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MEDICINE

Gene therapy comes of age

Cynthia E. Dunbar,* Katherine A. High,2 J. Keith Joung,® Donald B. Kohn,*
Keiya Ozawa,* Michel Sadelain®*
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FMT-PET Patient A-2
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FMT (['8F]6-fluoro-m-tyrosine): Substrate of AADC
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<Patients>

» About 140 in the world
* About 40 in Taiwan

* 8 patients in Japan

<2009 - 2014 >

16 patients (2 to 8 years of age) | ‘k
Most of the patients can sit, and :{ {2 @
some patients can walk with support. Before Gene Tx 28M after Gne Tx

Hwu WL, et al. Sci Transl Med. 2012 (4Y 3M old) (BY 7M)

Japanese patients with AADC deficiency | Takanori Yamagata

Shin-ichi Muramatsu
(Jichi Medical University)

siblings Gene therapy:

Patient 1 on June 29, 2015
Patient 3) 5-year-old female Patient 2 on July 27, 2015
Patient 4) 19-year-old male Patient 3 on Nov 16, 2015

Patient 6) 4-year-old male Patient 4 on Jan 25, 2016
Patient 6 on July 10, 2017

Patient 1) 15-year-old male :|
Patient 2) 12-year-old female
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Lancet. 2009 Nov 7,374(9701):1597-605.

Age-dependent effects of RPE65 gene therapy for Leber's
congenital amaurosis: a phase 1 dose-escalation trial,

Maguire AM, High KA, Auricchio A, Wright JF, Pierce EA, Testa F, Mingozzi F, Bennicelli JL, Ying GS, Rossi S, Fulton A,
Marshall KA, Banfi S, Chung DC, Morgan JI, Hauck B, Zelenaia O, Zhu X, Raffini L, Coppieters F, De Baere E, Shindler
KS, Volpe NJ, Surace EM, Acerra C, Lyubarsky A, Redmond TM, Stone E, Sun J, McDonnell JW, Leroy BP, Simonelli F,
Bennett J.
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ADENO-ASSOCIATED 9
VIRAL VECTOR

ORIGINAL ARTICLE

Hemophilia B Gene Therapy
with a High-Specific-Activity Factor IX Variant

Lindsey A. George, M.D., Spencer K. Sullivan, M.D., Adam Giermasz, M.D., Ph.D.,
John E.J. Rasko, M.B., B.S., Ph.D., Benjamin J. Samelson-Jones, M.D., Ph.D.,
Jonathan Ducore, M.D., M.P.H., Adam Cuker, M.D., Lisa M. Sullivan, M.D.,
Suvankar Majumdar, M.D., Jerome Teitel, M.D., Catherine E. McGuinn, M.D.,
Margaret V. Ragni, M.D., M.P.H., Alvin Y. Luk, Ph.D., Daniel Hui, Ph.D., J. Fraser
Wright, Ph.D., Yifeng Chen, M.D., Yun Liu, Ph.D., Katie Wachtel, M.S., Angela
Winters, M.P.H., Stefan Tiefenbacher, Ph.D., Valder R. Arruda, M.D., Ph.D.,
Johannes C.M. van der Loo, Ph.D., Olga Zelenaia, Ph.D., Daniel Takefman, Ph.D.,
Marcus E. Carr, M.D., Ph.D., Linda B. Couto, Ph.D., Xavier M. Anguela, Ph.D.,
and Katherine A. High, M.D.

N Engl J Med 2017; 377:2215-2227 December 7, 2017
DOI: 10.1056/NEJMoa1708538




HREERFZEHEEE (SMA: Spinal Muscular Atrophy)
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® 6.7 X 10" vg/kg of AVXS-101 delivered one-time through
a venous catheter inserted into a peripheral vein (n=3)

® 2.0 X 10" vg/kg of AVXS-101 delivered one-time through a venous catheter
inserted into a peripheral vein (n=12)

aVeRis

Self-complementary AAV9 carrying the SMN gene under the control of
a hybrid CMV enhancer/chicken-B-actin promoter

N Engl J Med 2017; 377:1713-1722

Single-Dose Gene-Replacement Therapy for Spinal Muscular
Atrophy
J.R. Mendell, S. Al-Zaidy, R. Shell, W.D. Arnold, L.R. Rodino-Klapac, T.W. Prior, L. Lowes, L. Alfano, K. Berry,

K. Church, ).T. Kissel, S. Nagendran, J. L'Italien, D.M. Sproule, C. Wells, J.A. Cardenas, M.D. Heitzer, A. Kaspar,
S. Corcoran, L. Braun, S. Likhite, C. Miranda, K. Meyer, K.D. Foust, A.H.M. Burghes, and B.K. Kaspar
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Neutralizing Antibody Prevents Vector
Transduction in Macaques

AAV8-wild FIX | [T IR

%

(Mimuro J, Mizukami H, et al. Mol Ther, 2013)

A& 8 Bx (BREX) RR

Technique to Minimize the Effect of AAV NAb

Flushed Blood with Saline, and
Injected the Vector
Halting the Portal

Vein Flow by Balloon )
Macaque Experiment

Selective Injection info
Left Portal Vein

Inserted Catheter Balloon Inflation
into the Potal Vein

‘ Molecular Therapy (2013); 21 2, 318—323.
Minimizing the Inhibitory Effect of Neutralizing
Antibody for Efficient Gene Expression in the Liver
With Adeno-associated Virus 8 Vectors

Jun Mimuro', Hiroaki Mizukami?, Shuji Hishikawa3®, Tomokazu lkemoto*, Akira Ishiwata', Asuka Sakata’, = N By
Tsukasa Ohmori', Seiji Madoiwa', Fumiko Ono®, Keiya Ozawa? and Yoichi Sakata’ A% B Bt (BREX) RE




Expression of FIX in macaques following balloon
catheter-guided vector injection into portal veins
after saline flushing

25.0
e Portal vein-directed vector delivery with flushing
< 200 to remove blood are efficacious for minimizing
N the inhibitory effect of neutralizing Ab.
o~
= 150 ;
s
TS
2 100
-~
[1+]
O
(O 5.0 1
=
0.0

0 100 200 300

Time after vector injection (day)

BAICHT SEEFHE

—Jafn?rﬂiﬁﬁﬂilﬂﬂﬁ‘i—




hhicxtT 3B FAaE

B PR E THR L

(Gene-modified T cell therapy)
= | CR (T cell receptor)-T#ilREE;%

= CAR (chimeric antigen receptor)-T#lija5E;%
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CD19in/RZ#Em & LT1=CAR-THIIBIZ &L %
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CD37 CD28 scFv(CD19)
TCR \ | J
CAR

CAR-Tiflfa D iR 5 =R IEL

Antlgen ) Antigen (+)

Jurkat
or T- ceII)
1928z & iLuc

Actlvatlon signal

Inactlvatlon Activation

NFAT NFAT NFAT NFAT '— , I

Synthetic promoter

Antigen O

w/o target K562 K562/CD19

R. Uchibori et al. (Jichi Medical Univ)
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Tumors

R. Uchibori et al. (Jichi Medical Univ)

CAR-TilfaRED RN

CAR-THEFA D HiE

CAR transduction T-cell proliferation

1. A patient’s leukocytes are Ex-vivo cell processing
collected by apheresis

P77z L—R|]

T-cell activation

Virus: retrovirus, lentivirus
Electroporation: RNA/DNA

2. Patient receives lymphocyte-depleting
chemotherapy prior to T-cell infusion

BIALE (Treghg=x)

Cyclophosphamide
+ Fludarabine

Mikkilineni L and Kochenderfer JN: Blood 130: 2594, 2017




BiifEtEALLICX 9 5 CD19-CAR-T #lBaR % D e AR B

Institution CAR  Patient Outcome Toxicities Reference
design population
MSKCC CD28, en=32adults 91%CR ¢ B-cellaplasia NCT01044069
CD3{ *R/RB-ALL * CRS (REF. 13)
UPenn/ 4-1BB, e n=30children 90% CR ¢ B-cellaplasia NCT01626495
CHOP CD3¢ and young adults e CRS (REF. 15)
o B-ALL
NCI CD28, en=20children 70% CR ® B-cellaplasia NCT01593696
CD3C and young adults e CRS (REF. 17)
o B-ALL
Fred 4-1BB, en=20adults 83% CR CRS NCT01865617
Hutchinson CD3{  eB-ALL (REF. 18)

Jackson HJ, Rafiq S, and Brentjens RJ.
Driving CAR T-cells forward. Nature Reviews 13:370-383, 2016.
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(Cytokine Release Syndrome: CRS)
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Anakinra (IL-1 receptor antagonist) ?
@ B ARIEAEREE (Tumor Lysis Syndrome: TLS)
[% HA]
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On-target, Off-tumor RIS
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February 1, 2018 N EnglJ Med 2018; 378:449-459

The NEW ENGLAND JOURNAL of MEDICINE

ORIGINAL ARTICLE

Long-Term Follow-up of CD19 CAR Therapy
in Acute Lymphoblastic Leukemia

Jae H. Park, M.D., Isabelle Riviére, Ph.D., Mithat Gonen, Ph.D.,
Xiuyan Wang, Ph.D., Brigitte Sénéchal, Ph.D., Kevin J. Curran, M.D.,
Craig Sauter, M.D., Yongzeng Wang, Ph.D., Bianca Santomasso, M.D., Ph.D.,
Elena Mead, M.D., Mikhail Roshal, M.D., Peter Maslak, M.D.,

Marco Davila, M.D., Ph.D., Renier ). Brentjens, M.D., Ph.D.,
and Michel Sadelain, M.D., Ph.D.
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Months since T-Cell Infusion

Jae H. Park, et al., N Engl J Med 378: 449-489, 2018

Long-term efficacy of CAR-T therapy is unsatisfactory

» Tumor burden
# Tumor burden should be reduced by chemotherapy
before CAR-T therapy.

> Inadequate persistence of CAR-T = Relapse
# Structures of CAR molecules should be optimized.
# Culture conditions should be optimized.

Culture with PI3 kinase inhibitor, bb007, to enrich
for memory-like T cells

> Antigen escape =) Relapse

# Complete and permanent CD19 antigen loss (~30%)
Genomic mutations, Shifts in splicing
CD22-CAR-T therapy is effective




Target
PSMA

Mesothelin

FAP

EGFRvll

EGFR

CAR targets for the treatment of solid malignancies

CAR structure Malignancy Institution Target CAR structure Malignancy Institution
CD3%and CD28 Prostate cancer MSKCC CEA CD3{and CD28 Liver metastases Roger Williams
Roger Williams Unknown Lung. colorectal. gastric.breast  Southwest Hospital
CD3and4-18B Malignant pleural mesothelioma  UPenn andpancrestic cancer (Ching)
Pancreatic cancer UPenn CD171 CD3{and 4-1BBor Neuroblastoma Seattle Children’s
- = CD3{ CD28and 4-1BB
Metastatic pancreatic (ductal) UPenn - .
adenocarcinoma, epithelial GD2 CD3LOX40.CD28 N a, NCI
ovarian cancer and malignant and melanoma
epithelial pleural mesothelioma Neuroblastoma Baylor
CD3{and CD28 Mesothelioma and malignant MSKCC
pleural disease SE,:E;?:;{?&CDZ& Sarcoma Baylor
CD3{CD28end4-1BB  Mesothelioma, pancreaticand  NCI Glypican-3 CD3{ CD28and4-1BB Advanced-stage hepatocellular  Renji Hospital
ovarian cancer carcinoma (China)
CD3{and CD28 Mesothelioma Unife!s'rtyaflurich HER?2 CD3{andCD28virus ~ Sa Baylor
(Switzerland) specific
CD3{ and 4-1BB Glioma UPenn CD3and CD28 Glioblastoma Baylor
CD3{CD28and 4-1BB  Glioma NCI Gliobla multif Bavlor
Unknown Malignant glioma (RCEEJ;:)"’SP“E‘ IL-13 RaCD3{and4-18B8  Glioma City of Hope

Jackson HJ, Rafiq S, and Brentjens RJ.
Driving CAR T-cells forward Nature Reviews 13:370-383, 2016.
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> SEHIHIERRE [ cp4r cD25" FoxP3* Tregs

- MDSCs (myeloid-derived suppressor cells)

- TAMs (tumor-associated macrophages)

- Expression of inhibitory ligands by tumor (PD-L1)

- Tumor secretion of T-cell suppressive cytokines
(TGF-B and IL-10)

BERE




Genome Editing Technologies

ZFN (Zinc finger nuclease)  dfjlb sangamo giosciences

Zinc finger domains
AN LA\

NN\
Zinc finger domains

Talen (Transcription Activator-Like Effector Nuclease)

TALE protein
¢ CHEINTTD 3
!]]]]I[]]]]]]I[[]]]]]]]]]ﬁ@umn [T,
i -
TALE protein

CRISPR/Cas9
(Clustered Regularly Interspaced Short Palindromic Repeats)
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Ty, 5

gRNA




[ GENE THERAPY |

Erasing sickle-cell disease

Clinical trials may soon test whether gene editing can cure a group of debilitating
haemoglobin disorders.

28 SEPTEMBER 2017 | VOL 549 | NATURE | §29

GENE EDITING WITH CRISPR
CRISPR=Cas9 gene editing is helping to tackle sickle-cell disease in two ways.
Using a guide RNA, the Cas2 enzyme can Cas9 promotes the production of fetal
target and repair the faulty p-globin gene. haemoghobin by breaking a gene that
encodes a repressor such as BCL11A,
R-globin gene

M A AN
BCL11A k’

Socldad red blcod cells ‘
@&

gene
BCL11A Fetal
haemoglobin
T replaced N D
with A L[N ,

Incorrect Corrected
base 00 base Ty - &
amage an

p-globin %00 -
Gene repaired and normal @ Normal red il i — %
red blocd cells producec, blocd cells

L t Fetal haemoglobin

g Production no longer blocked and

sickling of red blocd cells prevented.

THERAPEUTICS

o o \ — m
in vivo 7'/ LhiR&i8 Sangamo Announces Treatment of

First Patient in Landmark Phase 1/2
Clinical Trial Evaluating In Vivo
Genome Editing for MPS I
RICHMOND, Calif., Nov. 15, 2017 /PRNewswire/ — Sangamo Therapeutics, Inc. (Nasdaq:
SGMO) today announced treatment of the first patient in the Phase 1/2 clinical trial ("the

CHAMPIONS study") evaluating SB-913, an investigational in vivo genome editing therapy for
people with mucopolysaccharidosis type Il (MPS ll), also known as Hunter syndrome.

AAVR D F—%=FRIR LT Sangame

GENE THERAPY

In vivo genome editing of the albumin locus as a platform for protein

replacement therapy ey points

Rajiv Sharma,* Xavier M. Anguela,™#* Yannick Doyon,** Thomas Wechsler,® Russell C. DeKel | « AAV- and ZFN-mediated
David E. Paschon,® Jeffrey C. Miller,® Robert J. Davidson,” David Shivak,® Shangzhen Zhou," Ju targeting of the albumin locus
Philip D. Gregory,® Michael C. Holmes,® Edward J. Rebar, and Katherine A. High'? corrects disease phenotype in
mouse models of hemophilia A
and B.

Blood 126: 1777-1784, 2015 | * Robust expression from the

albumin locus provides

a versatile platform for liver-
directed protein replacement
therapy.




Universal CAR-T Cells Produced Using
Genome Editing Technology

The 11-month-old girl had already run through every
- treatment. Her immune system was barely functioning,
and oncologists couldn't collect T cells from her for
personalized therapy.

The Cellectis cells had been genetically engineered to
avoid two major pitfalls. Scientists used a gene-editing
technique called transcription activator-like effector
nucleases (TALENSs) to cut out the T cell receptor gene.
Without it, the cells can't recognize the recipient's
+ body as foreign. The cells were also designed to
survive the intense therapy: an antibody called
' Campath, intended to protect the donor T cells from

. attack by wiping out the child's own immune system.
Baby’s leukemia recedes after Campath targets an immune-cell marker called CD52,

CANCER IMMUNOTHERAPY

novel cell therapy so the company used TALENs to remove CD52 from
Gene editing used to create “off-the-shelf” T cells its donor cells—ensuring that Campath wouldn't attack
them, too. Finally, just as doctors have done with a

Science 13 November 2015: patient's own T cells, the researchers made DNA

Vol. 350 no. 6262 p. 731 modifications to the foreign cells so they would home

in on leukemia.

Allogenic (Universal) CAR-T

» Off-the-shelf, Constant quality
--- appropriate for medical products (business point)

> Methods to prevent GVHD (KO of TCR gene)
> Methods to prevent rejection (Bridge to SCT)

> Inadequate expansion of T-cells in vitro
--- iPSC-derived T-cells ?
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Immune checkpoint blockade

» Anti-PD-1 Ab vs|PD-1 gene KO
(genome editing)

The latter can avoid systemic side effects.
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Jichi Medical University




