
遺伝子治療の本格的幕開け
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講演内容
1. 遺伝子治療の動向
2. AAVベクターを用いた遺伝子治療
3. がんに対する遺伝子治療

ーCAR-T細胞療法を中心にー
4. ゲノム編集治療
5. まとめ



遺伝子治療の動向
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遺伝子治療の最近の動向：主な成功例
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AAVベクターを用いた
遺伝子治療

AAV (adeno-associated virus ) ����

■ 非病原性のアデノ随伴ウイルスに由来
■ 非分裂細胞（神経細胞、網膜細胞、筋細胞、肝細胞など）へ遺伝子導入可能
■ 非分裂細胞では遺伝子発現が長期間持続する
■ 標的細胞のゲノムへの組込みが起こらない
■ 様々な血清型の存在
■ 搭載できる遺伝子のサイズが限定される
■ 重複感染可能（複数の遺伝子を別々のベクターで）

AAVベクター

野生型AAV

ITR ITR
3’ 5’

Rep Cap

DNA replication
Transcriptional regulation

Integration (AAVS1 on Chr.19)

Capsid proteins
(VP1, VP2, VP3) Replication

Integration
Packaging

ITRITR
3’ 5’

Therapeutic geneEnh+P

20~30 nm
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（ドパミン補充）

■ GDNF�����
（神経細胞死防御：病態進行阻止）

■ GAD�����
（視床下核神経細胞の活動を抑制）

側脳室

尾状核
被殻

線条体

黒質線条体系
ドパミンニューロン

黒質
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AAV-AADC (Genzyme)

AAV-Neurturin (Ceregene)

AAV-GAD (Neurologix)
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定位脳手術で線条体にAAVベクターを注入

AADC発現2型AAVベクターの線条体内投与による
パーキンソン病に対する遺伝子治療



FMT-PET  Patient A-2

Baseline 6 m 24 m 5 y

FMT ([18F]6-fluoro-m-tyrosine): Substrate of AADC

AADC欠損症に対する遺伝子治療

�2009 – 2014 �
16 patients (2 to 8 years of age)
Most of the patients can sit, and 
some patients can walk with support.

Hwu WL, et al. Sci Transl Med. 2012 
Before Gene Tx
(4Y 3M old)

28M after Gene Tx
(6Y 7M)

Japanese patients with AADC deficiency 

Patient 1)  15-year-old male

Patient 2)  12-year-old female

Patient 3)   5-year-old female

Patient 4)  19-year-old male

Patient 6)   4-year-old male

siblings

<Patients>
• About 140 in the world
• About 40 in Taiwan
• 8 patients in Japan 

Takanori Yamagata
Shin-ichi Muramatsu
(Jichi Medical University)

Gene therapy: 
Patient 1 on June 29, 2015
Patient 2 on July 27, 2015
Patient 3 on Nov 16, 2015
Patient 4 on Jan 25, 2016
Patient 6 on July 10, 2017



レーバー先天性黒内障に対する遺伝子治療
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(AAV2-RPE65) ������

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
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l 6.7 X 1013 vg/kg of AVXS-101 delivered one-time through   
a venous catheter inserted into a peripheral vein (n=3)

l 2.0 X 1014 vg/kg of AVXS-101 delivered one-time through a venous catheter 
inserted into a peripheral vein (n=12)

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

≪参考≫
平成30年3月27日
AVXS-101 (AveXis, Inc.) 
「先駆け審査指定制度」の対象品目に指定
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AAVベクターを用いた遺伝子治療
＜局所投与＞
❖ パーキンソン病、AADC欠損症
❖ 網膜疾患

＜静脈注射、（門脈投与、髄注）＞
❖ 血友病
❖ 脊髄性筋萎縮症（SMA）

但し、静脈注射の場合、
1）莫大な量のAAVベクターが必要
2）中和抗体陽性の患者では効果なし



AAV

Hepatocytes

FIX

Abs inhibit transduction

FIX:Ag (%) Abs
28.9% ー
37.9% ー
13.1% ー
10.7% ー
12.3% ー
21.7% ー
0.1% +
0.3% +
0.2% +

FIXITR ITRAAV8-wild FIX

Neutralizing Antibody Prevents Vector 
Transduction in Macaques

(Mimuro J, Mizukami H, et al. Mol Ther, 2013)
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Inserted Catheter 
into the Potal Vein  

Halting the Portal 
Vein Flow by Balloon

Flushed Blood with Saline, and 
Injected the Vector

Macaque Experiment

Selective Injection into 
Left Portal Vein Balloon Inflation

Technique to Minimize the Effect of AAV NAb
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Expression of FIX in macaques following balloon 
catheter-guided vector injection into portal veins 
after saline flushing 

Portal vein-directed vector delivery with flushing 
to remove blood are efficacious for minimizing 
the inhibitory effect of neutralizing Ab.

がんに対する遺伝子治療
ー遺伝子改変T細胞療法ー




����������

Cancer Gene Therapy
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（Gene-modified T cell therapy)

� TCR (T cell receptor)-T細胞療法

☞ CAR (chimeric antigen receptor)-T細胞療法
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キメラ抗原受容体（CAR: Chimeric Antigen Receptor）の構造

CD3ζ

�#��

(scFv)

CD28 or
4-1BB
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CAR-T細胞の抗原特異的活性化

R. Uchibori et al. (Jichi Medical Univ)
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Tumors T cells
CAR (+)CAR (-)

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

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

CAR-T細胞療法の流れ
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CAR-T
����

CAR-T
��
	
前処置（Treg除去）
Cyclophosphamide
+  Fludarabine



����B細胞性ALLに対するCD19-CAR-T 細胞療法の臨床試験

����
Jackson HJ, Rafiq S, and Brentjens RJ.
Driving CAR T-cells forward. Nature Reviews 13:370-383, 2016.
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【早 期】
☞サイトカイン放出症候群
(Cytokine Release Syndrome: CRS)
Tリンパ球やMφの活性化に伴う高サイトカイン血症によるもの
トシリズマブが有効

☞ 神経毒性

☞腫瘍崩壊症候群 (Tumor Lysis Syndrome: TLS)

【後 期】
☞正常B細胞の減少 (血清免疫グロブリン減少 補充療法)

On-target, Off-tumor 反応

Anakinra (IL-1 receptor antagonist) ?
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☞K=5�CAR-TEB
☞+8&ZN�R�8&

☞ CD199,(/�@HXC��-3��Y
☞ゲノム編集技術の応用

- �#X ��%�"YCAR-T�UG --- TCRS)0�J.
- *D������$�V1X27Y--- PD-1S)0�J.

☞医療経済的視点：超高額医療

February 1, 2018 N Engl J Med 2018; 378:449-459



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

CAR-T療法後の全生存率：治療前の腫瘍量による違い

Long-term efficacy of CAR-T therapy is unsatisfactory

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

Ø 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

Ø Antigen escape        Relapse
# Complete and permanent CD19 antigen loss (~30%)

Genomic mutations, Shifts in splicing
CD22-CAR-T therapy is effective



CAR targets for the treatment of solid malignancies

Jackson HJ, Rafiq S, and Brentjens RJ.
Driving CAR T-cells forward. Nature Reviews 13:370-383, 2016.

固形がんに対するCAR-T細胞療法の戦略
n  #��5��'��

Ø ����

n /%��

Ø �+.�4(����

n 21*,-���

Ø�+.�	��3�

n ����"����)

Ø 
$�
!�

0�&�

- CD4+ CD25hi 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-β and IL-10)



ゲノム編集治療

ZFN (Zinc finger nuclease)

Talen (Transcription Activator-Like Effector Nuclease)

CRISPR/Cas9
(Clustered Regularly Interspaced Short Palindromic Repeats)

Genome Editing Technologies



Blood 126: 1777-1784, 2015

AAVベクターを利用した
in vivo ゲノム編集治療



Science 13 November 2015: 
Vol. 350 no. 6262 p. 731 

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 (TALENs) 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.
Campath targets an immune-cell marker called CD52,
so the company used TALENs to remove CD52 from
its donor cells—ensuring that Campath wouldn't attack
them, too. Finally, just as doctors have done with a
patient's own T cells, the researchers made DNA
modifications to the foreign cells so they would home
in on leukemia.

Universal CAR-T Cells Produced Using
Genome Editing Technology

Allogenic (Universal) CAR-T

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

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

Ø Inadequate expansion of T-cells in vitro
--- iPSC-derived T-cells ?



	����������


遺伝子改変T細胞

がん細胞
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遺伝子改変T細胞

がん細胞



Immune checkpoint blockade

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

The latter can avoid systemic side effects.

まとめ



遺伝子治療の現状と今後の展望
Ø 従来の治療法とは全く異なるアプローチ（遺伝子操作技術）
Ø 生理的にはあり得ないことが可能（アイデア次第で画期的治療法！）
Ø 幹細胞にはレンチウイルスベクター
Ø 終末分化細胞にはAAVベクター（またはレンチウイルスベクター）
Ø 対象は単一遺伝子病から多因子性疾患へ
Ø 遺伝子改変T細胞（CAR-T, TCR-T）で画期的がん免疫療法
Ø ゲノム編集治療も急速に進展
Ø 世界の動きは速い（日本が取り残されつつある）
Ø 医療経済的視点も重要（超高額医療）

Jichi Medical University


