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1972
遺伝子治療の概念
(ウイルスベクター)

1980
重症サラセミア

遺伝子治療の試み

1990
ADA欠損症
遺伝子治療
(HSC/RV)

1989
遺伝子マーキング
（レトロウイルス）

1995
米国NIH

アドホック委員会
加熱ムードに警鐘

1999
Gelsinger事件

（アデノウイルス）

2000
X-SCID 有効性

2002-2003
X-SCID

WAS
白血病発症

（レトロウイルス）

遺伝子治療用製品の開発機運

Points 
to consider

Dr. T.Friedmann

Dr. R.M.Blaese

2012 オランダ承認
欧米初の遺伝子治療薬

(LPL欠損症 AAV1)

2015 US承認
腫瘍溶解性ウイルス
(悪性黒色腫 HSV-1)

2017 US, 2019 日本承認
B細胞腫瘍

(CD19 CAR-T/LV)

2023 日本承認
2017 US, 2018 EU承認
先天性黒内症(AAV2)

2017 US承認
DLBCL

(CD19標的CAR-T/RV)

2019 US, 2020 日本承認
SMA(AAV9)

2019 日本承認
(plasmid HGF)

2019 US, 日本承認
(CD19 CAR-T/RV)

2021, 日本承認
(腫瘍溶解性HSV)

2016 UK承認
ADA欠損症 (HSC/RV)

2020 白血病(ALL)発症→LV開発中

2019 EU, 2022 US承認
サラセミア (HSC/LV)

↓
鎌状赤血球貧血(治験中)
2021 白血病(AML)合併

(疾患特有の事情)

2021, EU
ALD (HSC/LV)
2021 MDS合併

2021 US, 2021 日本承認
B細胞腫瘍、リンパ腫
(CD19 CAR-T/LV)

2022 日本承認, 2021 US
多発性骨髄腫

(BCMA CAR-T/LV)

2022 EMA, 2023FDA承認
血友病A (AAV5)

2023 US承認
DMD (AAVrh74)

1981
mES

1998
hES 2006

miPS

2007
hiPS

Dr. A.Fischer

2023 US承認
SCD (CRISPR-BCL11A/LV)

2024 カナダ承認
血友病B (AAV-Spark100)

2012 年に欧州で初めて承認
日米欧で23品目、日本では9品目が承認(2024)

AAVベクターが臨床開発の主流
日米欧で8品目、国内では2品目が承認(2024)
16品目の第三相臨床試験が実施中(2024)

2024 US, 2022 EU承認
AADC欠損症 (AAV2)
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Ø がんや難治性遺伝性疾患に対する遺伝子治療

（期待と課題）

Ø 遺伝子治療用製品のモダリティー選択と開発動向

（安全性対策）

Ø 製造・品質管理の課題と今後の展開

（科学的技術基盤、人材育成）

本日の話題提供



集積 + 遺伝子増幅

治療遺伝子
発現ベクター

【3.組織内法】
in situ 

【1.体内法】
in vivo

【2.体外法】
ex vivo

非修飾MSCs
遺伝子付加MSCs

(LV, AAV)

他家

遺伝子付加 (LV)
ゲノム編集(CRISPR/Cas9)

患者細胞
(T細胞, HSC, iPSC)

機能不全細胞

機能回復HSC
CAR-T

自家

l 反復投与プロトコルが未確立
l 全身大量投与に伴う副作用
l 生殖細胞系列のゲノム編集(多様性喪失)

l RV, LVに伴う課題(導入効率、白血病発症のリスク)
l ゲノム編集に伴う課題

(Cas9の免疫原性、p53機能不全、off-target)

体内法の課題

X連鎖性劣性/常染色体劣性遺伝病

遺伝子付加 (AAV、LV?)

遺伝子補充 vs. 再生医療的効果

品質管理
拡大培養

体外法の課題

健常人細胞

遺伝子治療と再生医療の融合

RV, AAV産生MSC
↓ 

がん治療(転移浸潤) 
製造用ホスト細胞 
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遺伝子治療に用いられる主なベクターの特徴

ベクター 長所 短所 対象(標的)

レトロウイルス
(RV)

染色体に組み込まれる
à長期発現が可能

発癌性
非分裂細胞に導入不可

造血幹細胞

レンチウイルス
(LV)

染色体に組み込まれる
非分裂細胞にも導入

発癌性
大量生産が困難 

造血幹細胞
脳 (in vivo)

アデノウイルス 高発現
非分裂細胞に導入

短期発現
免疫原性
細胞傷害性 

がん

ヘルペスウイルス
（HSV-1）

大きな遺伝子を搭載可能
非分裂細胞に導入

大量生産が困難 
免疫原性

疼痛、がん

アデノ随伴
ウイルス（AAV）

病原性・細胞傷害性なし
非分裂細胞に導入

免疫原性
大量生産が困難 
挿入遺伝子サイズの制限

神経筋疾患
網膜疾患

非ウイルス性 DDSが必要
慢性動脈閉塞症
ワクチン
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Bui et al., eBioMedicine 2024

• 利点:
o 確立された技術: B細胞リンパ腫や白血病で高い有効性
o カスタマイズ性: CARの設計や細胞遺伝子改変
o 臨床データ: KymriahやYescartaなど複数のFDA承認

• 欠点:

o 製造の複雑性: 細胞採取、改変、投与を専門施設で実施
o 高コスト: 生産と物流が非常に高額
o 時間的課題: 製造に数週間、治療の遅れが発生
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Bui et al., eBioMedicine 2024

• 利点:
o 簡略化プロセス: 遺伝子編集ツールを患者体内に直接送達
o スケーラビリティ: コスト削減、より多くの患者への治療提供
o 幅広い適用可能性: 固形がんや非がん性疾患

• 欠点:
o 技術的成熟度: 前臨床または初期の臨床試験、安全性と有効性？
o 標的化: 免疫細胞への送達精度やオフターゲット効果
o 規制: 新規技術、承認に向けた手続きが複雑

Interius BioTherapeutics: 
CD20標的レンチ

2024年第I相試験開始

Umoja Biopharma
Capstan Therapeutics: 
レンチやナノ粒子

2024–2025年臨床試験

Sanofi
Tessera Therapeutics: 

前臨床段階



ベクター産生細胞による遺伝子の集積と増幅

Uchibori et al., Int J Hematol, 2014

SDF-1

CXCR4

cell cycle progression [33]. Moreover, MSCs can produce

DKK-1 to attenuate the potential for growth and malig-
nancy of tumor cells [34]. As MSCs have dual and

opposing effects with respect to tumor growth, modifica-

tion with anti-tumor genes is required for MSC-based
cancer-targeted therapy. Furthermore, it is also necessary

to promote more efficient MSC accumulation at tumor

sites.

Molecular mechanisms of MSC accumulation at tumors

If it becomes possible to increase the accumulation effi-
ciency of MSCs at tumor sites, MSCs can effectively target

not only primary tumors but also metastatic lesions. It is

thought that MSCs are mobilized to damaged tissues, such
as in injury or inflammation, by the release of inflammatory

cytokines. Tumors possess a microenvironment consisting

of a large number of inflammatory cells [35]. This micro-
environment promotes the recruitment of MSCs via various

soluble factors secreted by both tumor and inflammatory

cells, including EGF, VEGF-A, PDGF, IL-8, IL-6, fibro-
blast growth factor, stromal cell-derived factor, granulo-

cyte colony-stimulating factor, granulocyte–macrophage

colony-stimulating factor, monocyte chemoattractant pro-
tein-1 (MCP-1), hepatocyte growth factor, TGF-b1, and

urokinase-type plasminogen activator [36–42]. However,

our own work found that while systemically injected MSCs
accumulated at tumor sites, subcutaneously injected MSCs

did not. We also compared the migration capacity of MSCs

and fibroblasts (FBs) toward growth factors and chemo-
kines in vitro, and found that FBs were more strongly

attracted to these factors than MSCs [43]. These results

suggest that the mechanism of MSC accumulation cannot
be explained solely by cytokine-mediated migration.

The tumors generated in the above study possessed

tumor stroma with many blood vessels, and MSCs in par-
ticular accumulated at the boundaries between tumors and

tumor stroma. Furthermore, MSC accumulation at the

tumor sites was observed only when cells were injected via
the left ventricular cavity. Therefore, we focused on MSC-

EC adhesion to elucidate the mechanisms involved. Inter-

estingly, stimulation of MSCs with TNF-a enhanced the
adhesion of MSCs to ECs in vitro. This adhesion was

partially inhibited by antibodies that block vascular cell
adhesion molecule-1 (VCAM-1) and very late antigen-4

(VLA-4). It is well known that TNF-a induces VCAM-1

expression via the NF-jB signaling pathway. Parthenolide
(PTL) has anti-inflammatory activity and suppresses

NF-jB activity by inhibiting IjBa phosphorylation after

TNF-a stimulation, and PTL strongly inhibited TNF-a-
induced VCAM-1 expression on MSCs. In vivo imaging

using luciferase-expressing MSCs revealed that the biolu-

minescent signal gradually increased at tumor sites in mice
injected with untreated MSCs. In contrast, we observed

very weak signals at tumor sites in mice injected with PTL-

treated MSCs. These results suggest that NF-jB activity
regulates MSC accumulation at tumors by inducing

VCAM-1 expression and subsequent cellular interaction

with tumor vessel ECs (Fig. 3).

Considerations for the use of genetically modified MSCs
in cancer therapy

Although we focused on the function of TNF-a in the
above study, other inflammatory cytokines including IL-

1b and IFN-c have the ability to induce VCAM-1

expression on target cells, and may also be involved in
MSC accumulation. TNF-a is a major inflammatory

MSCs

Tumor 

Endothelial cells

Growth factors
Chemokines TNF- MSCs

VLA-4 

Endothelial cells

MAPK

Activated NF- B 

IKKs

migration

Parthenolide 
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Nucleus
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P 

P 

P 
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Fig. 3 Proposed mechanism of
MSC accumulation at tumors.
Growth factors and chemokines
recruit MSCs to the tumor
microenvironment.
Inflammatory cytokines,
including TNF-a, stimulate
MSCs and VCAM-1 expression
is induced. Activated MSCs
attach to the tumor vasculature,
penetrate, and accumulate at
tumor sites

380 R. Uchibori et al.
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1st 腫瘍への集積
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produced by
target cell

2nd 治療遺伝子の増幅

Okada et al., Front Biosci 1887-91, 2008
Uchibori et al., J. Gene Medicine, 373-81, 2009
Okada et al., Pat 5283219 (特許成立)



Discovery of adeno-associated virus (AAV) 

1966-7 AAV2〜4 の発見、キャプシド、ゲノム、疫学の検討(ヒトにへの病原性なし)
1985 AAV5の発見
1989 AAV2ベクターの開発(Samulski)
2002- AAV7-9ほか多数の血清型が応用 (100以上)

1965年 アデノウイルス標本の電顕解析で新規のウイルス様粒子として発見 (AAV1)
パルボウイルス科、デペンドウイルス属、ssDNAのゲノム、アデノウイルスがヘルパー

Science 149: 754-6, 1965

主な標的組織

LGMD, レーバー先天黒内症, DMD, AD,
パーキンソン病, AADC欠損, 血友病B, CF

2 神経

LGMD, 血友病B, 
ポンペ病, Crigler Najar症候群8 骨格筋,肝,脳

LGMD, BMD, ポンペ病, 
LPL欠損, PPCA欠損

1 骨格筋,神経

対象疾患、応用

6 骨格筋,神経 LPL欠損, Sanfillipo症候群, HSPC, CD4/8 

9 骨格筋,肝,脳,心筋 ポンペ病, Sanfillipo症候群, SMA, DMD

AAVベクター血清型と臨床応用

血友病A, 血友病B5 骨格筋,肝



Stingla et al., Progress in Retinal and Eye Research 92 (2023) 101115

Hereditary retinal dystrophy (Biallelic RPE65 mutations)

Luxturna (voretigene neparvovec)
AAV2-RPE65
Spark Therapeutics / Novartis

Approved in US 2017, EU 2018, JPN 2023

【意義】
遺伝子治療の基盤を構築

【課題】
• 高額な治療費、複雑な投与方法、効果の限界  
• ベクターデザインの改良やコスト削減の戦略的必要性  
• 高所得国以外での治療普及 
• 安全性と有効性をさらに向上させる次世代治療の開発 



Table 2 are preliminary and directional. A
broader CpG motif selection and more accu-
rate, data-based, motif weighting factors
would improve the predictive potential. A
similar formula that incorporated immune-
stimulatory (S6) and -inhibitory (I6) hexanu-
cleotide CpGmotifs gave a comparable range
of values and the same relative ranking of the
test sequences as obtained using RF3 (not
shown). A normalized value for RF3 (NRF3)
was calculated by dividing the RF3 value for
each DNA test article by that for the human
genome (0.191), i.e., the sequence assumed
to represent the lowest risk of TLR9 pathway
activation. The NRF3 for the complete hu-
man genome is, by definition, unity, with
values ranging from 0.92 to 2.68 for selected
human genes and a CpG-rich portion of
chromosome 1, providing an indication of

intragenomic variation. In contrast, an
average NRF3 value of 20.7 was measured
for three bacterial genomes known to be
strongly TLR9 activating.15 Together, the hu-
man and bacterial genome data define a
NRF3 range from 1 to !20 corresponding
from negligible (") to high (+++) values for
TLR9 activation potential. The NRF3 values
for the genomes of helper viruses used in
rAAV production ranged from 13.2 to 28.1,
demonstrating the PAMP CpG risk repre-
sented by residual helper virus DNA impu-
rities in purified AAV preparations. While
it is challenging to obtain complete expres-
sion cassette DNA sequences for clinical vec-
tors, the availability of sequences, clinical im-
munotoxicity, and therapeutic outcomes for
the four AAV-FIX vectors9 listed in Table 1
provide an opportunity to further qualify

theNRF3 equation. The better clinical perfor-
mance of AAVSPK-FIX Padua/ss and
AAV8-FIX/sc, including long-term trans-
gene expression and lower incidences of
CTLs and immunotoxicity,9 correspond to
lower NRF3 values of 3.09 and 6.80, respec-
tively. The higher NRF3 values of 7.80 and
12.7 calculated for AAV2-FIX/ss and
AAV8-FIX19/ss, respectively, correspond to
vectors that gave higher immunotoxicity
without durable transgene expression.9

These data support that AAV vectors with
lower NRF3 scores approaching a “human-
ized” value have lower immunotoxicity and
better long-term clinical benefit, while those
with scores above a threshold value of !7
are associated with deleterious immune re-
sponses not well-controlled by immune sup-
pression, leading to loss of transgene

Figure 1. Vector Genome PAMP CpG Content Determines the Fate of rAAV-Transduced Hepatocytes

(A) After systemic administration, AAV vectors containing DNAwith high PAMPCpG content (a, red genome) transduce hepatocytes, leading to expression of the therapeutic

(tx) protein but also cell surface presentation of capsid-derived peptides (red triangles) by major histocompatibility complex (MHC) class 1 molecules (b). A fraction of the

vector dose enters proximal lymph nodes and is taken up by plasmacytoid dendritic cells (pDCs) (c), where vector DNA is processed in the lysosome and activates the TLR9-

MyD88 pathway, and conventional dendritic cells (cDCs) (d), where vector capsid-derived peptides (red ovals) are presented by MHC class 2 molecules, recruiting capsid-

specific CD4+ T cell help. These events lead to licensing and maturation of cDCs and activation of capsid-specific CD8+ CTLs (e) that proliferate, migrate to the liver, and

eliminate transduced hepatocytes (f). (B) AAV vectors containing DNAwith low PAMPCpG content (g, green genome) similarly transduce hepatocytes but do not activate the

TLR9-MyD88 pathway. CTLs are not formed, transduced hepatocytes are not eliminated, and cell-surface capsid peptide presentation wanes (h). In both cases AAV vectors

activate the humoral arm of the immune response (i), leading to capsid antibodies.

www.moleculartherapy.org

Perspective

Molecular Therapy Vol. 28 No 8 August 2020 1757

Vector Genome PAMP (pathogen-associated molecular patterns) CpG Content
Determines the Fate of rAAV-Transduced Hepatocytes 

J.F. Wright, Mol. Ther., 2020, 1756-1758

unmethylated CpG motifsによる自然免疫系の活性化

→ ゲノム構造や配列の工夫が必要 (CpG除去)

肝傷害

肝機能障害



Thrombotic Microangiopathy (TMA)

https://unckidneycenter.org/kidneyhealthlibrary/glomerular-disease/thrombotic-microangiopathy-tma/

抗原抗体
複合体
↓

補体の活性化
↓

細胞傷害
↓

血栓

AAVベクターの大量投与

The Journal of Clinical Investigation   R E V I E W

6 J Clin Invest. 2021;131(1):e143780  https://doi.org/10.1172/JCI143780

or eye delivery is reasonably well tolerated in patients with NAbs, 
since the brain and the eye are considered immune-privileged 
organs, though they are still not completely shielded from circulat-
ing NAbs (101–104). The presence of NAbs is bound to profoundly 
impact the efficacy of AAV-mediated gene transfer and should be 
measured carefully before enrollment of prospective subjects.

In addition to causing a lack of therapeutic efficacy, the pres-
ence of capsid NAbs can also trigger complement activation, 
which at high doses may become a safety concern. The comple-
ment system comprises over 30 fluid-phase proteins and several 
membrane-bound proteins that are an essential component of 
the host innate immune system. The main site of synthesis for 
most complement proteins is the liver. Several other tissues also 
produce various complement components. Soluble complement 
components are distributed throughout the body’s tissues and 
fluids. Many key activation components of complement exist as 
inactive precursors and undergo a cascade of proteolytic cleavage 
events and activation steps to generate the final products of the 
complement system (Figure 2) (105).

Depending on the pathogenic context, the complement sys-
tem cascade is initiated by three different pathways — classical, 
lectin, and alternative — all of which converge at the level of com-

plement protein C3 and lead to the formation of the membrane 
attack complex (MAC; terminal pathway). The classical pathway 
is activated upon recognition of antigen-antibody immune com-
plexes by the C1 complex. The lectin pathway is activated upon 
recognition of sugars on pathogen surfaces by mannose-binding 
lectins (MBLs). Under normal physiological conditions, the alter-
native pathway is constitutively active at low levels and serves as 
a surveillance system to remove invading pathogens before the 
development of adaptive responses. All pathways cleave their 
precursor factors and converge at C3 convertase, which cleaves 
C3 into functional fragments, C3a and C3b. As illustrated in Fig-
ure 2, C3b acts as an opsonin or cleaves C5 to initiate a cascade to 
form MAC, which is composed of C5b to C9, on the surface of a 
pathogen or pathogen-infected cell for lysis (105). Opsonization 
of pathogens marks their removal by phagocytes and cell lysis. 
This action also serves as a link between innate and adaptive 
immunity (106). Antigens coated with complement activation 
fragments, like C3dg, assist in initiating a powerful costimula-
tory signal by ligating the B cell receptor to complement recep-
tor 2 (CR2) on B cells, thereby reducing the threshold of B cell 
receptor activation and increasing the amplitude of the antibody 
response (107). Furthermore, C3a and C5a are involved in main-

Figure 2. Complement activation by AAVs. Antibodies bound to AAV particles are recognized by the complement protein C1 complex. When high doses 
of AAV are administered, AAV-antibody complex activates the classical pathway of complement, eventually leading to the formation of the membrane 
attack complex (MAC) (105). The target of the MAC ring during AAV infection is unclear. When low AAV doses are administered, C3b can bind to the AAV 
capsid, where it is converted to iC3b and subsequently to C3d by factor I and other cofactors. Cleavage fragments of C3 opsonize the target structure and 
serve as bridging molecules with receptors on the surface of the phagocytes. CR1 and CR3 expressed on the macrophage surface interact with C3b- or 
iC3b-opsonized AAV particles, leading to phagocytosis and macrophage activation. CR3 interaction with iC3b-opsonized AAV virions on DC surfaces also 
results in endocytosis and antigen presentation to naive T cells. C3d-bound AAVs can be recognized by CR2 on B cell surfaces. Co-ligation of CR2 with B cell 
receptor (BCR) results in augmented signaling that effectively lowers the threshold for B cell clonal expansion. Alternatively, DCs can also trap the C3d-op-
sonized AAV via CR2 and present the antigen to naive or previously antigen-engaged B cells during the processes of affinity maturation, isotype switching, 
and the generation of effector and memory B cells.



Wang, Phillip W. L. Tai & Guangping Gao
Nature Reviews Drug p358–378(2019) 

AAV2   Nucleolus
AAV9   Nucleoplasm

【integration】
マウスRian (核蓄積lncRNA) 

ヒトMEG8
↓

遺伝子発現の調節不全
↓

腫瘍形成



1. 中空粒子の製造とDDSへの応用(特許6007463)

AAV中空粒子を活用したリスク低減化非ウイルス性DDS

P-PMO

peptide

特定の比率で混合

ITRに伴う挿入リスク↓
大腸菌MCB/WCB不要
カルタヘナ対応不要封入配列付加

人工核酸封入
AAV中空粒子

人工核酸
（PMO)

封入可能な人工核酸
・ プラスミド

・ オリゴヌクレオチド

・ 修飾核酸

・ PCR産物

人工核酸

2. 封入法(PCT/JP2018/002687、 PCT/JP2020/025961)

3. 複合体法(特願2019-014738)

静電的結合による
複合体形成AAV中空粒子

AAV中空粒子/P-PMO複合体

中和抗体の
影響回避?

14

Adachi K, Okada T, et al., Gene Therapy, 2021
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Ø がんや難治性遺伝性疾患に対する遺伝子治療

（期待と課題）

Ø 遺伝子治療用製品のモダリティー選択と開発動向

（安全性対策）

Ø 製造・品質管理の課題と今後の展開

（科学的技術基盤、人材育成）

本日の話題提供



AAV-mediated gene therapy for hemophilia

Pickar et al.,  Nat. Med., p121-122, 2018

N E W S  A N D  V I E W S

122 VOLUME 24 | NUMBER 2 | FEBRUARY 2018  NATURE MEDICINE

reason to expect the pace of advances to slow 
in the near future.
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and glucocorticoids were used to safely and 
successfully treat the AAV-capsid-directed 
cellular immune responses observed in two  
participants from the study by George et al.4.  
The low frequencies of these immune 
responses and the ability to control them with 
steroid treatment are very promising for both 
these therapies and other AAV-based gene 
therapies. Nonetheless, results at later time 
points after treatment will be critical to under-
stand whether expression of the coagulation 
factors from the AAV vectors is maintained 
and protected from silencing, degradation or 
loss via cellular turnover. This will be critical 
because AAV-directed antibodies would likely 
prevent successful readministration with the 
same vector. Likewise, a significant fraction 
of the patient population has already been 
exposed to these viral vectors and thus harbors 

preexisting antibodies. Future improvements 
to these therapies may incorporate vectors 
engineered to circumvent preexisting host 
immunity11. Additionally, targeted integration 
of transgenes encoded by AAV vectors into 
the genome via gene editing12, as a strategy to 
ensure sustained expression following a single 
vector dose, has recently entered the clinic for 
hemophilia B and other enzyme deficiencies.

The safety and efficacy demonstrated in 
these studies are not just promising for the 
treatment of hemophilia but also contribute to 
the positive outlook for the gene therapy field 
in general. This is particularly true in light 
of the other recent tremendous gene therapy 
successes, including AAV-based treatments in 
the eye and central nervous system2. Given the 
recent success and growing interest from both 
academic and commercial sectors, there is no 

Figure 1  Gene therapy strategies for hemophilia. Rangarajan et al.3 were able to treat hemophilia A with a single high dose of a truncated factor VIII variant. 
George et al.4 treated hemophilia B with a single dose of a highly active variant of factor IX. There was a significant reduction in the number of bleeding 
episodes in both groups. 
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for sensitive immunomonitoring techniques, which 
we used during the at-risk window. Our data 
indicate that the combined evaluation of liver-
function studies and assays to assess factor IX 
coagulant activity aid in the timely detection and 
appropriate management of a capsid-directed 
immune response and can be completed in any 
clinical laboratory. ELISPOT assay results pro-
vided meaningful data to confirm the cause of 
elevations in the aminotransferase levels but 
would be impractical for use in widespread 
adoption of this therapy.

Despite varied trial courses among the 10 par-
ticipants, the mean steady-state factor IX coagu-
lant activity was 33.7±18.5% of the normal value, 
and a therapeutic effect at this dose was ob-
served in all the participants, even those who 
had preexisting (low titer) neutralizing antibod-
ies or cellular immune responses that occurred 
after infusion. It is not clear what the basis was 
for the finding that the factor IX coagulant activ-
ity in Participant 9 was approximately 2 times as 
high as that in the other participants. Although 
the mechanism of transduction with AAV vectors 
has been extensively studied, many aspects, in-
cluding binding to cell-surface receptors, entry 
by means of endosomal pathways, endosomal 
escape, uncoating, and entry into the nucleus, 
are poorly understood.29,30 The range of levels of 
factor IX coagulant activity that we observed may 
represent the inherent variability in transgene-
derived protein levels with this new class of 

therapeutic agents. The two participants who 
had a capsid-directed immune response also had 
the most rapid initial rise in factor IX coagulant 
activity. More extensive experience will be re-
quired in order to determine whether these 
events occurred by chance or represent a useful 
predictor of immune response. It is also unclear 
whether the immune response somehow facili-
tated vector expression. In addition, the plateau 
in the factor IX coagulant activity in Participant 
6, which was lower than that in the other par-
ticipants, is consistent with an expected reduc-
tion in hepatocyte transduction in the presence 
of the 1:1 titer for neutralizing antibody (antic-
ipated to neutralize 50% of vector) to AAV 
(Table 1); this finding supports the hypothesis 
that our AAV neutralizing antibody assay is sen-
sitive. A current limitation of in vivo AAV gene 
transfer is the existence of AAV neutralizing anti-
bodies in approximately 30 to 40% of the popu-
lation, who would not be eligible for this therapy 
as it is currently formulated.31 A sensitive AAV 
neutralizing antibody assay is essential for the 
identification of patients with a negative titer 
and those with low titers, who may still benefit 
from this therapy but who would be predicted to 
have a transgene expression level that is lower 
than the level in patients with a negative titer, 
given the current vector formulation.32

We found consistent clinical outcomes despite 
the baseline heterogeneity of the participants, 
including the extent of hemophilic arthropathy, 

Figure 1. Factor IX Activity after One Peripheral Infusion of SPK-9001 in the Eight Participants Who Did Not Have  
an Adeno-Associated Viral Capsid-Directed Immune Response.

The vector SPK-9001 was administered at a dose of 5×1011 vector genomes per kilogram of body weight.
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age, and coexisting conditions, such as previous 
HCV infection, which affects more than 90% of 
men with severe hemophilia B who are older 
than 40 years of age.33 The long-term outcomes 

regarding sustained, stable factor IX coagulant 
activity on joint health and quality of life are not 
yet known. Recent preclinical work has shown 
that factor IX products with an extended half-life 
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Beqvez (US)/Durveqtix (EU) 
(fidanacogene elaparvovec) 
2024  Approved in US, Canada, EU
2024  Application pending in Japan

Roctavian
(valoctocogene roxaparvovec) 
2022  Approved in EU
2023  Approved in US



神経疾患の遺伝子治療 (SMAのモダリティ間競争)

小野寺雅史 国立成育医療研究センター
遺伝子細胞治療推進センター 設立シンポジウム 2019

AnswersNews> ニュース解説> 初の「億超え新薬」ゾルゲンスマの薬価はどう決まったか

Spinraza (SMN2回復、核酸医薬)

Zolgensma (SMN1発現rAAV9、1.1x1014 v.g./kg BW)

Reed et al., Arq Neuropsiquiatr, 265-272, 2018

2021.6 EvrysdiTM （risdiplam）国内承認
SMN2スプライシングを修飾する経口低分子薬
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in DMD/BMD

79 exons
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Duchenne型筋ジストロフィー(DMD)

DMD 遺伝子の異常（欠失）+修飾因子
1/3500  新生男児, X連鎖潜性 (Xp21)
筋線維の変性・壊死・再生を反復
筋萎縮と筋力低下→心肺機能障害

1/3は孤発(XR)、指定難病、死亡時平均年齢32才
3-5歳 歩行障害、10歳代前半 車椅子、20歳 呼吸・心不全 
母親(保因者) ：心筋症、妊娠や介護負担により増悪

dystrophin

(1) 細胞膜維持

(2) シグナル伝達
血流調節



AAVベクターによる骨格筋遺伝子導入と免疫応答

rAAV8-LacZ

4 weeks

2 weeks

イヌでの発現は一過性

ビーグル犬, ECR, 
静脈灌流法(大量投与)
1 x 1014 (v.g./kg BW)

200 µm
endosome

TLR9TLR7/8

MyD88

IFNs, Cytokines

Retrovirus
(ssRNA)

Adenovirus
(dsDNA) AAV

(ssDNA)

自然免疫系の反応
→ 獲得免疫の活性化

Ohshima S, Okada T, et al., Mol. Ther. (2009)
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獲得免疫（慢性期、抗原特異的）
カプシドおよび治療タンパク質
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イヌでの機能評価が困難



serotype Transgene Promoter Phase Company Dose, route Clinical trials ID Annotation

AAV2.5 Mini-Dys CMV I

Asklepios
Biopharmaceutical, 
Nationwide 
Children’s Hospital

2 cohorts
2x1010 vg/kg,
1x1011 vg/kg

NCT00428935

AAV9 Mini-Dys
human 
muscle 
specific

Ib Pfizer, 
PF-06939926

2 cohorts
1-3x1014 vg/kg, i.v.

NCT03362502

III NCT04281485 (C5阻害剤)

AAVrh74 µDys MHCK7 I/II
Sarepta, 
Nationwide 
Children’s Hospital

2x1014 vg/kg, i.v. FDA approved
(ELEVIDYS)

Stable dose of 
corticosteroids 
throughout trial

AAVrh74 GALGT2 MCK I/IIa Nationwide 
Children’s Hospital

2 cohorts : 
2.5x1013vg/kg/leg, 
5x1013vg/kg/leg, 
intravascular limb 
infusion

NCT03333590

AAV9 µDys CK8 I/II Solid Biosci., 
SGT-001 2x1014 vg/kg, i.v. NCT03368742

clinical protocol 
manufacturing (EP/F)
changed
(C5/C1阻害剤)

AAV8 µDys I/II/III Genethon > 1.0x1013/kg, i.v. EudraCT:
2020-002093-27

AAV9 U7-snRNA 
(ACCA) I/IIa

Audentes
Therapeutics, 
Nationwide 
Children’s Hospital

Cohort 1, minimal 
effective dose, 
peripheral limb vein 
inj.

NCT04240314

AAV3b U7-snRNA-
E53 I/II Genethon, Institute 

of Myology NCT01385917 AAV-mediated Exon53 
skipping

【全身大量投与に伴う副作用が課題、ステロイドによるリスク回避は効果不十分】
補体制御（抗C5抗体エクリズマブ、C1阻害剤）、ステロイドや免疫抑制剤を併用

CMC、中和抗体対策(IgG分解)、自然/細胞性免疫の制御、治療タンパク質の免疫寛容 → 投与量低減

AAVベクターを用いたDuchenne型筋ジストロフィーの治験

血小板減少
↓

腎障害
↓

心筋障害

治験中止



Empty particles increase (with abundant ITR fragments)
- ITRs(+/- strands) → dsRNA → innate immunity
- tumorigenicity

Increase in empty particles due to changes in manufacturing process

Early development 
(Small-scale, Ultracentrifugation)

Full-scale manufacturing 
(Large scale, Chromatography)
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Figure 3. The role of APC-mediated immune responses toward AAV vectors. (A) The mechanism of DC activation by rAAV. Vector genome sensing by 
TLR9 in pDCs’ endosomes triggers the activation of the TLR9/MyD88 signaling pathway that culminates in pDCs producing type I IFNs that directly signal 
to immature cDCs. This signaling event is required for effective priming and leads to activation and licensing of immature cDCs to mature cDCs. Licensing 
of cDCs enhances their ability to activate T cells. Activated cDCs also interact with CD4+ T cells, which may additionally contribute to licensing the cDCs to 
activate rAAV capsid–specific CD8+ T cells. Activated CD4+ Th cells also promote antibody formation against the rAAV capsid. (B) Depiction of rAAV- 
specific antigen presentation by APCs. Upon entry of AAV virions into cells by endocytosis, rAAV capsids can either be degraded in lysosomes or escape 
into the cytoplasm. Transcription and translation of the vector genome in the nucleus generate transgene proteins that, along with viral capsids, can be 
ubiquitylated and degraded in the proteasome into small peptides. These peptides are transported into the Golgi/endoplasmic reticulum by transporter 
associated with antigen presentation (TAP), loaded onto the MHC class I molecule, and presented on the surface of the target cell. This causes the cell to 
be recognized by a CD8+ T cell and, finally, eliminated by a capsid-specific CTL response. Capsid peptides are also loaded onto MHC class II molecules for 
presentation to CD4+ T cells for subsequent B cell activation and antibody production.

The Journal of Clinical Investigation   R E V I E W
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or eye delivery is reasonably well tolerated in patients with NAbs, 
since the brain and the eye are considered immune-privileged 
organs, though they are still not completely shielded from circulat-
ing NAbs (101–104). The presence of NAbs is bound to profoundly 
impact the efficacy of AAV-mediated gene transfer and should be 
measured carefully before enrollment of prospective subjects.

In addition to causing a lack of therapeutic efficacy, the pres-
ence of capsid NAbs can also trigger complement activation, 
which at high doses may become a safety concern. The comple-
ment system comprises over 30 fluid-phase proteins and several 
membrane-bound proteins that are an essential component of 
the host innate immune system. The main site of synthesis for 
most complement proteins is the liver. Several other tissues also 
produce various complement components. Soluble complement 
components are distributed throughout the body’s tissues and 
fluids. Many key activation components of complement exist as 
inactive precursors and undergo a cascade of proteolytic cleavage 
events and activation steps to generate the final products of the 
complement system (Figure 2) (105).

Depending on the pathogenic context, the complement sys-
tem cascade is initiated by three different pathways — classical, 
lectin, and alternative — all of which converge at the level of com-

plement protein C3 and lead to the formation of the membrane 
attack complex (MAC; terminal pathway). The classical pathway 
is activated upon recognition of antigen-antibody immune com-
plexes by the C1 complex. The lectin pathway is activated upon 
recognition of sugars on pathogen surfaces by mannose-binding 
lectins (MBLs). Under normal physiological conditions, the alter-
native pathway is constitutively active at low levels and serves as 
a surveillance system to remove invading pathogens before the 
development of adaptive responses. All pathways cleave their 
precursor factors and converge at C3 convertase, which cleaves 
C3 into functional fragments, C3a and C3b. As illustrated in Fig-
ure 2, C3b acts as an opsonin or cleaves C5 to initiate a cascade to 
form MAC, which is composed of C5b to C9, on the surface of a 
pathogen or pathogen-infected cell for lysis (105). Opsonization 
of pathogens marks their removal by phagocytes and cell lysis. 
This action also serves as a link between innate and adaptive 
immunity (106). Antigens coated with complement activation 
fragments, like C3dg, assist in initiating a powerful costimula-
tory signal by ligating the B cell receptor to complement recep-
tor 2 (CR2) on B cells, thereby reducing the threshold of B cell 
receptor activation and increasing the amplitude of the antibody 
response (107). Furthermore, C3a and C5a are involved in main-

Figure 2. Complement activation by AAVs. Antibodies bound to AAV particles are recognized by the complement protein C1 complex. When high doses 
of AAV are administered, AAV-antibody complex activates the classical pathway of complement, eventually leading to the formation of the membrane 
attack complex (MAC) (105). The target of the MAC ring during AAV infection is unclear. When low AAV doses are administered, C3b can bind to the AAV 
capsid, where it is converted to iC3b and subsequently to C3d by factor I and other cofactors. Cleavage fragments of C3 opsonize the target structure and 
serve as bridging molecules with receptors on the surface of the phagocytes. CR1 and CR3 expressed on the macrophage surface interact with C3b- or 
iC3b-opsonized AAV particles, leading to phagocytosis and macrophage activation. CR3 interaction with iC3b-opsonized AAV virions on DC surfaces also 
results in endocytosis and antigen presentation to naive T cells. C3d-bound AAVs can be recognized by CR2 on B cell surfaces. Co-ligation of CR2 with B cell 
receptor (BCR) results in augmented signaling that effectively lowers the threshold for B cell clonal expansion. Alternatively, DCs can also trap the C3d-op-
sonized AAV via CR2 and present the antigen to naive or previously antigen-engaged B cells during the processes of affinity maturation, isotype switching, 
and the generation of effector and memory B cells.

Muhuri M, et al., J Clin Invest e143780, 2021

AAVベクターによる自然免疫系(パターン認識)の活性化と獲得免疫の誘導

plasmacytoid DC, TLRs
↑

ゲノム構造、配列

【自然免疫→DC→獲得免疫】
自己抗原→未熟DC→免疫寛容

自己抗原→活性化DC→免疫寛容の破綻
異物刺激→成熟DC→免疫応答

異物刺激→未熟DC→免疫寛容（長期効果）

capsid-specific CTL
↓

感染細胞の排除
肝傷害/肝機能障害

rAAV-抗体複合体、糖鎖

補体活性化→DC成熟促進

cross-
priming

DC制御
M2MΦ分化

T/B細胞制御

PGE2
IDO
IL-10

MSCs



rAAV9 injection into normal Beagle 
(8 wks old)

ITI (-) : AAV alone

AAV-Luc, i.v. AAV-Luc, i.m.

Day -8 Day 0

ITI (+) : AAV + MSCs

MSCs
+AAV-Luc, i.v.

MSCs AAV-Luc, i.m.

Day -8 Day -1 Day 0

hMSC : 1-2 x 106 cells/kg BW
rAAV9 (ex vivo) : 5 x 105 v.g./cell
rAAV9 (i.m.) : 1 x 1012 v.g./site

(i.m., local)
MSCを用いたDC制御と免疫寛容誘導

岡田ほか、特許第6750782号
Kinoh H, Okada T, et al., Mol Ther - Methods Clin Dev (2020)
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1/100量で長期的効果

中和抗体上昇の防止、反復投与

→ 安全性とコストの大幅な改善
（海外企業に導出、他の疾患にも展開）

AAV +
MSC i.v.

MSC
i.v.

AAV i.v.
(2x1012vg/kg)

0D 7D 8D 2Y3M

Necropsy

間葉系細胞(MSC)を活用した低用量AAVベクターによる長期遺伝子発現

治療

未治療

心筋のDystrophin発現維持(DMD犬)

11週齢のDMD犬に、ヒトMSC(骨髄間質
細胞)とAAV9-microdystrophinを投与

→自然免疫系によるDC活性化の制御
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岡田ほか、特許第6750782号
Kinoh H, Okada T, et al., Mol Ther - Methods Clin Dev (2020)



未治療 DMD犬

（8ヶ月令）

治療 DMD犬

（8ヶ月令）

MSCを活⽤した低⽤量AAVベクターによる運動機能改善効果

岡田ほか、特許第6750782号
Kinoh H, Okada T, et al., Mol Ther - Methods Clin Dev (2020)



AAVベクターを用いた遺伝子・細胞治療

AAVベクター
基盤技術

ジストロフィン
発現回復

炎症制御
再生療法

MSC
有効性・安全性

MSC併用
免疫寛容遺伝子治療

骨髄由来MSC
歯髄幹細胞

↓
羊膜由来MSC

製造・精製
分析技術

遺伝子治療 細胞治療

臨床試験準備中
(海外企業、様々な疾患に展開)

エクソン・スキップ
小型ジストロフィン

↓
遺伝情報の修正
(DMD→BMD)

Ph. I/II相治験中
（2023-国内企業）

AAVベクターの反復投与、長期発現
異物発現による治療(ゲノム編集、藻類ChR)



歯髄幹細胞 (歯髄
MSC/DPSC)

骨髄 MSC

BM-MSCs DPSCs

羊膜 MSC (AMSC)

AMSCs

MSCに共通した細胞特性；多分化能, 免疫抑制作用

DMDに対するMSCs細胞治療
の社会実装を目指し、

羊膜MSCsによる検討
↓

企業治験開始
(2023〜)

MSCsによる抗炎症療法
DMDモデル
mdx mouse

Kasahara et al., Stem Cell Research & Therapy. (2021), 12:78
Kasahara et al., Stem Cell Research & Therapy. (2021), 12:105

AAV/IL-10 transduced 
BM-MSC, DPSC

組織再生の促進

SDF-1↑

炎症性サイトカイン・
ケモカイン発現減少

MCP-1↓

炎症

筋機能の改善効果

炎症制御作用
CXMDJ

間葉系細胞 (MSC) を用いたDMDに対する細胞治療

卵

膜 絨毛膜

羊膜

母体側

胎児側

骨髄 MSC 歯髄 MSC 羊膜 MSC (AMSC)

メリット
安全性が確立

（承認後、多数の使用例）
非侵襲性に採取
容易に拡大培養

容易に拡大培養
（染色体安定性）

移植後の低リスク
（腫瘍形成、免疫反応）

デメリット
採取時の侵襲性

限定的な拡大培養率
移植後の低い生存効率

有効性が不安定
（ロット差）

移植後の低い生存効率

実施例が少ない
（近年、幅広い疾患へ応用）

安定な移植ソース



28

Ø がんや難治性遺伝性疾患に対する遺伝子治療

（期待と課題）

Ø 遺伝子治療用製品のモダリティー選択と開発動向

（安全性対策）

Ø 製造・品質管理の課題と今後の展開

（科学的技術基盤、人材育成）

本日の話題提供
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ex vivo (細胞加工製品)

• 一般毒性：意図しない分布や活性 → オフターゲット毒性

• 造腫瘍性：核型、軟寒天、免疫不全動物

• 製造工程由来不純物：毒性学的懸念の閾値TTC

in vivo （遺伝子治療用製品）
ベクター → オフターゲット毒性、発現産物 → オンターゲット毒性
組み込み型ベクターやゲノム編集 → 長期フォロー

• 一般毒性：最高用量MTD/MFD→標的臓器、用量依存性、回復性

• 遺伝子組込み（生殖細胞でのリスク）：頻度、ベクター量から評価

• がん原性：既存情報、薬理作用、非臨床試験
• 造腫瘍性

• 生殖発生毒性：受精、着床、胚発生、出生前後、母体機能

• 免疫毒性：ベクター/発現産物による影響

• 増殖性ウイルス

非臨床安全性評価



バイオ医薬品の開発段階とプロセス開発 (phase appropriate quality)

分析試験法開発
（新規試験法、分析バリデーション）

探索研究 非臨床試験 臨床試験 I, II, III相 承認申請 市販後調査

製造プロセス スケールアップ
50-200L

工業化、コスト改善

原薬CMC
（規制対応、申請データ）

実験室製造
(PoC)

↓
開発力

(少量、多品目)

小規模GMP製造
(安全性, 品質)

↓
国内体制

(人材育成)

非営利型⼀般財団法⼈

商用GMP製造
QbD (A-Gene)

↓
コスト競争力

(細胞、培地、プラスミド、生産、精製)

企業

rTR
↓

国際協調
国際的競争力

rAAV製造力価(従来法の全身投与)
1x1014 v.g. >1x1015 v.g.

治験薬、品質試験、参考品
>1x1017 v.g. >1x1019 v.g./年

CDMOとの連携、プロセス情報共有 → 製造⼯程の⼀貫性、同等性（治験薬 vs. 製品）
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(Okada T, Hum Gene Ther, 2009)
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(E1A, E1B)
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Packaging
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transgenic

Adeno-associated virus (AAV) vector
Pros
･ Wide range of cells, including non-dividing cells, can be transduced
･ Long-term transgene expression
･ Non-pathogenic, non-toxic ?
Cons
･ Limited capacity for foreign genes (4.9kb as an expression cassette)
･ Laborious production of pure stocks in high-titer, high-performance
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Receptor ligand

DNA extraction

Discovering naturally
occurring AAV

b

a  Directed evolution

c  Rational design

PCR of proviral
cap sequences

cap

Mutagenesis

Fragment

Reassemble

d  In silico design

In silico
design

Ancestral reconstruction

Cell-specific
or tissue-specific
receptor

Primer R

Primer F
rep

Primer R

Primer F
rep cap

Error-prone PCRCapsid shuffling

rep cap

caprep

Fig. 3 | Infographic of the four primary methods for capsid discovery and engineering. a | Directed evolution via 
methods such as capsid shuffling or error-prone PCR can create numerous unique capsid combinations that may harbour 
distinct and favourable vector properties. b | Discovery of naturally occurring adeno-associated virus (AAV) surveys 
proviral sequences present in host tissues that may have been infected with wild-type AAVs. c | Rational design utilizes 
pre-existing knowledge of capsid biology and host cell targets to engineer capsids that specifically recognize 
tissue-specific or cell-specific extracellular markers or to evade immune surveillance. d | In silico design, a somewhat new 
method for capsid discovery , utilizes computational approaches to predict novel capsid designs that are not seen in 
nature. Reconstruction of ancestral AAVs from contemporary capsids is one form of in silico design. The inner circle 
depicts the primary methods for candidate capsid screening: in vitro (for example, cell culture) and in vivo using small 
animal models (for example, mice) and large animal models (for example, non-human primates) that serve as proxies for 
the human patient.

www.nature.com/nrd

REV IEWS

362 | MAY 2019 | VOLUME 18 

Wang et al., Nature Reviews 2019

新規カプシドの
開発戦略

天然型探索 

人工改変

(発現スクリーニング)

課題：

ヒトでの免疫毒性、
体内動態が予測困難
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Human Bocavirus (HBoV1) is an Ideal Gene 
Delivery Vehicle

Non-confidential

 Capacity: 5543-nt DNA genome (800bp larger 
than rAAV)

 Tropism: Discovered in 2005 from human 
respiratory samples. highly tropic for airway. 

 Safety: Not found to cause disease.

 Redosability: Evades neutralizing antibodies. 
Re-infection occurs after seroconversion.

Bastien et al., J. Clin Micro. 2006
Gurda et al. J. Virol., 2010 
Meriluoto et al. Emerging Infectious Diseases., 2012
Yan et al, Human Gene Therapy 2017
Deng et al., Genes., 2020

Redosability: HBoV1 infection is independent of 
seroconversion

Human Bocavirus 1 (HBoV1)

• 大きな遺伝子搭載容量

• 低い遺伝毒性

• 低い中和抗体活性

• 反復投与の可能性

• 長期的な発現

• 限定された組織親和性

次世代のベクターや治療方法に求められる特性



上流工程

接着/浮遊培養
無血清馴化
293, MSC 

293T (ex vivo のみ)

高機能コンポーネント
トランスフェクション試薬
Producer line(TG化)

無細胞生産系

発現培養
iCELLis, STR, XDR

下流工程

細胞除去、清澄化
（残存DNAの消化）

TFF濃縮

アフィニティー精製/VHH

イオン交換
or 超遠心(大容量対応)

TFFバッファー置換

フィルター滅菌
/分注/製剤化

AAVベクター大量製造の工程とProcess Analytical Technology 
（ヘルパーフリー法の製造プラットフォームの例）

Raman/NIR Spectroscopy
SEC/FFF-MALS (多角度光散乱)

DLS (動的光散乱法）

継続的 In-line Monitoring (CPP)

深層学習(AI活用)、CQAによる補正

Design space

製造・臨床データの統合＞重要品質特性
（Critical Quality Attributes; CQA)

↓
品質不良の発生を防止

(Material Identity Testing) 
↓

効率、コストや安全性の改善(QbD)

ベクターの規格検証から商用供給まで
一連の工程として特性や品質を管理

（一貫したプロセスを考慮）

細胞回収・溶解
培養上清



開発段階に応じてTG化
(MSC)

開発段階に応じてTG化
(MSC)

安定発現細胞によるウイルス生産

安定発現細胞(HeLaS3-based) プラスミド-トランスフェクション(HEK293) 

Burnham et al., Human Gene Therapy Methods, 2015 

不均一な発現
↓

中空粒子や中間体の
混入

生産AAV2の超遠心分析

【課題】
発現調節(毒性回避)
知財対応

CEVEC, 2018, www.cevec.com

No helper virus
Minimal risk of RCV

均一粒子
完全粒子の割合が多い

a larger vector genome of approximately 4200 nu-
cleotides (Fig. 3E–H). These results indicate that
vector preparations generated using the producer
cell line technology may be of a higher quality, with
a greater proportion of the virions containing a full
genome. The vast majority of vectors produced by

the triple transfection method were empty, with a
lower proportion of capsids having a full-length
genome. These results also highlight the ability of
the AUC method to resolve vectors with frag-
mented genomes in addition to full genome-
containing and empty vectors. Moreover, these

A B

C D

E F

G H

Figure 3. Sedimentation distribution plots for AAV23370 and AAV2CBAEGFP vectors generated by the producer cell line (A, C, E, G) or triple transfection
method (B, D, F, H). (A) The relative percentages of each capsid species in an AAV23370 vector generated using the producer cell line method were 19% (63S),
7% (75S), and 74% (92S). (B) The relative percentages of each capsid species for the same AAV23370 vector generated using triple transfection were 82% (64S),
7% (76S), 4% (84S), and 8% (94S). (C, D) sedimentation distribution plots for repeat productions of AAV23370 using producer cell line (C) and triple transfection
(D). (C) The relative percentages for each capsid were 23% (62S), 7% (76S), and 70% (92S). (D) The relative percentages for each capsid were 75% (64S), 7%
(79S), and 18% (94S). Sedimentation distribution plots for AAV2CBAEGFP vector generated by producer cell line (E, G) and triple transfection (F, H). (E) The
relative percentages of each capsid species in an AAV2CBAEGFP vector generated using producer cell line method were 43% (64S), 40% (100S), 7% (75S), and
10% (86S). (G) The relative percentages of each capsid species in a repeat production of the same AAV2CBAEGFP vector using producer cell line were 42%
(64S), 45% (101S), 7% (78S), and 6% (88S). (F) The relative percentages of each capsid species for the same AAV2CBAEGFP vector generated using triple
transfection were 70% (64S), 12% (100S), 10% (78S), and 8% (88S). (H) Repeat production of AAV2CBAEGFP by transient transfection yielded relative
percentage values of 74% (64S), 10% (101S), 8% (77S), 4% (84S), and 5% (91S).

234 BURNHAM ET AL.



下流工程

細胞除去、清澄化
（残存DNAの消化）

TFF濃縮

アフィニティー精製/VHH

イオン交換
or 超遠心(大容量対応)

TFFバッファー置換

フィルター滅菌
/分注/製剤化

AAVベクター大量製造の工程とProcess Analytical Technology 
（ヘルパーフリー法の製造プラットフォームの例）

VHH抗体
ラクダ科動物（ラマ、アルパカ等）
低分子の重鎖抗体、高い結合能、酸や熱に安定
大量生産、構造改変に有利

精製度と回収率が両立できない
中空粒子の除去が困難
溶出液へのリガンド混入

h"ps://rephagen.com/vhh/



分析例（各血清型AAVベクター）

inp
ut

elu
tio
n

Cell 
membrane

KIAA0319L
(AAVR)

Resin

(PKD1-2)

AVRゲル
様々な血清型AAVと結合可能な受容体AAVRを固定化したAVRゲルを作製

分析用カラム または 精製用ゲル として開発

精製例（AAV9ベクター培養液）

分析用カラム 精製用ゲル

・少量サンプルを高感度に測定可能

・AAVベクターの定量が可能

・製造AAVベクターの品質管理

・1種のゲルで様々なAAVベクターの精製が可能

・中性溶液を用いた温和な溶出が可能

・製造AAVベクターの高純度化

Elution
（2M MgCl2 pH7.4溶液）
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東ソー株式会社
ライフサイエンス研究所

Yoshida, Okada, et al., Molecular Therapy: Methods & Clinical Development Vol. 31 December 2023 

AAVR (multi-serotype receptor for AAV)
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ウイルスベクターやワクチンの精製
Convective Interaction MediaTM を用いて

高速での高結合容量

ToMVの精製：CIMTMと密度勾配遠心法の比較

CIMTM QA担体は、高流量下においても、そのユニークな構造により、1014/mLオーダーのウイ
ルスパーティクル結合容量を有します。CIMTM担体の、高い表面アクセシビリティを与える流路
構造（チャネル径1.5 μm）が、高い結合容量、自然拡散に依存しない物質移動をもたらします。

その結果、CIMTM担体の動的結合容量は、ビーズ表面にのみウイルスを吸着する従来パーティク
ルベース担体に比べ1-2桁優れています。パーフュージョンポアなどの改良されたパーティクル
担体でも、物質移動は拡散速度により制限されるため、高流量での結合容量はCIMTM担体に
及びません。

密度勾配遠心法を用いる従来法でおよそ5日間を要するToMVの精製を、
CIMTM モノリスカラムを用いれば、2時間で完了することができます。

ToMVの回収率はCIMTM モノリス担体使用がより優れており、純度（宿主由来
タンパク質・DNA）は同等です。どちらの方法でも、ToMVの感染力は維持さ
れます。

モデルシステム：トマトモザイクウイルスのCIMTM による精製
トマトモザイクウイルス（ToMV）は、ヒト治療に用いられるウイルス精製におけるCIMTM 担体の
有効性検証に便利なモデルです。

ToMVは、従来の密度勾配遠心法や様々なクロマト技術（パーティクルベースカラムや膜吸着）
などの種々のウイルス精製法の比較に用いられてきました。

植物試料をホモジナイズし、得られた遠心上清をサンプルとして、CIMTM QAにロードしました。
溶出は0.3-0.45 M NaCl、6 ml/min（17.5 CV/min）もの高速流です。

1 2 3 4 5

パーティクル担体 CIMTM モノリス

サイズ 300×18 nm
形状 ロッド型
表面 エンベロープなし
ゲノム 直鎖ssRNA
pl 4.6

結果 ：
・ ウイルスパーティクルは精製後も感染能保持
・ 動的結合容量 ： 12.6 mg または 2×1014 ToMV粒子/ml
・ ウイルス回収率 75 %
・ ホストDNA除去率 99 %
・ ホスト細胞タンパク質は除去

SDS-PAGEゲル電気泳動の銀染色像
1 ： 従来法により精製されたToMV
2 ： 精製前
3 ： CIMTM ディスクによる1st溶出フラクション
4 ： ネガティブコントロール
5 ： マーカータンパク質（バイオラッド社、ブロードレンジ）

植物材料のホモジナイズ

上清（遠心分離）

バッファー交換 PEG沈降

低速遠心分離

再懸濁

低速遠心分離

スクロース密度勾配の調製

スクロース密度勾配遠心分離

フラクションの回収・分析

高速遠心分離

CsCl密度勾配超遠心

フラクションの回収・分析

透析（CsClの除去）

所要2時間 ！

CIMTM QAディスクによる精製

所要5日間 ！

Purification of ToMV from 1ml of homogenized and clarified 
plant material

Sample 1 ml clarified plant
 homogenate in buffer A
Buffer A 20 mM NaAc
Buffer B 20 mM NaAc, 1.5 M NaCl
pH 5.5
Flow rate 6.0 ml/min
Column CIMTM QA disk
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ウイルスベクターやワクチンの精製
Convective Interaction MediaTM を用いて

高速での高結合容量

ToMVの精製：CIMTMと密度勾配遠心法の比較

CIMTM QA担体は、高流量下においても、そのユニークな構造により、1014/mLオーダーのウイ
ルスパーティクル結合容量を有します。CIMTM担体の、高い表面アクセシビリティを与える流路
構造（チャネル径1.5 μm）が、高い結合容量、自然拡散に依存しない物質移動をもたらします。

その結果、CIMTM担体の動的結合容量は、ビーズ表面にのみウイルスを吸着する従来パーティク
ルベース担体に比べ1-2桁優れています。パーフュージョンポアなどの改良されたパーティクル
担体でも、物質移動は拡散速度により制限されるため、高流量での結合容量はCIMTM担体に
及びません。

密度勾配遠心法を用いる従来法でおよそ5日間を要するToMVの精製を、
CIMTM モノリスカラムを用いれば、2時間で完了することができます。

ToMVの回収率はCIMTM モノリス担体使用がより優れており、純度（宿主由来
タンパク質・DNA）は同等です。どちらの方法でも、ToMVの感染力は維持さ
れます。

モデルシステム：トマトモザイクウイルスのCIMTM による精製
トマトモザイクウイルス（ToMV）は、ヒト治療に用いられるウイルス精製におけるCIMTM 担体の
有効性検証に便利なモデルです。

ToMVは、従来の密度勾配遠心法や様々なクロマト技術（パーティクルベースカラムや膜吸着）
などの種々のウイルス精製法の比較に用いられてきました。

植物試料をホモジナイズし、得られた遠心上清をサンプルとして、CIMTM QAにロードしました。
溶出は0.3-0.45 M NaCl、6 ml/min（17.5 CV/min）もの高速流です。

1 2 3 4 5

パーティクル担体 CIMTM モノリス

サイズ 300×18 nm
形状 ロッド型
表面 エンベロープなし
ゲノム 直鎖ssRNA
pl 4.6

結果 ：
・ ウイルスパーティクルは精製後も感染能保持
・ 動的結合容量 ： 12.6 mg または 2×1014 ToMV粒子/ml
・ ウイルス回収率 75 %
・ ホストDNA除去率 99 %
・ ホスト細胞タンパク質は除去

SDS-PAGEゲル電気泳動の銀染色像
1 ： 従来法により精製されたToMV
2 ： 精製前
3 ： CIMTM ディスクによる1st溶出フラクション
4 ： ネガティブコントロール
5 ： マーカータンパク質（バイオラッド社、ブロードレンジ）

植物材料のホモジナイズ

上清（遠心分離）

バッファー交換 PEG沈降

低速遠心分離

再懸濁

低速遠心分離

スクロース密度勾配の調製

スクロース密度勾配遠心分離

フラクションの回収・分析

高速遠心分離

CsCl密度勾配超遠心

フラクションの回収・分析

透析（CsClの除去）

所要2時間 ！

CIMTM QAディスクによる精製

所要5日間 ！

Purification of ToMV from 1ml of homogenized and clarified 
plant material

Sample 1 ml clarified plant
 homogenate in buffer A
Buffer A 20 mM NaAc
Buffer B 20 mM NaAc, 1.5 M NaCl
pH 5.5
Flow rate 6.0 ml/min
Column CIMTM QA disk

Supplementary Table 1. Efficient Concentration and Purification of the Amphotropic Retrovirus Vector

Centrifugation Ion-exchange

(50k g!2 hr) (6k g!16 hr) (SþQ) (Q)

env 1.3 4.4 43.0 24.3
VSV-G 45.9 52.2 50.9 22.0

The amphotropic or VSV-G-pseudotyped vector was centrifuged at 50,000 g for 2 h or 6000 g for 16 h at 48C. Alternatively, the sample was
concentrated and purified with a dual ion-exchange chromatography procedure (SþQ) or an anion-exchange procedure (Q). U251MG cells
were transduced with the luciferase expressing recombinant retroviruses to evaluate the effectiveness of the various purification procedures.
At 96 h after transduction, luciferase expression in the cells was analyzed. Transgene expression identified as relative light unit was analyzed
to calculate recovery rate of the biologically active vector (%). Recovery rates for the amphotropic-enveloped (env) or VSV-G-pseudotyped
(VSV-G) vector were compared to the viral supernatant before enrichment.

SUPPLEMENTARY FIG. 1. The pI is the specific pH at which the net charge of the protein is zero. The net charge of a virus
is the sum of all the negative and positive charges of its amino acid side chains and amino- and carboxyl-termini along with
the packaged DNA in the virion. We showed that pI of empty particles is higher than that of packaged virions. Since proteins
are positively charged at pH values below their pI and negatively charged at pH values above their pI, the net positive charge
of empty particles would be higher than that of packaged rAAV particles at a constant pH below the pI of empty particles. On
the other hand, the net negative charge of packaged virions would be stronger than that of empty particles at a constant pH
above the pI of packaged virions.
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下流工程

細胞除去、清澄化
（残存DNAの消化）

TFF濃縮

アフィニティー精製/VHH

イオン交換
or 超遠心

TFFバッファー置換

フィルター滅菌
/分注/製剤化

AAVベクター大量製造の工程とProcess Analytical Technology 
（ヘルパーフリー法の製造プラットフォームの例）

メソポア(細孔)を廃し、相互作用点を流路表面に構築
物質の移動は自然拡散に依存しない

溶質は通液とともに瞬時に担体と相互作用
↓

AAV1や8では、効率的に中空粒子分離
AAV9などでは、中空粒子除去のSOPやフットプリントが課題

混入ウイルス不活化
中空粒子除去

(Okada, et al., Hum Gene Ther, 2009)



periments�(each�performed�in�duplicate)�1010 genome�copies�of
AAV2�CMV�lacZ in�either�CsCl2 (1.4�g/cm3)�or�in�the�original
buffer�(PBS)�for�up�to�72�hr�at�4°C.�293�cells�were�then�infected
at�a�multiplicity�of�infection�(MOI)�of�1�and�stained�after�3�days
for�gene�expression�(Fig.�1).�The�number�of�LacZ-positive�cells
decreased�by�a�factor�of�2�each�day�the�virus�was�incubated�in
CsCl2.�After�72�hr�(corresponding�to�the�time�it�takes�to�perform
two�rounds�of�CsCl2 ultracentrifugation),�only�about�13%�of�the
original�virus�was�still�infectious.�We,� therefore,�developed�a
protocol�that�does�not�rely�on�CsCl2 gradient�centrifugation,�but

on� the�ability�of�AAV2� to� bind� to�heparin�(Summerford�and
Samulski,�1998),�and�compared�it�with� established�protocols.
We�focused�our�comparison�on�the�most�widely�used�CsCl2 cen-
trifugation�and� iodixanol/heparin�purification�protocol�(Zolo-
tukhin�et�al.,� 1999),�as� the�necessary�reagents�are�commonly
available�and�no�special�equipment�(HPLC�machine)�is�required.

A�preparation�of�300�15-cm�dishes�of�293�cells�were�triple-
transfected�with�an�AAV2�CMV�eGFP�cis plasmid,�the�pack-
aging�plasmid,�and�the�Ad�helper�plasmid.�Cells�were�harvested
3�days�later,�and�two�sets�of�50�plates�were�independently�pu-
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TABLE 1. COMPARISON OF CsCl2-,�IODIXANOL-,�AND SSCP-PURIFIED VECTORS: GENOME COPIES AND TRANSDUCING UNITS

Method GC TU Ratio�GC/TU Average�GC�yield Average�TU�yield Average�GC/TU

CsCl2 1 8.0�3 1012 7.2�3 1010 .111.0
CsCl2 2 6.6�3 1012 1.8�3 1011 37 7.3�3 1012 3.9�3 1010 74.0

Iodixanol�1 1.35�3 1012 3.4�3 1010 40 1.8�3 1012 1.1�3 1011 35.0
Iodixanol�2 2.2�3 1012 7.5�3 1010 30

SSCP�1 6.24�3 1012 6.0�3 1011 10.4 5.7�3 1012 5.5�3 1011 8.4
SSCP�2 5.2�3 1012 8.3�3 1011 6.3

Abbreviations:GC,�genome�copies;�TU,�transducing�units.

FIG.�1. Stability�of�AAV2�in�CsCl2.�A�total�of�1010 genomic�particles�of�AAV2�CMV�lacZ was�incubated�in�either�CsCl2 (1.4
g/cm3;�for�24,�48,�or�72�hr)�or�PBS�(for�72�hr,�designated�0�[0�hr�in�CsCl2])�at�4°C.�293�cells�were�then�infected�at�an�MOI�of
1�and�stained�after�3�days�for�gene�expression.�The�experiment�was�performed�twice,�each�time�in�duplicate.�Top:�The�relative
infectivity�compared�with�virus�in�PBS�over�time.�Bottom:�LacZ-positive�cells�transduced�with�virus�incubated�for�0,�24,�48,�and
72�hr�in�CsCl2.

細胞溶解物、発現培養上清
↓

アフィニティー精製（ウイルスクリアランス）
↓

短時間で処理可能な
大規模超遠心分離

(閉鎖系、洗浄バリデーション→GMP)

↓
生物活性の高い完全粒子

【次世代密度勾配超遠心】

・ 生物活性の維持
・ 中空粒子の効果的な除去
→安全性、有効性の向上 

(新技術)
3-tier UC

(大容量、 短時間)

【改良型ゾーナル遠心法】

・工程時間が1/10以下
→ ベクター生物活性の維持

・コスト改善
設備投資額1/2以下

変動費1/5以下
固定費1/3以下

キャピラリー電気泳動分析

超遠心精製の課題(処理能力・生物活性)と次世代技術の開発

A. AURICCHIO, J. WILSON, et al., HUMAN GENE THERAPY 12:71–76, 2001

(従来法)
CsCl-UC

(小容量、長時間)
↓

生物活性の低下

Wada M, Okada T, et al., Gene Ther. 2023

Wada M, Okada T, et al., Mol Ther, 2022;30(4S1):194
岡田ほか、PCT/JP2022/17762
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Clone Serotype Purity Yield Load
volume

AAV titer
[Vg/run]

CloneA AAV5 92% 54% 1L 4.E+13

AAV2 92% 32% 1L 3.E+13

AAV5 94% 55% 1L 1.E+14

CloneC AAV5 92% 77% 1L 1.E+13

CloneB
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AAV5 94% 55% 1L 1.E+14

CloneC AAV5 92% 77% 1L 1.E+13

CloneB

Global CDMOによる事業化に向けた技術評価

AAV5



ナノポアを用いたアデノ随伴ウイルスベクター分析技術の開発 
――簡易かつ高性能な遺伝子治療用製品の品質管理――

Tsutsui, et al., ACS Nano 2024

（IF 2021; 18.027）



Bespoke Gene Therapy Consortium:BGTC (FDA, 2021.10-)

https://fnih.org/BGTC

【概要】
希少疾患（病的バリアント6500-7000）に対する有効な遺伝子治療の開発を加速
FDA、米国立衛生研究所(NIH)、製薬企業10 社、非営利組織(NPO)5団体が提携
共有できる研究開発プラットフォームを構築することで時間やコストを削減
NIHのAccelerating Medicines Partnership (AMP)の一環、AMP for GT
NIH財団(Foundation for the National Institutes of Health:FNIH)が管理

【目的】
AAVベクターに関する基礎的な生物学の知見を更新
製造の効率化、有用性全般に反映
製造に関する生物学や原理などを研究
生産工程の効率化・迅速化
標準化した分析試験を確立
異なる生産工程にも広く適用 

【臨床研究の支援】
基礎研究が実質的に十分になされている疾患
非臨床試験の段階で、動物モデルを用いた試験から臨床試験までのプロセスを簡素化

【規制要件の簡略化】
FDAが安全性と有効性を判断するプロセスを効率化

【資金】
NIHと提携する企業や機関が協力し、5年間で 約7600万ドル(約86億円)を拠出
National Center of Advancing Translational Sciences (NCATS)*
*希少疾患遺伝子治療の開発効率化事業「Platform Vector Gene Therapy:PaVe-GT」を推進 
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まとめ（遺伝子治療用製品の開発に向けた製造・品質管理SDGs）

1. 自然環境 (健全な環境)

• 施設やベクター製造環境において、資源の循環利用を推進

2. 社会的健全性 (公正な社会貢献、拠点構築)

• 安全性・有効性の向上（製造プロセスの標準化、免疫応答対策、投与量低減）

• 専門人材育成を行い、労働条件改善により持続的に働ける職場環境を整備

• 患者・主治医の理解、新生児スクリーニング、バイオマーカー

• 品質基準の確立、第三者認証を設定し透明性と信頼性を確保

• デジタル化＞臨床・製造データの統合分析

3. 経済的健全性（製造原価の適正化、国際展開）

• プラスミド、ホスト細胞の技術革新、生産自動化

• エネルギー効率向上、サプライチェーンの現地調達、アジアのハブ

• 信頼性の高い技術と製品を提供、長期的なブランド価値を構築

• 市場動向や規制改革に対応、新しいニーズに応えるサービスや製品を開発
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