaffold was assembled from synthetic ohigonucleotides by overlapping PCR. Briefly, for the
CXCR4 sgRNA teraplate, the PCR reaction contains 20 nM premix of SLKS3 (3'- TAA TAC
GAC TCA CTA TAG GAA GCG TGA TGA CAA AGA GGG TTTTAG AGC TATGCT
GGA AAC AGC ATA GCA AGT TAA AAT AAG G -3 and SLKSI (8- GCA CCG ACT
CGGTGC CACTTTTIC AAGTTG ATA ACGGACTAG CCTTAT TIT AACTTG
CTATGC TGTTTC CAG € -3%, 1 uM premix of T25 (5°-TAA TAC GAC TCA CTA
TAG-3") and SLKST (5'- GCA CCG ACT CGG TGC CAC TTT TTC AAG -3%, 200 uM
dNTP and Phusion Polvmerase {(NEB) according to manufacturer’s protocol. The
thermocyeler setting consisted of 30 eyeles of 95°C for 10 see, 57°C for 10 sec and 72°C for
10 sec. The PCR product was extracted once with phenolichloroformiscamylalcohol and
then once with chloroform, before isopropanol precipitation overnight at -20°C. The DNA
pellet was washed three times with 70% (v/v} ethanol, dried by vacuum and dissolved in
diethyipyrocarbonate (BEP }-treated water. The PD-1 seRNA template was assembled from
T25, SLKS1, SLKS2? and SLKS1 (8- TAA TAC GAC TCA CTA TAG CGA CTG GCC
AGG GCG CCTGTG TTT TAG AGC TAT GCT GGA AAC AGC ATA GCA AGT TAA
AAT AAG G -3") by the same procedure.

[3198] A 100-ul T7 in vifro transcription reaction consisted of 30 mM Tnis-HCI (pH 8), 20
mM MgCl,, .01% (v/v} Triton X-100, 2 mM spernuidine, 10 mM fresh dithiothreitol, 5 mM
of each ribonucleotide triphosphate, 100 pg/ml T7 Pol and 0.1 pM DNA template. The
reaction was incubated at 37°C for 4 h, and 5 units of RNase-free DNasel (Promega) was
added to digest the DNA template 37°C for 1 h. The reaction was quenched with 2x8TOP
solution {95% (v/v} detonized formamide, 0.05% {w/v} bromophenol blue and 20 mM
EDTA) at 60°C for 5 min. The RNA was purified by electrophoresis in 10% {v/v)

polvacrylamide gel contaiing 6 M urca. The RNA band was excised from the gel, grinded
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up in a 30 mi tube, and eluted overnight in 25 mils of 300 mM sodiim acetate (pH 5)
overnight at 4°C with gentle rocking. The sclution was then centrifiged at 4000¢ for 10
minutes and the RNA supcmatant was passed through a 0.45 um filter. One equivalent of
isopropanol was added to the filtered supermatant to precipitate the RNA overmight at ~20°C.
The RNA pellet was collected by centrifugation, washed three times with 70% {v/v) ethanol,
and dried by vacuum. To refold the sgRNA, the RNA peHlet was first dissolved in 20 mM
HEPES (pH 7.5), 150 mM K1, 10% (v/v) glycerol and 1 smiM TCEP. The sgRNA was heated
to 70°C for 5 min and cooled to room temperature. MgCl; was added to a final concentration
of 1 mM. The sgRNA was again heated to 50°C for 5 mun, cooled to room temperature and
kept on ice. The sgRNA concentration was determined by ODjgonm using Nanodrop and
adjusted to 100 uM using 20 mM HEPES pH 7.5), 150 mM K, 10% (v/v) glveerol, | mM
TCEP and 1| mM MgCl,. The sgRNA was store at -80°C.

[3199]  fn vitro T7 transcription of sgRNA with Phenol/chloroform exiraction. DNA
templates for in vifro T7 transcription were generated by annealing complementing single-
stranded ultramers {(Ultramer sequences: CXCR4 10 5- TAA TAC GAC TCA CTA TAG
GAA QUG TGA TGA CAA AGA GGG TTTTAG AGC TAT GCT GGA AAC AGC ATA
GCA AGTTAA AAT AAGGC TAGTCC GTT ATC AACTTG AAA AAGTGG CAC
CCA GTCGOTG-37, CXCR4 2: 5~ CACCGACTC GGT GCC ACTTTT TCA AGT
TCGATAACGGACTAGC UTTATT TTA ACTTGC TATGCTGTT TCC AGC ATA
GCTCTAAAACCCTCTTIG TCATCACGC TIC CTATAG TGA GTC GTA TTA-3;
PDR-1 1.5 TAA TAC GACTCA CTA TAG CCA CTG GCC AGG GCG CCT QTG TTT
TAG AGC TAT GCT GGA AAC AGU ATA GCA AGT TAA AAT AAG GCT AGT CCG
TTATCAACTTGA AAA AGT GGC ACCGAG TCG GTG C-37, PD-1 2. - GCA CCG
ACTCOGOTGC CACTTITITC AAGTTG ATA ACG GACTAG CCT TATTTT AAC
TTG CTATGC TGT TTC CAG CAT AGC TCT AAA ACA CAG GCG CCCTGG CCA
GTCGCTATAGTIGAGT CGT ATT A-37), Ultramers were mixed in 1.1 ratio in nuclease-

free duplex buffer (1DT), heated up to 95°C for 2 mun followed by a 30 min incubation at RT.

102006 A 100-pl T7 in vitro transcription reaction contained 1x Transcription Optimized
buffer (Promega), 10 mM fresh dithiothreitol, 2 mM of each nbonucleotide triphosphate,
400U T7 Pol {Promega}, 0.3U pyrophosphatase (Life technologies) and 2 pug DNA template.
The reaction was incubated for 4 h at 37°C. 5U of RNase-free DNasel (Promega) were added
to digest the DNA template at 37°C for 30 min. The reaction was stopped with 5 ul 0.5M
EDTA.
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3201}  Given concem for the possibility of mucleic acid exchange between wells during
PAGE purification, we tested phenol/chloroform purified sgRNAs side-by-side with PAGE
purtficd sgRNAs as indicated in Figure 12 and 9A. Phenol/chloroform extraction was
performed after addition of 190 pul RNAs-free H,O. sgRNA was precipitated with 80 ul 3M
sodium acetate and 420 ul isoproponal and incubation at -20°C for 4 hrs. The RNA pellet was
washed twice with 70% (v/v} EtOH and once with 100% (v/v) EtOH. The vacuum dried
pellet was reconstituted and the sgRNAs refolded as deseribed in “/n virre T7 transcription of

sgRNA with PAGE punfication”.

[0202] Cas® RNP assembly and electroporation. Cas? RNPs were prepared immediately
betore expenments by incubating 20 uM CasY with 20 uM sgRNA at 1:1 ratio in 20 uM
HEPES (pH 7.3), 150 mM KCI, 1 mM MgCl,, 10% (v/v) glveerol and 1 mM TCEP at 37°C

for 10 mun to a final concentration of 10 M.

32031 T cells were electroporated with a Neon transfection kit and device (Invitrogen). 2.5
x 10° T cells were washed three times with PBS before resuspension in 8 ul of buffer T
{Neon kit, Invitrogen). Cas9 RNP (2 ul of 10 uM Cas® CTRL without sgRNA or 1 ~2 ul
CasS:sgRNA RNP, final concentration 0.9 - 1.8 uM)} as well as HDR template (0 - 200 pmol
as mdicated) were added to the cell suspension to a final volume of 11 ul (adjusted with Cas®
storage buffer), and mixed. 10 pl of the suspension were electroporated with a Neon
clectroporation device (Tnvitrogen; 1600V, 10 msec, 3 pulses). The HDR templates for
CXCR4 and PD-1 are a single-stranded oligonucleotide complementary {antisense strand) to
the target sequence, and contain a HindlH restriction sequence along with 90-0t homology
arms. Upon successful HDR the respective PAM sites are deleted, which should prevent
recutting of the edited site by the Cas9 RNPs. The PD-1 HDR template additionally causes a
frameshift and nonsense mutation as carly as amino acid position 25 by replacing 12 nt with
i1 ot (CXCR4 HDR template: 5°-GGG CAA TGG ATT GGT CAT CCT GGT CAT GGG
TTA CCA GAA GAA ACT GAG AAG CATGAC GGA CAA GTA CAG GCT GCA CCT
GTC AGT GGC CGA AAG CTT GGA TCC CAT CAC GCT TCC CTT CTG GGC AGT
TGA TGC CGT GGC AAA CTG GTA CTTTGG GAA CTT CCT ATG CAA GGC AGT
CCATGT CAT CTA CAC AGT-37; PD~1 HDR template: 5'-AAC CTG ACC TGG GAC
AGTTTC CCTTCC GCT CAC CTC CGC CTG AGC AGT GGA GAA GGC GGC ACT
CTG GTG GGG CTG CTC CAG GCA TGC AGA TAATGA AAG CTT CTG GCC AGT
CGTCTG GGC GGT GCT ACA ACT GGG CTG GUG GCC AGG ATG GTT CTT AGG
TAG GTG GGG TCG GCG GTC AGG TGT CCC AGA GC-37). The CXCR4 HDR control
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donor 13 a sequence scrambled version on the original CXCR4 HDR template containing a
HimndE restriction site (CXCR4 control HDR template: 5°- TTC AAA ACT AGC GTC AGG
GGCTCGATTTACTCG GGA CTT GCT ACA ACATCG CAGTCA CGC GCACGA
TCCTTC CAG GATTGG AGG TGG ACT TAG ATA AAG CTT CCG TGT GCA CCG
TAT AGA TTC GTT GAT GCA GGC TAT TCC CGT GAT CCC ACG CGG AGG TGA
TGG AGC GTC AAG CAT AGC TAG CAC AGA TGA -37)

32047 Electroporated T celis were transferred to 500 pl of their respective culture medium
in 2 al’D3/CD28 coated 48~-well plate. Plates were coated with 10 pg/ml oCD3 (UCHT, BD
Pharmingen) and oCD28 (CD28.2; BD Pharmingen) in PBS for at least 2 hrs at 37°C. 24 tus
afier electroporation cells were resuspended and transferred 1o a non-coated well plate. 3-4

davs afier electroporation, T cells were analyzed by FACS and T7 endonuclease T assay.

[32051 FACS analysis of edited T cells. Cell surface staining was performed with
aUCXCR4-APC (12G5; BD Pharmingen) and oPD-1-PE (EH12 2H7; Biolegend) for 15 min
onice. Cells were kept at 4°C throughowt the staming procedore until cell sorting to mininize
antibody-mediated internalization and degradation of the antibody. Cells were sorted using a

FACS Arna Hlu (Becton Dickinson).

[0206] PCR amplification of target region. 5x10% - 2x10° cells were resuspended in 100
wl of Quick Extraction solution (Eptcenter) were added to lvse the cells and extract the
genomic DNA . The cell lysate was incubated at 65°C for 20 min and then 95°C for 20 min,
and stored at -20°C. The concentration of genomic DNA was determined by NanoDrop

{Thermo Scientific).

16287} Genomic regions, containing the CXCRA or PI-7 target sites, were PCR amplified
using the following primer sets. For CXCR4: forward 5°- AGA GGA GTT AGC CAA GAT
GTG ACTTTG AAA CC =37 and reverse 57~ GGA CAG GAT GAC AAT ACC AGG CAG
GAT AAG GCC -3 (938 bp). For PD-1: forward 57- GGG GCT CAT CCC ATC CTT AG-
3" and reverse 37- GCC ACA GCA QTG AGC AGA GA-37 (905 bp). Both primer scts were
designed to avoid amplifymg the HDR templates by annealing outside of the homology arms.
The PCR reaction contained 200 ng of genomic DNA and Kapa Hot start high-fidehity
poiymerase {Kapa Biosvstems) inn high GC buffer according to the manufacturer’s protocol.
The thermocvceler setting consisted of one cyele of 953°C for S min, 35 cycles of 98°C for 20
sec, 62°C for CXCR4 or 68°C for PD-{ for 15 sec and 72°C for 1 min, and one ¢cvcle of 72°C

for 1 min. The PCR products were purified on 2% {w/v} agarose gel containing SYBR Safe
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(Life Technologies). The PCR products were eluted from the agarose gel using QlAguick gel
extraction kit {({3iagen). The concentration of PCR DNA was quantitated with a NanoDrop
device (Thermo scientific). 200 ng of PCR DNA was used for T7 endonuclease 1 and HindI
analvses. For Figure 7E, PCR product was cloned with TOPO Zero Biunt PCR Cloning Kut

(Invitrogen) and submitted for Sanger sequencing.

[3208] Analysis of Editing Efficiency by T7 endonuclease I assay. Editing efficiency
was gstimated by T7 endonuclease 1 assay. T7 endonuclease I recognizes and cleaves
mismatched heteroduplex DNA that arises from hybridization of wild-type and mutant DNA
strands. The hybridization reaction contained 200 ng of PCR DNA m KAPA high GC buffer
and 50 mM KCI, and was performed on a thermocvceler with the following setting: 95°C, 10
min, 95-85°C at -2°C/sec, 85°C for 1 min, 85-75°C at -2°C/sec, 75°C for 1 nun, 75-65°C at -
2°Cisec, 65°C for 1 min, 65-55°C at -2°C/sec, 55°C for 1 mun, 55-45°C at -2°C/sec, 43°C for
P, 45-35°C at -2°C/sec, 35°C for T mumn, 35-25°C at -2°C/sce, 25°C for 1 min, and hold at
4°C. Baffer 2 and 5 umits of T7 endonuclease 1 (NEB) were added to digest the re-annealed
DNA. After 1 hr of incubation at 37°C, the reaction was quenched with 6x biue gel loading
dye {Thermo Scientific) at 70°C for 10 mun. The product was resolved on 2% agarose gel
containing SY BR gold (Life technologies). The DNA band intensity was quantitated using
Image Lab. The percentage of editing was calculated using the following equation (1 - (1 -
(b+c/a+b -i-c))” 7y x 100, where “a” is the band intensity of DNA substrate and “b” and
“¢” are the cleavage products. For the quanutfication of the PD-7 T7E] assay (Figure 12D),
the intensity of the DNA substrate was calculated as the sum of the two large bands scen in
all conditions. Caleulation of the % Total Edit based on T7ET assays allows only an estimate

of cleavage cfficiency.

[0209] Analysis of HDBR by HindIBl restriction digestion. HDR templates were designed
to introduce a Hindi restriction site into the targeted genc locus. To test for successfud
miroduction of the HindH{ site into the CXCRA locus, 938 bp region was PCR amplified
using the primers 53'- AGA QGA GTT AGC CAA GATGTG ACT TTG AAA CC -3 and 3~
GGA CAG GAT GAC AATACC AGG CAG GAT AAG GCC -3'. Forthe £D-/ locus a 905
bp region was amplified using the primers 5'- GGG GCT CAT CCC ATC CTT AG -3' and 5'-
GCC ACA GCA GTG AGC AGA GA-3'. The reaction consisied of 200 ng of PCR DNA and
10 anits of HindlH High Fidelity in CatSmart Buffor (NEB). After 2 hr of incubation at 37°C,
the reaction was quenched with one volume of gel loadimg dye at 70°C for 10 min. The

product was resolved on 2% (wiv) agarose gel containing SYBR gold (Life technologies).
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The band intensity was guantitated using Image Lab. The percentage of HDR was calculated
using the following equation (b +¢/a + b +¢) x 100, where “a” is the band intensity of DNA

substrate and “b” and “¢” are the cleavage products.

[0218] Deep sequencing analysis of on-target and off-target sites. The gonomic regions
flanking the Cas¥ target site for the CXCR4 on-target and two off-target genes were
amplitied by 2-step PCR method using primers listed below. CXCR4 on-target (5°- ACA
CTCTTT CCCTAC ACGACG CTCTTC CGA TCT NNN NNC TTC CTG CCC ACC
ATCTACTCC ATC ATC TIC TTA ACT G-37 and 57~ GTG ACT GGA GTT CAG ACG
TGT GCT CTT CCG ATC TNN NNN CAG GTA GCG GTC CAG ACT GAT GAA GGC
CAG GAT GAG GAC-3Y), off-target #1 (POU domain, class 2, transcription factor 1
isoform 1 [POU2FT locus; 5~ ACACTCTIT CCCTAC ACG ACG CIC TTC CGA TCT
NNNDNNG CTA TAA TAG TAC AAG TAT ATG TTA AAT AAG AGT CAT AGC ATG-
3 and - GTG ACT GGA GTT CAG ACG TGT GCT CTT CCG ATC TNN NNN CTG
GCT TTA TAT ATA TAC ATA GAT AGA CGA TAT AGA TAG C-37) and off-target #2
{(glutamate receptor I isoform I precursor |GRIAI locus, 57- ACACTC TTTCCC TAC
ACG ACG CTC TTC CGA TCT NNN NNC CTG GTC CCA GCC CAG CCC CAG CTA
TTCAGC ATC C-37 and 5°- GTG ACTGGA GTT CAG ACG TGT GCT CTT CCG ATC
TNNNNN ACT CTG CACTGG TAT ATC AAT ACA CTT GTT TIT CTC ATC CC-37).
First, 100-150 ng of the genomic DNA from the edited and control samples was PCR
amplified using Kapa Hot start high-fidelity polymerase (Kapa Biosystems) according to the
manufacturer’s protocol. The thermocycler setting consisted of one cycle of 95°C for 3 min
and 15-20 cycles of 98°C for 20 sec, 63°C for 15 sec and 72°C for 13 sec, and one cycle of

s ]

72°C for 1 min. The resulting amplicons were resolved on 2% (w/v) agarose gel, stained with

SYBR Gold and gel extracted using (iagen gel extraction kit,

{6211} Hlumina TruSeq Universal adapter (57- AAT GAT ACG GCG ACC ACC GAG
ATCTAC ACT CTT TCC CTA CAC GAC GCT CTT CCG ATC T-37) and modified
[humina RNA PCR barcode primer (57- CAA GCA GAA GAU GGC ATA CGA GAT-
Index- GTG ACT GGA GTT CAG ACG TGT GCT CTT CCG ATC T-37) were attached to
the amplicon in the second PCR step using Kapa Hot start high-fidelity polvmerase (Kapa
Biosystems). The thermocvcler setting consisted of one cycle of 98°C for 30 sec, 8-10 cyeles
of 98°C for 20 sec, 65°C for 15 sec and 72°C for 15 sec, and one cycle of 72°C for 3 min. The
resulting amplicons were resolved on 2% (w/v) agarose gel, stained with SYBR Gold and gel

extracted using Qiagen gel extraction kit. Barcoded and purified DNA samples were

~J
]



10

15

20

30

WO 2016/123578 PCT/US2016/015836

quantified by Qubit 2.0 Fluorometer (Life Technologies), size analyzed by BicAnalyzer
{Agilent), quantified by gPCR and pooled in an equimolar ratic. Sequencing libraries were

sequenced with the Hlumina HiSEq 2500.

6212} Analysis of deep-sequencing data. Sequencing reads that containgd the unmique 12
nt resulting from the HDR template were extracted and analvzed separately from those that
did not contain HDR template-derived sequence. All reads that did not contam the replaced
12 nt were aligned to the reference hg19 genome, and all of the reads that contained the
replaced 12 nt were aligned to a modified hgl9 genome with the expected substitutions using
Burrows-Wheeler Aligner (BWA). The samtools mpileup utility was then used to quantify
the total number of reads that mapped to cach position of the CXUR4 gene, and a custom
script examining the CEGAR string was used to estimate the number and locations of
msertions and deletions for each read. Insertion efficiency was estimated for experiment with
CXCR4 RNP (without HDR template) as: (number of reads with insertions +/~ 100 bp from
cut site} / {total number of reads +/- from cut site). For Deletion efficiency for experiment
with CXCR4 RNP (without HDR template) was estimated as: {npumber of reads with
deletions +/- 100 bp from cut site) / {total number of reads +/- from cut site). For experiments
with CXCR4 RNP + HDR template, Insertion and Deletion efficiencics were calculated
based only on reads that that did not contain the 12 nt replacement derived from HDR (these
are the fractions shown in Figure 108). Total editing efficiency was estimated as (number of
reads with indels +/- 100 bp from cut site) / (total number of reads +/- from cut site). HDR
efficiency was estimated as (number of reads containing HindII site +/- 100bp from cut stte)
/ (total number of reads +/- 100 bp from cut site}. Distribution of insertion and deletion sizes
were estimated for a region +/- 20 bp trom the cut site. Deep sequencing data is available at

the NCBI Sequence Read Archive (SRA, BioProject: SUB996236).
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WHAT IS CLAIMED IS:

1. A method of editing the genome of a cell in vitro or ex vivo, wherein
the cell is a primary hematopoietic cell or a primary hematopoietic stem cell, the method
comprising:

a) providing a reaction mixture comprising a Cas9 ribonucleoprotein complex,
a double or single-stranded oligonucleotide DNA template, and the cell, wherein the Cas9
ribonucleoprotein complex comprises a Cas9 nuclease domain and a guide RNA, wherein the
guide RNA specifically hybridizes to a target region of the genome of the cell and wherein
the template has a length from 50, 75, or 100 b or bp to 110, 120, 125, 150, 200, 225, or 250
b or bp; and

b) introducing the Cas9 ribonucleoprotein complex and the DNA template

inside the cell via electroporation.

2. The method of claim 1, wherein the method provides an efficiency of

genome editing of at least 20%.

3. The method of claim 1, wherein prior to the providing of a) the cell is
not immortalized or transformed, and wherein after the introducing of b) the cell is not

immortalized or transformed.

4. The method of claim 1, wherein the Cas9 ribonucleoprotein complex

in the reaction mixture is at a concentration of from 0.25 uM to 5 uM.

5. The method of claim 1, wherein the reaction mixture contains from 1 x

10° to 4 x 10° primary hematopoietic cells or primary hematopoietic stem cells.

6. The method of claim 1, wherein the cell is a primary hematopoietic

cell, and the primary hematopoietic cell is an immune cell.

7. The method of claim 6, wherein the immune cell is a T cell, and

wherein the T cell comprises a recombinant antigen receptor.

8. The method of claim 7, wherein the T cell is a regulatory T cell, an

effector T cell, or a naive T cell.
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9. The method of claim 8, wherein the regulatory T cell, effector T cell,
or naive T cell is a CD4* T cell, or a CD8" T cell.

10. The method of claim 7, wherein the T cell is selected from the group
consisting of a CD4*CD25"CD127% regulatory T cell, FOXP3* T cell, CD4*CD25"°CD127"
effector T cell, and CD4*CD25"°CD127"CD45RAMCD45R0O" naive T cell.

11.  The method of claim 1, wherein the oligonucleotide DNA template is a
single-stranded oligonucleotide DNA template, and wherein the method comprises
introducing the single-stranded oligonucleotide DNA template inside the cell, wherein the

single-stranded oligonucleotide DNA template is at a concentration of from 9 uM to 180 uM.

12.  The method of claim 11, wherein the single stranded oligonucleotide
DNA template encodes a recombinant antigen receptor, a portion thereof, or a component

thereof.

13. The method of claim 1, wherein the cell is a T cell, and the method
further comprises:
c) after the introducing of b), transferring the reaction mixture to a culture

medium containing a CD3 agonist and a CD28 agonist and culturing the cells.

14. The method of claim 13, wherein the method further comprises:
d) after the culturing of c), transferring the reaction mixture to a culture

medium that does not contain a CD3 agonist or a CD28 agonist and culturing the cells.

15. The method of claim 1, wherein the Cas9 ribonucleoprotein complex

comprises a Cas9 nuclease or a Cas9 nickase.

16.  The method of claim 1, wherein the Cas9 ribonucleoprotein complex
comprises a Cas9 nuclease domain fused to a restriction endonuclease, nickase,

transcriptional modulator or a chromatin modifier.

17. The method of claim 1, wherein the reaction mixture comprises at least

two structurally different Cas9 ribonucleoprotein complexes.
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