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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)

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 



遺伝子治療用製品の創薬ストラテジー

規格設計の手順

臨床試験プロトコル
（適応、投与量、経路）

試験製造
(GMP製造リスクの検証)

RS戦略相談
(PMDA)

治療遺伝子の設計

発現カセットの構築

ベクター系、カプシド

適応、全身・局所投与、副作用の予防・対策、併用薬剤

血中滞留性、組織親和性・拡散、薬効・薬理、用量

安全性、薬効・薬理

製造プラットフォーム
分析、品質保証の戦略基礎研究

非臨床安全性・有効性
品質管理

カルタヘナ
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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

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
分子スイッチ

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

DNA/mRNA 非ウイルス性 DDSが必要
慢性動脈閉塞症
ワクチン



ボルティモア分類
- 国際ウイルス分類委員会 -

（International Committee on Taxonomy of Viruses, ICTV）

第1群…2本鎖DNA (Adv, HSV)
第2群…1本鎖DNA (AAV)
第3群…2本鎖RNA
第4群…＋鎖（コーディング鎖）1本鎖RNA
第5群…−鎖（鋳型鎖）1本鎖RNA
第6群…逆転写1本鎖RNA+ (retrovirus)
第7群…逆転写2本鎖DNA (部分欠損)

DNA

RNA

ポリペプチド
タンパク質

形質

逆転写酵素
(高い変異率,環境変化に適応)
1970 テミン、ボルティモアが発見

SV40 (環状dsDNAゲノム)
ハムスターなど非自然宿主で発癌
large T抗原がp53やpRBに結合 

AAV

Adv

retrovirus (MoMLV, HIV-1) 
SARS-CoV-2



カルタヘナ法と拡散防止措置
1992年 生物多様性条約（LMO:Living Modified Organisms使用の国際的規制）
2000年 カルタヘナ議定書採択（コロンビアで交渉会議、米国は不参加）
2003年 カルタヘナ法成立（日本での対応、国際的に協力）

「遺伝子組換え生物等の使用等の規制による生物の多様性の確保に関する法律」

•第一種使用等→環境中での使用・環境影響評価、大臣承認
（例：遺伝子組換え植物の栽培、遺伝子治療の臨床試験）

P1レベルの拡散防止措置

通常の生物の実験室としての構造及び設備

P2レベルの拡散防止措置

P1レベル＋オートクレーブ＋安全キャビネット

手洗器実験台

P1A～P2Aレベルの拡散防止措置

通常の動物の飼育室としての構造及び設備

逃亡経路に、組換え動物等の習性に応じた
逃亡防止設備の設置

糞尿に遺伝子組換え生物等が含まれる場合
には糞尿を回収する設備

P1P～P2Pレベルの拡散防止措置

通常の植物の栽培室としての構造及び設備

排気設備は排気中の花粉等を最小限にと
どめるもの

実験内容を知らない者がみだりに実験室に
立ち入らないようための措置

入り口と保管設備に「P2レベル実験中」

排気

HEPAフィルター

オートクレーブ

安全キャビネット

拡散防止措置 〈ハード要件〉

窓・扉を閉める。

(AAV) (RV, LV, AdV, HSV)

(エアロゾル対策)

(施設内)

と表示

•第二種使用等→拡散防止措置、機関/大臣確認実験
（例：実験室での遺伝子組換え操作、遺伝子組換え動物の飼育） 感染性医療廃棄物

(バイオハザード)
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Ø アデノウイルスベクター
• 特徴
• ベクター作製
• 腫瘍溶解性ウイルス
• ワクチン

Ø AAVベクター
• 特徴
• ベクター作製
• カプシド改変
• 医療応用と全身大量投与による副作用
• 製造プロセスの開発動向
• 今後期待される技術



- Replication deficient

- 8 kb foreign DNA

- High titer production

- Infect variety of tissues

- High expression in non-replicating tissues

Adenovirus Vector



Adenovirus

[Levine, Viruses, 
Scientific American Library, 1992]

10

(36kb, dsDNA)

(gutted)

Adeno-associated virus (AAV) 

(4.7kb, ssDNA)



アデノウイルスベクターの特徴と改良

Gutted vector
(helper dependent)

Gene of 
Interest

X

Replication deficient

dsDNA, 8-30kb foreign DNA

High titer production

Infect variety of tissues

High expression in non-replicating tissues

第1世代: E1- and E3 +/-

第2世代: E1-, E2- or E4-, E3 +/-

第X世代: E1A+, E1B-, E3 +/-

X.1: E1A and/or E1B conditional

X.2: helper dependent



  Adeno-X™ Adenoviral System 3 User Manual 

(042221) takarabio.com   
Takara Bio USA, Inc. 

Page 7 of 39 

 

 

 
Figure 1. Constructing recombinant adenovirus with In-Fusion technology. DNA sequences can be rapidly transferred as PCR products to any 
pAdenoX vector using the In-Fusion cloning method. In this example, your gene of interest is amplified with 15 bp extensions that are homologous 
to the ends of the linearized adenoviral vector. The PCR product is then purified and mixed with the linearized adenoviral vector of choice in the In-
Fusion reaction. Following the reaction, a portion of the mixture is transformed into E. coli (Stellar Competent Cells) and screened. Once a PCR-
positive clone is identified, the recombinant pAdenoX vector is amplified, purified, and subsequently linearized with the restriction enzyme PacI, 
then transfected into Adeno-X 293 cells for viral rescue and amplification. Adeno-X GoStix™ can be used to determine the status of adenovirus 
rescue. 

II. List of Components 
For storage conditions, refer to the Certificate of Analysis supplied with each component.  

Each kit includes sufficient reagents to perform 10 reactions. 

A. Adeno-X Expression System 3 
Choose from the following 7 different system formats: 

Adeno-XTMAdEasyTM XL

AdEasy™ XL Adenoviral Vector System 5 

 

FIGURE 1 Production of recombinant adenovirus using the AdEasy XL adenoviral vector system 
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Efficient directional cloning of recombinant adenovirus vectors 
using DNA-protein complex

Nsp VXba I

DNA-Protein complex: AVC2.null/pJM17

Xba I

pAVC2

pJM17

Nsp VXba I

SV40 intron/pA

Bst 1107 I

(27490)

Bst 1107 I

(4261)

Pac I

CMV

(Spe I) (Cla I, Acc I, Taq I)
Nsp V

CMV

Nsp V

DNA-Protein complex: AVC2.null/pJM17

SV40 intron/pA

Bst 1107 I

(27490)

Bst 1107 I

(4261)

Pac I

(Pvu I) (Cla I, Acc I, Taq I)
Nsp V

pAVC2

Nsp VXba I

CMV

Bst 1107 I

Bst 1107 I

Pac I

E1b/E2b

DNA-Protein complex: dl327

Okada et al., 
Nucleic Acids Res., 1947-1950, 1998

(PCR)

Terminal
Protein
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アデノウイルスベクターの力価測定(物理, 生物学的)

Physical determination
Genome copy (qPCR)
1 OD260= 1.1 x 1012 vp

Biological determination
Physical characteristics

likelihood of vector and cell meeting
“pfu”= plaque forming unit
“MOI”= multiplicity of infection (pfu/cell)
g.c./pfu = quality index (小さい方が高活性)

Functional characteristics 
gene expression (marker gene)
gene function

plaque



アデノウイルスベクターの力価測定（プラーク形成能の定量化、TCID50 ）

https://catalog.takara-bio.co.jp/PDFS/6170_j.pdf

23タカラバイオ株式会社 製品コード 6170

図 4．50％ Tissue Culture Infectious Dose（TCID50）測定法の実際

A

B

C

D

E

F

G

H

1 2 3 4 5 6 7 8 9 10 11 12

8 8 8 8 8 7 3 2 0 0 0有効数

ウイルスによる細胞変性 50％以下

ウイルスによる細胞変性 50％以上

希釈列上でジャンプして現れた変性 50％以上は有効とカウントしない

縦列レーン 希釈倍率
 1 104 × 31

 2 104 × 32

 3 104 × 33

 4 104 × 34

 5 104 × 35

 6 104 × 36

 7 104 × 37

 8 104 × 38

 9 104 × 39

 10 104 × 310

 11 104 × 311

 12 コントロール：非感染細胞

Kärber の式より、
TCID 50 ＝（1列目の希釈倍率）×（希釈倍率）Σ－ 0.5

ただし、Σ＝各希釈段階における（変性 50％以上のウェルの数）/（検体数）の総和
上記の例では、
Σ＝ 8/8 + 8/8 + 8/8 + 8/8 + 8/8 + 7/8 + 3/8 + 2/8 ＝ 6.5
従って、TCID 50 ＝ 3 × 10 4 × 3 6.5-0.5 ＝ 2.2 × 107

使用したウイルス液は 50 μl なので、TCID 50 ＝ PFU とすると、ウイルス原液の力値は
2.2 × 10 7 × 1 ml ÷ 0.05 ml ＝ 4.4 × 10 8（PFU/ml）

Kärber の式から、TCID50 =(1 列目の希釈倍率)×(希釈倍率)Σ-0.5
ただし、Σ=各希釈段階における(変性50%以上のウェルの数)/(検体数)の総和
上記の例では、Σ= 8/8+8/8+8/8+8/8+8/8+7/8+3/8+2/8 = 6.5 
従って、TCID50 =3×104×36.5-0.5 =2.2×107

使用したウイルス液は 50μl なので、TCID50 = PFU とすると、
ウイルス原液の力値は 2.2 × 107 × 1ml÷0.05ml = 4.4 × 108 (PFU/ml) 

tissue culture infectious dose
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https://www.brainkart.com/article/Adenovirus-Vectors-in-Gene-Therapy_13981/

CAR (coxsackievirus and adenovirus receptor)



MOI

25

50

100

Ad5-eGFP Ad5-eGFP + CS

Ad5-mediated Gene Transfer with CAR-SCF fusion protein

CAR  (-)
Integrin av (+)
c-Kit  (+)

(%) GFP-positive

54%

69%

82%

CAR

c-Kit

SCF

M07e
(human myeloid cell)

Itoh et al., 
J. Gene Med., 929-940, 2003

メラノサイト, 生殖細胞, 肥満細胞, 
カハールの介在細胞, 肥満細胞症, 

セミノーマなどの胚細胞腫瘍, 
胸腺癌, GIST, 

ユーイング肉腫の一部など



非増殖型アデノウイルスによる癌抑制遺伝子の強制発現

遺伝子非導入細胞には効果がなく、再発のリスクが高い



GCV

GCV-MP

GCV-DP

GCV-TP

TK

GCV GCV

GCV

NO BYSTANDER EFFECT

GCV

GCV-MP

GCV-DP

GCV-TP

GCV-MP

GCV-DP

GCV-TP

TK

GCV

BYSTANDER EFFECT

GCV

GCV

薬剤感受性遺伝子による殺細胞効果

単純ヘルペスウイルス・チミジンキナーゼ（HSV-tk）遺伝子 + GCV

遺伝子非導入細胞にも効果



https://www.frontiersin.org/articles/10.3389/fmicb.2021.707290/full

腫瘍溶解性（制限増殖型）ウイルス

子孫ウイルスの産生
近傍のがん細胞に感染

↓
PAMPによる抗腫瘍免疫活性化  

細胞内で増殖できない 



hMps://www.fronNersin.org/arNcles/10.3389/fmicb.2021.707290/full

腫瘍溶解性（制限増殖型）ウイルス

fmicb-12-707290 July 15, 2021 Time: 18:34 # 3

Zhao et al. Oncolytic Adenovirus in Cancer Immunotherapy

TABLE 1 | Overview of the identified receptors of adenovirus species and serotypes.

Species Types Receptor(s)

A 12, 18, 31, 61 CXADR

B 3, 7, 11, 14, 16, 21, 34, 35, 50, 55, 66,
68, 76–79

CD46, desmoglein-2, CD80/86

C 1, 2, 5, 6, 57, 89 CXADR, VCAM-1, HSPG, MHC-Ia2,
scavenger receptor

D 8–10, 13, 15, 17, 19, 20, 22–30, 32,
33, 36–39, 42–49, 51, 53, 54, 56,
58–60, 62–65, 67, 69–75, 80–88,

90–103

Sialic acid, CD46, CXADR

E 4 CXADR

F 40, 41 CXADR

G 52 CXADR, polysialic acid

CXADR, coxsackievirus and adenovirus receptor; VCAM-1, vascular cell adhesion molecule-1; HSPG, heparin sulfate proteoglycans; MHC1-a2, major histocompatibility
complex-I a2. The data of adenovirus species and serotypes are from HAdV Working Group (http://hadvwg.gmu.edu/).

FIGURE 1 | Mechanism of oncolytic adenoviruses (OAds) in cancer immunotherapy. OAds selectively enter into malignant cells while being cleaned up by normal
cells. Subsequent viral replication leads to tumor cell lysis and release of virus- and tumor-specific antigens. These antigens are picked up by dendritic cells (DCs)
and presented to T cells, which initiate local antitumor immune activation. Activated T cells migrate into the tumor tissues, where T-cell attracting chemokines recruit
more immune cells, facilitating tumor immune infiltration and enhancement of immunotherapy efficacy. Furthermore, infection by OAds can also induce inflammation
that contributes to immune infiltration.

following sections, we will introduce the mainstream genomic
modification strategies of OAds in detail.

GENOMIC MODIFICATIONS OF
ONCOLYTIC ADENOVIRUS

Although wild-type adenoviruses preferentially infect tumor cells
due to the defective viral sensing mechanism of most tumor cells
(Xia et al., 2016), OAds can achieve better therapeutic results by
rational design. Capsid modification was used to improve tumor
tropism. For enhancing tumor selectivity, small deletions in the

pivotal viral genes and insertion of tumor-specific promoters are
being considered. Besides, OAds acquired high antitumor e�cacy
by adding immunostimulatory transgenes.

Improving Tumor Tropism
Ad5 is the most commonly used backbone for conventional
OAds design, whereas CXADR, the natural receptor of Ad5, is
absent or low expressed in many cancer cells (Koodie et al.,
2019). Unfortunately, low receptor expression can drastically
hinder e�ective entry of OAds into tumor cells. To address this
conundrum, adenoviruses can be redirected to other receptors by
modifying the adenoviral fiber-knob of the capsid.

Frontiers in Microbiology | www.frontiersin.org 3 July 2021 | Volume 12 | Article 707290



Journal of Cancer Research and Clinical Oncology (2023) 149:8117–8129

Clinical trials exploring the use of oncolytic adenoviruses in PDAC
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Journal of Cancer Research and Clinical Oncology (2023) 149:8117–8129

1 3 Table 1  Clinical trials exploring the use of oncolytic adenoviruses in PDAC

Title Adenovirus Other treatments Route of administration Phase Dosage (viral particles) Maximum tolerated 
dose (viral particles)

References

Safety and feasibility of 
injection with an E1B-
55 kDa gene-deleted, 
replication-selective 
adenovirus (ONYX-
015) into primary 
carcinomas of the pan-
creas: a phase I trial

ONYX-015—adenovirus 
with a 55 kDa deletion 
in the E1B region

N/A Intratumoural (CT-
guided + intraoperative)

I 6 doses ranging from 
2 ×  109 to 2 ×  1012

Not reached Mulvihill et al. (2001)

A phase I/II trial of intra-
tumoral endoscopic 
ultrasound injection of 
ONYX-015 with intra-
venous gemcitabine in 
unresectable pancreatic 
carcinoma

ONYX-015—adenovirus 
with a 55 kDa deletion 
in the E1B region

Gemcitabine Intratumoural (endo-
scopic ultrasound-
guided transduodenal 
and transgastric)

I–II 2 doses: 2 ×  1010 and 
2 ×  1011

Not reached Hecht et al. (2003)

Tolerability and safety of 
EUS-injected adenovi-
rus-mediated double-
suicide gene therapy 
with chemotherapy 
in locally advanced 
pancreatic cancer: a 
phase 1 trial

Ad5-yCD/mutTKsr-
39rep-ADP

Gemcitabine, 5-FC, val-
ganciclovir, radiation

Intratumoural (endo-
scopic ultrasound-
guided transgastric)

I 3 doses ranging from 
 1011 to  1012

Not reached Lee et al. (2020)

Phase I trial of oncolytic 
adenovirus-mediated 
cytotoxic and interleu-
kin-12 gene therapy 
for the treatment of 
metastatic pancreatic 
cancer

Ad5-yCD/mutTKsr-
39rep-hIL-12

5-FC, FOLFIRINOX 
or gemcitabine and 
albumin-bound pacli-
taxel

Intratumoural (endo-
scopic ultrasound-
guided transgastric)

I 3 doses ranging from 
 1011 to  1012

Not reached Barton et al. (2021)

VCN-01 disrupts pancre-
atic cancer stroma and 
exerts antitumor effects

VCN-01 Gemcitabine or nab-
paclitaxel with gem-
citabine

Intratumoural (endo-
scopic ultrasound-
guided transgastric)

I 2 doses:  1010 and  1011 1011 Bazan-Peregrino et al. 
(2021)

Phase I, multicenter, 
open-label study of 
intravenous VCN-01 
oncolytic adenovi-
rus with or without 
nab-paclitaxel plus 
gemcitabine in patients 
with advanced solid 
tumors

VCN-01 Nab-paclitaxel and gem-
citabine

Intravenous I 2 doses: 3.3 ×  1012 and 
 1013

1013 Garcia-Carbonero et al. 
(2022)



遺伝子組換えワクチンは、予防を目的とするものであるため、
再生医療等製品（遺伝子治療用製品）には該当せず、薬機法上は医薬品に該当



Figure 1. Intracellular and membrane bound sensors of Adenovirus
Toll-Like Receptors (TLRs) are membrane bound Pattern Recognition Receptors (PRRs)

that recognize conserved molecular structures known as pathogen-associated molecular

patterns (PAMPs) found on invading pathogens. (A) Based on the cell type, Ad has been

shown to elicit innate immune responses through TLR9 and MyD88 dependent pathways.

Ad induced stimulation of these pathways results in rapid activation of over 30 transcription

factors including NF-κB, and IRF3, as well as release of numerous cytokines and

chemokines. (B) Ablation of either MyD88 or TLR9 does not fully suppress these innate

responses, suggesting redundant systems, such as other TLR proteins, or adaptors such as

TRIF, exist that stimulate immune response pathways that are independent of MyD88 and/or

TLR9. (C) Intracellular sensors of dsDNA, such as RIG-I, are also likely PRRs involved in

Ad induced innate signaling in various cell types resulting in similar activation of

downstream pathways including activation of IRF3 and release of Type I IFNs. The effector

molecules, downstream of the activated receptors, are currently unknown, but are likely

shared with pathways known to be activated by other PAMPs. NFκB, nuclear factor kappa

B; TRIF, TIR domain-containing adaptor protein inducing interferon beta; MyD88, myeloid

differentiation primary response gene-88; IRF, interferon response factor; IFN, interferon;

IL, interleukin; MCP, monocyte chemoattractant protein; RANTES, regulated on activation,

normal T-cell expressed and secreted; MIP, macrophage inflammatory protein; IP,

interferon gamma inducible protein; MAVS , mitochondrial antiviral signaling.
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nodes (LNs)7. Once in the LN, the LNP is engulfed 
by dendritic cells (DCs), which subsequently produce 
and present the antigen to T cells for activation of the 
adaptive immune response.

The AdV vaccines also contain inherent adjuvant 
properties, although these reside with the virus par-
ticle that encases the DNA encoding the immuno-
gen. Following injection, AdV particles target innate 
immune cells like DCs and macrophages and stim-
ulate innate immune responses by engaging multiple 
pattern-recognition receptors including those that bind 
dsDNA — in particular TLR9 — to induce type I inter-
feron secretion8. Unlike AdV vectors, mRNA vaccines 
do not engage TLR9, but both vaccine formulations 
converge on the production of type I interferon (FIG. 1). 
Type I interferon-producing DCs and other cells that 
have taken up the vaccine-derived nucleic acids encoding 
the S protein can deliver both an antigenic and inflam-
matory signal to T cells in LNs draining the injection site. 
This activates S protein-specific T cells and mobilizes 
adaptive immunity against SARS-CoV-2 (FIG. 1).

The ability of mRNA and AdV vaccines to promote 
intracellular production of S protein along with innate 
immune responses should prime both CD8+ and CD4+ 
T cells to differentiate into effector and memory sub-
sets. In particular, vaccine-driven production of type I 
interferon promotes differentiation of CD4+ and CD8+ 
effector T cells producing inflammatory and cytotoxic 
mediators, and CD4+ T follicular helper (TFH) cells, 
which promote B cell differentiation into antibody- 
secreting plasma cells (FIG. 1). Both the mRNA and AdV 
vaccines require two doses spaced 3–4 weeks apart to 
promote optimal protection and have been associated 
with mild to moderate side effects, including injection 
site pain, transient fever and chills, which can be aug-
mented with the second dose. This secondary enhance-
ment of the inflammatory response can derive from 
short-term changes to innate cells like macrophages 
through a phenomenon called ‘trained immunity’9, 
and/or from activation of memory T cells and B cells 
generated from the initial injection. Type I inter-
feron has been shown to amplify T cell memory and 

MHC 
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AdV vaccine
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B cell
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Fig. 1 | How mRNA and adenovirus vector vaccines elicit immunity to SARS-CoV-2. The two vaccine formulations — 
mRNA encoding the SARS-CoV-2 spike (S) protein encapsulated in lipid nanoparticles or adenovirus (AdV) vectors 
encoding the S protein — gain entry into dendritic cells (DCs) at the injection site or within lymph nodes, resulting in 
production of high levels of S protein. In addition, innate sensors are triggered by the intrinsic adjuvant activity of the 
vaccines, resulting in production of type I interferon and multiple pro-inflammatory cytokines and chemokines. RNA 
sensors such as Toll-like receptor 7 (TLR7) and MDA5 are triggered by the mRNA vaccines, and TLR9 is the major 
double-stranded DNA sensor for the AdV vaccine. The resultant activated DCs present antigen and co-stimulatory 
molecules to S protein-specific naive T cells, which become activated and differentiated into effector cells to form 
cytotoxic T lymphocytes or helper T cells. T follicular helper (TFH) cells help S protein-specific B cells to differentiate  
into antibody-secreting plasma cells and promote the production of high affinity anti-S protein antibodies. Following 
vaccination, S protein-specific memory T cells and B cells develop and circulate along with high affinity SARS-CoV-2 
antibodies, which together help prevent subsequent infection with SARS-CoV-2. TCR, T cell receptor.

COMMENT

196 | APRIL 2021 | VOLUME 21 

mRNA and adenovirus vector vaccines elicit immunity to SARS-CoV-2 

John R. et al., Nature Reviews Immunology volume 21, pages 195–197 (2021)

獲得免疫
(記憶、特異的反応、増殖)

自然免疫
(抗原非特異的な初期応答)
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Table 1. EUA-licensed adenoviral vector-based vaccines for COVID-19 via intramuscular route.

Innovator Vaccine Vector Type Phase Formulation References

AstraZeneca/
University of Oxford

AZD1222
(Covishield and Vaxzevria) ChAdOx1

III
NCT05293665
NCT04973449

NCT05236491 and 14
more trials are ongoing.

Active Component:

• Replication-deficient chimpanzee Adenovirus
vector containing S protein gene of coronavirus.

Excipients:

• L-Histidine, L-Histidine hydrochloride
monohydrate, magnesium chloride hexahydrate,
polysorbate 80, ethanol, sucrose, sodium chloride,
disodium edetate dihydrate, water for injections

[94–96]

Gamaleya Research
Institute/Acellena Contract

Drug Research And
Development

GamCOVID-Vac (frozen) and
GamCOVID-Vac Lyo

(lyophilized)
(Sputnik V)

rAd26 and rAd5

III
NCT04640233
NCT04564716
NCT04530396
NCT04642339
NCT04656613
NCT04954092

Active Component:

• Replication-deficient rAd26 and rAd5 vector with
S protein gene of coronavirus.

Excipients:

• Tris(hydroxymethyl)aminomethane, sodium
chloride, sucrose, magnesium chloride
hexahydrate, disodium EDTA dihydrate (buffer),
polysorbate 80, ethanol 95%, water

[114,115]

Janssen Pharmaceutical Ad26Cov2-S
(JNJ-78436735) rAd26

III
NCT05047640
NCT04505722
NCT04614948
NCT04838795

NCT05220397 and 3 more
trials are ongoing.

Active Component:

• Replication deficient rAd26 vector, encoding a
stabilized variant of the SARS-CoV-2
Spike (S) protein

Excipients:

• Ethanol, polysorbate-80,
2-hydroxypropyl-�-cyclodextrin, citric acid
monohydrate, trisodium citrate dehydrate,
sodium chloride

[106]

CanSino Biologics/Beijing
Institute of Biotechnology

Ad5-nCoV
(Convidecia) rAd5

III
NCT05169008
NCT04540419
NCT04526990

Active Component:

• Replication deficient rAd5 vector with S protein
gene of coronavirus.

[107–109]
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Table 1. Cont.

Innovator Vaccine Vector Type Phase Formulation References

Gamaleya Research
Institute/Acellena Contract

Drug Research And
Development

Gam-COVID-Vac rAd5
II

NCT05248373; Phase III is
ongoing

Active Component:
• Replication deficient rAd5 vector with S protein

gene of coronavirus.
Excipients:

• Tris(hydroxymethyl)aminomethane, sodium
chloride, sucrose, magnesium chloride
hexahydrate, disodium EDTA dihydrate (buffer),
polysorbate 80, ethanol 95%, water

[116,117]

Gamaleya Research
Institute/

Acellena Contract Drug
Research And Development

Sputnik Light rAd26
III

NCT04741061 and 5 more
trials are ongoing.

Active ingredients:

• Replication deficient rAd26 containing the
SARS-CoV-2 protein S gene

Excipients:

• Tris (Hydroxymethyl) amino methane, sodium
chloride, sucrose, magnesium chloride
hexahydrate, EDTA disodium salt dehydrate,
polysorbate, ethanol, water for injection

[118,119]
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Table 3. Safety Concerns of Intramuscular vaccines and Intranasal vaccines.

Adverse Event Vaccine Reported Explanation References

Guillain-Barré syndrome (GBS) J&J/Janssen
In the uncommon illness known as GBS, the immune system of the body damages nerve cells,

leading to muscular weakness and occasionally paralysis. Men 50 years of age and older
make up the majority of GBS cases reported.

[174]

Capillary leak syndrome (CLS) mRNA COVID-19 Vaccines

The COVID-19 vaccination-related adverse event after immunization (AEFI) known as
capillary leak syndrome (CLS) has recently appeared. Increased capillary permeability in CLS,

a rare disorder that mostly affects the upper and lower limbs, causes hypoalbuminemia,
hypotension, and edema.

[175]

Anaphylaxis

Pfizer-BioNTech or Moderna (mRNA COVID-19
vaccines),

A tetravalent cold-adapted live-attenuated
influenza vaccine (LAIV) produced by

Medimmune/AstraZeneca and Nasovac®

Approximately five incidences of anaphylaxis have been reported after receiving the
COVID-19 vaccine for every million doses of the vaccine. Any sort of immunization might

result in anaphylaxis, a severe allergic response.
[176–178]

Thrombosis with thrombocytopenia
syndrome (TTS)

J&J/Janssen, Pfizer-BioNTech or Moderna (mRNA
COVID-19 vaccines)

Approximately four incidences of thrombosis with thrombocytopenia syndrome (TTS)
following J&J/Janssen COVID-19 vaccine have been reported per million doses given. TTS is
an uncommon but dangerous adverse effect that results in low platelets and blood clots in big

blood arteries.

[178,179]

Myocarditis and pericarditis Pfizer-BioNTech or Moderna (mRNA COVID-19
vaccines)

Pericarditis is an inflammation of the heart’s outer membrane, whereas myocarditis is an
inflammation of the heart muscle. The majority of people who had myocarditis or pericarditis

after receiving the COVID-19 vaccine reacted favorably to treatment, rest, and improved
swiftly. The majority of instances, notably in male teenagers and young adults, have been

linked to Pfizer-BioNTech or Moderna (mRNA COVID-19 vaccinations).

[180]

Reports of death J&J/Janssen

Clinicians from the CDC and FDA examined death reports submitted to Vaccine Adverse
Event Reporting System (VAERS), which may include death certificates, autopsies, and

medical records. Nine deaths that can be directly linked to the J&J/Janssen COVID-19 vaccine
have been found via ongoing surveillance. The CDC and FDA keep track of reports of

fatalities following COVID-19 vaccinations and update data when it becomes available.

[178]

Bell’s palsy (Nasalflu, Berna Biotech, Leiden, The Netherlands)

Bell’s palsy is a disorder that causes the muscles on one side of the face to suddenly weaken.
The weakness often subsides over a few weeks and is only transitory. The weakening makes
the lower portion of the face look sagging. One-sided smiles causes the afflicted eye to resist

closing.

[181,182]

Postural orthostatic tachycardia syndrome
(POTS) mRNA-based vaccines

After standing or sitting up, a condition known as postural tachycardia syndrome (PoTS)
causes an unnatural rise in heart rate. Consistent signs include fainting and dizziness.

Postural orthostatic tachycardia syndrome (POTS) is another name for it.
[183]
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Ø アデノウイルスベクター
• 特徴
• ベクター作製
• 腫瘍溶解性ウイルス
• ワクチン

Ø AAVベクター
• 特徴
• ベクター作製
• カプシド改変
• 医療応用と全身大量投与による副作用
• 製造プロセスの開発動向
• 今後期待される技術



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
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AAVベクターの力価測定 (qPCR vs. dd/ndPCR)

hMps://catalog.takara-bio.co.jp/product/basic_info.php?uniNd=U100007793 https://www.gene-lab.com/column/column_210702_01.html

スタンダード不要、複数箇所の同時解析
ナノプレート化

ベクターゲノムのコピー数を測定
ITR, GOI, polyAなど複数箇所を解析



ベクターの設計において考慮すべき事項

【ベクターゲノム】

組織特異的小型プロモーター/エンハンサー

発現スイッチ

免疫応答の回避（CpG排除、メチル化）

由来不明配列の除去、誤封入の防止

コドン至適化、高機能変異体

ssAAV/scAAV（自己相補型）

【血清型、カプシド変異体】

知財障壁（徐々に解消）

変異体の効率的スクリーニング

翻訳後修飾（安全性、有効性）
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AAVR (multi-serotype receptor for AAV)ARTICLES NATURE MICROBIOLOGY

reported procedure in Relion-2.124. The micrographs indicated the 
existence of capsid-bound AAVR forms (Fig. 1a,b; Supplementary 
Fig. 1). The local defocus of each selected particle was further 
optimized in the particle-filter-based cryo-EM image processing 
program THUNDER25 during the expectation step in the expec-
tation–maximization algorithm. The local defocus determination 
excludes the strong signal from the carbon film in the micrograph. 
As a result, the post-processed resolution estimated using a cut-off 
value of 0.143 for the Fourier shell correlation (FSC) improved from 
3.10 Å to 2.80 Å for AAV2 and from 3.07 Å to 2.84 Å for the AAV2–
AAVR complex (Supplementary Figs. 2–4; Supplementary Table 1).

Previous studies have shown that not all of the five PKD domains 
in AAVR are necessary for interacting with AAV capsids21,26. Although 
the entire ectodomain of AAVR was incubated with AAV2, the den-
sities of the binding interface with the AAV2 capsid involved only 
a single PKD domain (Supplementary Fig. 5). Identifying the exact 
PKD peptide sequence required distinguishing the different AAVR 
PKD domains, which was challenging because of the high similar-
ity among their sequences and secondary structures (Supplementary  
Fig. 6a). Previous reports have demonstrated that domains PKD1–3 
are responsible for AAV2 attachment21. As we obtained high-
quality density maps of the featured portions, the amino acid side 
chains bound to the AAV2 capsid were identified as belonging to 
AAVR PKD2. In particular, the short and hydrophilic side chain 
of S171 is unique to PKD2 compared with the other PKD domains 
(Supplementary Fig. 6b), which enabled confident identification.

One AAVR PKD2 lies on the plateau region of the AAV cap-
sid and interacts with the right rim of the spike surrounding the  

icosahedral three-fold axis (Fig. 1c–f). Considering that only the 
PKD2 domain is visible in the density map, the AAV2–AAVR  
complex has a diameter of 305 Å, slightly larger than that of the 
unbound AAV2 particles (diameter of 280 Å) (Fig. 1c,d). The  
overall conformation of the AAV2 capsid with or without AAVR 
binding displays high identity, with a root mean squared devia-
tion (r.m.s.d.) of 0.54 Å, for 516 aligned Cɑ atoms. However, the  
β BC1–β C loop (residues AAVS262–AAVD269) and the β GH2–β GH3  
loop (residues AAVT450–AAVQ457) showed significant structural 
shifts following AAVR binding. For clear structural descrip-
tions, a modified secondary structure arrangement derived from 
a previously reported AAV2 structure15 was used in this work 
(Supplementary Table 2).

Structure of AAVR. The unambiguous density of PKD2 indicated 
a stable interaction with the AAV2 particle and supported the trac-
ing of the PKD2 polypeptide spanning residues from AAVRR144 to 
AAVRK237 (Fig. 1g–i; Supplementary Fig. 5). AAVR PKD2 resem-
bles a canonical folding of the Ig-like domain, consisting of two 
stacked antiparallel β -sheets (Fig. 1h,i). The N-terminal half con-
tains strands A–G–F–C, and the carboxy-terminal half consists of 
strands B–D–E, which are held together by a hydrophobic core of 
buried residue side chains. A notable feature of AAVR PKD2 is the 
presence of the extended BC and FG loops, which connect strands 
B–C and F–G, respectively. From the N terminus of AAVR PKD2, 
residues AAVRR144 to AAVRF156 form a hydrophobic stack with strand 
G and the BC loop in an extended conformation. In this N-terminal 
extension, AAVRS153 and AAVRP154 form a small protrusion.
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Fig. 1 | The cryo-EM structures. a,b, The central cross-sections through the cryo-EM maps of the unbound AAV2 (a) and AAV2–AAVR complex (b) 
are shown with the icosahedral two-, three- and five-fold axes. Each image in the 440!pixel boxes corresponds to 409!Å in each dimension. Scale bars, 
100!Å. c,d, The rendered images of the unbound AAV2 capsid (c) and the capsid bound to AAVR (d) are shown and labelled with the particle dimensions. 
Depth cueing with colours is used to indicate radius (< 90!Å, blue; 100–125!Å, from cyan to yellow; > 140!Å, red). The icosahedral five- and three-fold 
axes are represented by pentagons and triangles, respectively. e,f, The structure of trimeric AAV2 protomers in complex with AAVR is shown in ribbon 
representation in two perpendicular views from the side (e) and top (f). The approximate inner and outer boundaries of the shell are marked with grey 
arcs. The three AAV2 VP protomers are in blue, green and cyan. The bound AAVRs are drawn as red ribbons. The five- and three-fold axes are indicated by 
pentagons and triangles, respectively. g, Domains of the full-length AAVR. h, The AAVR PKD2 domain possesses an Ig-like fold, containing seven  
β -strands named A–G (in red). The loops in between are shown in green. i, Topological secondary structure of the PKD2 domain of AAVR. The β -strand 
elements are alphabetically labelled and shown as red arrows.
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is shown to be rate-limiting for AAV in-
fection. It will also be important to under-
stand whether the putative glycosylated 
isoforms of AAVR a!ect AAV binding of 
the various serotypes.13 

"is exciting study highlights the pow-
er of unbiased genetic screens in unravel-
ing the mysteries of biology, as it is stagger-
ing to consider that AAV has been studied 
for more than 50 years, and yet until now, 
no universal receptor has been found that 
impacts the entry of all AAV serotypes. Of 
course, the potential to harness the AAV–
AAVR interaction to improve transduc-
tion of AAV vectors for gene therapy will 
be of strong interest.
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Pillay et al.2 convincingly demon-
strate an in vivo requirement for AAVR, 
as AAVRKO mice are resistant to infection 
with AAV9. Interestingly, AAVR has been 
reported to have little comparative expres-
sion in skeletal muscle tissue and the liv-
er,13 which are two tissues that are known 
to have enhanced transduction with AAV9 
as compared to other AAV serotypes.20,21 
"is might seem inconsistent, but RNA-
seq data from both the Genotype-Tissue 
Expression (GTEx) project and the Illu-
mina Body Map indicate AAVR message 
is expressed in skeletal muscle and liver. 
Additionally, the AAVR gene is predicted 
to have multiple splice variants that could 
complicate its detection by traditional ap-
proaches. In the years ahead, new studies 
will surely explore AAVR splice variants, 
tissue distribution, and expression levels to 
see how they impact not only AAV9, but 
other serotypes in vivo, particularly if the 
interaction between the capsid and AAVR 

in these VP1 domains have been shown 
to accumulate at the Golgi,18 it may not 
be a coincidence that AAVR migrates to 
this location as well. If a direct interac-
tion of AAV and AAVR is required for 
infection of all AAV serotypes either at 
the surface or a#er internalization, then 
an evolutionarily conserved amino acid 
epitope or structure must be involved. 
Amino acid sequence identity between se-
rotypes can be as little as 45%,19 with the 
loop regions showing the least conserva-
tion. Of note, regions in VP1 spanning 
the catalytic residues of the phospholipase 
domain are highly conserved, even among 
other parvoviruses, such as minute virus 
of mice, canine parvovirus, and porcine 
parvovirus. Regardless of whether a con-
nection can be made between AAVR and 
VP1 function, it would be interesting to 
discover if the importance of AAVR dur-
ing infection extends to viruses outside the 
dependovirus family. 

Figure 2 The role of AAVR may not be virus uptake. The AAV serotypes 1–9 may in-
ternalize into the cell using distinct surface receptors, and the function of AAVR may lie 
within the endosome, e.g., aiding in a conformational change for VP1 extrusion, or trafficking 
the different serotypes to the trans-Golgi network, where Ca2+ levels may be optimal for VP1 PLA2 
activity leading to efficient escape to the cytoplasm and subsequent nuclear transport.22 This is not 
inconsistent with the data of Pillay et al.2 The soluble AAVR and polyclonal antibody used by Pillay 
et al. may disrupt an interaction of AAVR with another plasma or endosomal membrane protein 
(e.g., disrupt a homo- or hetero- interaction) that is necessary for function of AAVR. The function 
of AAVR may be aiding in the conformational change of AAV necessary for infection, or the func-
tion may be for trafficking of AAVR to the TGN. It will be important to look at the effect of soluble 
receptor and antibody on the steps of binding, internalization, and trafficking of AAV to gain a 
better understanding of the stage at which AAVR is actually functioning.
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including, e.g., the rate of endocytic uptake, 
endosomal tra!cking, endosomal escape, 
nuclear translocation, virus uncoating, and 
genome conversion/or expression. Pillay 
et al. demonstrated that AAVR associates 
with a cis-medial marker (giantin) and co-
localizes with a trans-Golgi network (TGN) 
marker, TGN46, at steady state. "e authors 
were able to label a pool of AAVR at the 
plasma membrane by cooling cells to 4°C 
and showed that AAVR rapidly migrated  
from the plasma membrane to the Golgi 
once cells were warmed to initiate endo-
cytosis. Although the authors remark that 
this tra!cking pattern is similar to what 
is known for AAV2 infection,14 this study 
does not directly address whether AAVR 
plays a role in virus uptake or tra!cking. 
Curiously, Pillay et al. also demonstrated 
that AAVR fusion mutants carrying the C-
terminal domain of low-density lipoprotein 
receptor and poliovirus receptor, which are 
known to internalize and tra!c through 
endosomal pathways that are not associated 
with the Golgi, were able to partially rescue 
AAV2 infection in AAVRKO cells. Tra!ck-
ing through the Golgi may be the preferred 
route, but this #nding supports the idea that 
AAV can use multiple distinct endocytic 
pathways and that tra!cking through the 
Golgi may not be an absolute requirement 
for infection. Indeed, evidence for AAV ex-
ploiting multiple endocytic pathways can 
be found in the literature, including clath-
rin-mediated endocytosis, non-clathrin-
coated pathways, e.g., CLIG/GEEC, and 
macropinocytosis.4,14–16 "e ability of AAV 
to use multiple independent pathways is 
an example of virus $exibility and has long 
been thought to be driven by pressures spe-
ci#c to certain cell types or environmental 
conditions, making the discovery of AAVR 
seem all the more impressive, as it appears 
to be universally required for all serotypes 
and cell targets tested. 

Exposure to acidic pH in endosomes 
appears to be essential for virus infection, 
as it is linked with conformational changes 
in the AAV capsid that permit escape into 
the cytoplasm. "e N terminus of capsid 
protein VP1, which normally is tucked 
away in the AAV interior, becomes ex-
truded through a capsid pore during this 
conformational change, thereby present-
ing a phospholipase domain and nuclear 
localization signals that are required for 
escape into the cytoplasm and nuclear 
tra!cking, respectively.17 When consider-
ing that AAV vectors carrying mutations 

all are true. A logical next step would be 
to interrogate AAV binding, uptake, and 
subcellular tra!cking in AAVRKO cells. If 
cells de#cient in AAVR still e!ciently fa-
cilitate AAV attachment and endocytosis, 
it would indicate AAVR as a cellular factor 
mediating later steps in entry. 

We note that Pillay et al.2 report the 
binding a!nity of AAV2 for AAVR with 
a Kd of 150 nm, a much lower a!nity than 
that observed for the AAV2 heparan sul-
fate interaction, which has been estimated 
to range from 0.1 to 3.7 nm Kd.11,12 AAVR 
has also been described to form homodi-
meric interactions,13 and thus one alter-
native explanation of the data is that the 
soluble AAVR, and the polyclonal AAVR-
speci#c antibody are inhibiting infection 
by disrupting a multimeric receptor inter-
action important for AAV entry (Figure 1) 
or infection (Figure 2), and that a direct 
interaction of AAVR with AAV at the cell 
surface is not necessary. 

Variable transduction e!ciencies ob-
served in di%erent tissues for AAV serotypes 
have been attributed, in part, to their bind-
ing to di%erent cell surface receptors. How-
ever, there are many potential stages in the 
infectious entry pathway in which the e!-
ciency of AAV transduction can be a%ected, 

AAVR occurs at the cell surface and that 
AAVR serves as a cell surface receptor. 
Soluble AAVR (with PKD domains 1–5) 
bound directly to AAV2 particles in an 
enzyme-linked immunosorbent assay, and 
soluble AAVR as well as AAVR-speci#c 
antibody inhibited AAV2 infection in a 
concentration-dependent manner. In ad-
dition, deleting the C terminus of AAVR, 
which encodes a motif required for endo-
cytic sorting, prevented internalization of 
AAVR and was not able to rescue AAV2 
infection when expressed in AAVRKO cells. 
Intriguingly, AAVR fusions with di%erent 
C-terminal domains could rescue infec-
tion. Although these data may support a 
direct interaction at the cell surface, the 
authors concede that they cannot rule out 
the possibility that AAV interacts with 
AAVR a&er entry into the host cell. Going 
forward, it will be important to tease apart 
this distinction, i.e., if AAVR directly in-
teracts with AAV at the cell surface, or is 
part of a multimeric receptor complex at 
the cell surface that is important for uptake 
(Figure 1) or later steps in entry, or rather 
if AAVR interacts with AAV a&er internal-
ization of the virus and promotes subse-
quent steps in the life cycle, such as escape 
into the cytoplasm (Figure 2). Perhaps 
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Figure 1 Potential scenarios for AAV cellular uptake mediated by AAVR. AAV serotypes 
1–9 may exhibit a direct interaction with AAVR by binding to a monomer, a dimer, or even 
a heterodimer of AAVR, followed by subsequent endocytosis. Alternatively, AAVR may form 
a multimeric complex with other AAV receptors (e.g., glycans or other receptors) necessary for 
endocytosis, and a direct interaction with AAVR at the cell surface is not required.

AAV serotypes 1–9

Monomer

Homo-/
hetero-
dimer

Multimeric
complex

H+

H+

H+

Summerford et al., Mol Ther, 2016

endocytic sorting

escape into the cytoplasmmultimeric receptor complex at cell surface

glycans

1. Attachment (entry) 2. Endocytosis (trafficking)

吉田
9/12, O10-5 



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.
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Vector Genome PAMP (pathogen-associated molecular patterns) CpG Content
Determines the Fate of rAAV-Transduced Hepatocytes 
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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)
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scAAVによる低ホスファターゼ症の新生児遺伝子治療
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proteinaceous capsid, which has opened the door to viral vec-
tors with enhanced tissue specificity, cellular uptake, transgene
expression, and protection from neutralizing antibodies. The en-
gineering of the capsid has been complemented by sophisticated
design of the packaged vector genome tomodulate the time, loca-
tion, and strength of transgene expression. In addition, synthetic-
biological principles have extended the toolbox for upgrading
AAV-based vectors at various levels of the transduction cycle.
In this review, we summarize recent advances in the engineer-

ing of recombinant AAVs (rAAVs) with an emphasis on synthetic-
biological approaches. We will first give an overview of the biol-
ogy and infection cycle of AAV. Then, we will describe engineer-
ing strategies to control distinct stages of AAV transduction—at
the capsid and at the vector genome level. Although the thera-
peutic potential of most of these designed vectors has yet to be
evaluated in the clinical setting, they represent novel concepts
that will likely contribute to both the development of advanced
gene delivery vehicles and the uncovering of fundamental AAV
biology-related mechanisms.

2. AAV—A Small but Promising Gene Delivery
Vehicle

AAVs are small (≈25 nm in diameter), nonenveloped, single-
stranded DNA (ssDNA) viruses. They are classified as
dependoviruses—a genus belonging to the family of Parvoviridae
(“parvum”: Latin for small).[27] As the genus name implies, AAV
replication and production of progenitor viral particles depend
on coinfection with a helper virus such as adenovirus, herpes
virus, or vaccinia virus.[28–30] In the absence of these helper
viruses, latent infection with AAV occurs by integration into the
host genome, preferentially at the AAVS1 locus on chromosome
position 19q13.[31,32]

2.1. Genome Organization

The 4.7 kb ssDNA genome of AAV is encapsidated in both (+)
and (−) single-strand orientation. It is composed of inverted ter-
minal repeats (ITRs), which are structural elements required for
second strand synthesis, genome amplification, integration into
the chromosome, and ssDNA packaging. The ITRs flank the four
genes rep, cap, aap, and the newly identified maap[33] (Figure 1).
The rep gene encodes four nonstructural proteins of different
molecular weight (Rep40, Rep52, Rep68, Rep78). They are pro-
duced from two alternatively spliced mRNAs whose expression
is controlled by the two promoters p5 and p19 (Figure 1). The
promoter numbers indicate the location on the AAV genome in
map-units (1 map unit corresponds to 1% of the genome size in
bp). The Rep proteins are important regulators of AAV integra-
tion, reactivation, replication, and genome packaging. Expression
of the cap gene, which is controlled by the p40 promoter, results
in the production of three structural proteins, VP1 (viral protein-
1; 87 kDa), VP2 (72 kDa), and VP3 (62 kDa) (Figure 1). VP3
and VP2 share identical sequences with the carboxy-terminus of
VP1. These proteins are produced in a 1:1:10 ratio (VP1:VP2:VP3)
from two alternatively spliced mRNAs and assemble an icosa-
hedral capsid composed of 60 VPs. VP1 is produced from the

Figure 1. Genomic organization of AAV. The AAV capsid contains an
≈4.7 kb ssDNA genome comprised of inverted terminal repeats (ITRs)
flanking the regulatory regions and coding sequences for AAV replication.
The two promoters p5 and p19 drive the expression of two rep transcripts,
which are alternatively spliced and result in the production of two large
(Rep68 and Rep78) and two small (Rep40 and Rep52) proteins. The p40
promoter controls the expression of the cap transcript. Alternative splicing,
nonconventional start codons, and the use of alternative reading frames
result in five gene products: the three capsid proteins (VP1, VP2, and VP3),
the assembly-activating protein (AAP), and the membrane-associated ac-
cessory protein (MAAP).

minor splice product. The translation of VP3 is initiated from
a conventional AUG start codon, whereas low levels of VP2 are
produced from a nonconventional ACG start site. In addition to
the VP proteins, the cap region encodes the assembly-activating
protein (AAP) in an alternative open reading frame with a non-
conventional CUG start codon.[34] AAP localizes in the nucleus,
where it plays an essential role for most serotypes (with the ex-
ception of AAV4, AAV5, and AAV11[35]) in promoting the cap-
sid assembly of newly synthesized viral proteins.[34] Recently, an
intriguing study employed a codon-scanning approach to detect
hidden genes in alternative reading frames.[33] The authors iden-
tified an additional gene product in the VP1 region coding for a
membrane-associated accessory protein (MAAP) with an as-yet
undefined function. Interestingly, individual MAAP mutations
had no negative impact on viral production, but production of
MAAPmutants wasmarkedly impaired in the presence of a com-
petitive wild-type AAV genome. In addition, the authors ques-
tioned the existence of the gene X[36] putatively encoded on an
alternative reading frame in the 3’ region of cap.

2.2. Tropism

Up to date, more than ten AAV serotypes have been isolated
from human and nonhuman primate tissues. In general, these
serotypes show a broad tropism, though the different serotypes
have preferences for distinct tissues. The cell and tissue specifici-
ties of different serotypes can be harnessed in the development
of therapeutic vectors. For example, AAV8 efficiently transduces

Adv. Sci. 2021, 8, 2004018 © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH2004018 (2 of 22)
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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 
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CREATE (Cre recombination–based AAV targeted evolution)

指向性は動物種や投与経路に依存
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Figure 1 Cre-dependent recovery of AAV capsid 
sequences from transduced target cells.  
(a) An overview of the CREATE selection 
process. PCR is used to introduce diversity (full 
visual spectrum vertical band) into a capsid 
gene fragment (yellow). The fragment is cloned 
into the rAAV genome harboring the remaining 
capsid gene (gray) and is used to generate a 
library of virus variants. The library is injected 
into Cre transgenic animals, and PCR is used 
to selectively recover capsid sequences from 
Cre+ cells. (b) The rAAV-Cap-in-cis-lox rAAV 
genome. Cre inverts the polyadenylation (pA) 
sequence flanked by the lox71 and lox66 sites. 
PCR primers (half arrows) are used to selectively 
amplify Cre-recombined sequences. (c) PCR 
products from Cre recombination–dependent 
(top) and –independent (bottom) amplification 
of capsid library sequences recovered from 
two Cre+ or Cre– mice are shown. Schematics 
(bottom) show the PCR amplification strategies 
(see Supplementary Fig. 1 for details).  
(d) Schematic shows the AAV genes within the 
Rep-AAP AAV helper plasmid and the proteins encoded by the cap gene. Stop codons inserted in the cap gene eliminate VP1, VP2 and VP3 capsid 
protein expression. (e) DNase-resistant AAV vector genomes (vg) produced with the split AAV2/9 Rep-AAP and rAAV-Cap-in-cis-lox genome (top) as 
compared to the vg produced with standard AAV2/9 Rep-Cap helper and rAAV-UBC-mCherry genome (middle) or with the AAV2/9 Rep-AAP and rAAV-
UBC-mCherry genome (bottom). n = 3 independent trials per group; mean o s.d.; **P < 0.01, ***P < 0.001; one-way ANOVA and Tukey’s multiple-
comparison test. (f) Cloning the 7-mer capsid library into the rAAV-$Cap-in-cis vector. (g) The AAV9 surface model shows the location of the 7-mer 
inserted between amino acids (aa) 588 and 589 (magenta). Sites encoded with the PCR-generated library fragment (aa 450–592) are shown in yellow.

AAV-PHP.B and AAV9 capsids were used to package a single-
stranded (ss) GFP reporter vector driven by the ubiquitous CAG  
promoter (ssAAV-CAG-GFP). Both AAV-PHP.B and AAV9 produced 

virus with similar efficiencies (Supplementary Fig. 2c). We next admin-
istered 1 × 1012 vector genomes (vg) of either vector to 6-week-old  
mice by intravenous injection and assessed transduction by GFP 
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Figure 2 AAV-PHP.B mediates efficient  
gene delivery throughout the CNS after 
intravenous injection in adult mice.  
(a–f) ssAAV9:CAG-GFP or ssAAV-PHP.B: 
CAG-GFP, at 1 × 1012 or 1 × 1011 vg/mouse  
(a, right), was intravenously injected into adult mice.  
Images show GFP expression 3 weeks after 
injection. (a) Representative images of  
GFP IHC in the brains of mice given AAV9  
(left) or AAV-PHP.B (middle and right).  
(b) Native GFP fluorescence in the cortex (left) 
or striatum (right) in 50-Mm maximum intensity 
projection (MIP) confocal images. (c) GFP 
fluorescence in the PARS-cleared24 lumbar 
spinal cord. (d) GFP fluorescence in the retina 
(left: 20 Mm MIP, transverse section; right: 
whole-mount MIP). (e,f) GFP fluorescence in 
3D MIP images of PARS-cleared tissue from 
AAV-PHP.B transduced cortex and striatum (e) 
and indicated organs from mice transduced with 
AAV9 (top) or AAV-PHP.B (bottom) (f). Arrows 
highlight GFP+ nerves. Asterisks in the image  
of the pancreas highlight GFP+ islet cells.  
Major tick marks in 3D projections are  
100 Mm. (g) AAV biodistribution in the indicated 
brain regions (top) and organs (bottom) 25 d 
after intravenous injection of 1 × 1011 vg into 
adult mice. n = 3 for AAV-PHP.B and n = 4  
for AAV9; mean o s.d.; **P < 0.01,  
***P < 0.001, unpaired t-tests corrected 
for multiple comparisons by the Holm-Sidak 
method. Scale bars, 1 mm (a,c (left));  
50 Mm (b,c (right), d,e). Major tick marks in 3D 
projections in c, e, f are 100 Mm.

Deverman et al., Nat. Biotechnol. 2016
Chan et al., Nat. Neurosci. 2017
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to stochastically label cells with a wide range of hues while inde-
pendently controlling the fraction of cells labeled. In addition, using 
the new capsids reported here, we expressed a variety of fluorescent 
reporters under different cell-type-specific promoters, supporting the 
potential use of these vectors for population-wide genetic manipula-
tions of the nervous system in Cre transgenic or wild-type mice.

RESULTS
Engineered AAV capsids for efficient transduction across the 
central and peripheral nervous systems
Here we report two new AAV capsids that provide increased gene 
transfer to the CNS and the PNS via the vasculature. We developed 
these vectors by applying the previously published in vivo capsid selec-
tion method CREATE20 (Fig. 1a) to AAV-PHP.B and AAV9 as parental 
capsids. First, we sought to evolve the previously described AAV-PHP.
B vector for more efficient tropism toward the CNS. We generated 
an AAV capsid library in which the AAV-PHP.B heptamer targeting 
sequence was modified by randomizing three consecutive amino acids 
in an overlapping fashion across the heptamer and flanking amino acids 
(Online Methods). To provide selective pressure for capsids that trans-
duce both neurons and glia, we subjected the library to parallel in vivo  

selections in adult Vglut2-IRES-Cre, Vgat-IRES-Cre and GFAP-Cre 
mice, which express Cre in glutamatergic neurons, GABAergic neu-
rons and astrocytes, respectively. After two rounds of selection, we 
found that a variant comprising the sequence DGTLAVPFK in place 
of the AAV-PHP.B sequence AQTLAVPFK at amino acid positions 
587–595 (Fig. 1b) was enriched in all three transgenic lines (11.1%, 
12.1% and 15.7% of the total recovered sequences, respectively). We 
used this DGT substitution variant or AAV-PHP.B to package a sin-
gle-stranded (ss) AAV reporter genome that expresses a nuclear GFP 
(NLS-GFP) from the constitutive CAG promoter (ssAAV-CAG-NLS-
GFP) and delivered 1 × 1011 vg of the viruses by intravenous injection 
to adult mice. The DGT substitution variant appeared to transduce 
the CNS more efficiently than AAV-PHP.B as judged by wide-field flu-
orescence microscopy of the intact brain (Fig. 1c) and confocal micro-
scopy on thin sections from brain (Fig. 1f) and spinal cord (Fig. 1g).  
We refer to this enhanced AAV-PHP.B variant as AAV-PHP.eB and 
present further quantitative characterization below. Second, we per-
formed a separate selection of an AAV9-based heptamer library in 
GFAP-Cre mice20. After two rounds of selection, we found a variant 
(heptamer sequence QAVRTSL) that represented 33.3% of the total 
sequences recovered (Fig. 1b). As above, we evaluated the capsid 
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Figure 1 Engineered AAV capsids for efficient transduction across the peripheral and central nervous systems. (a) Schematic of the CREATE selection 
method. (b) The amino acid sequences for the heptamer insertions and flanking AAV9 sequences for AAV-PHP.S, AAV-PHP.B and AAV-PHP.eB;  
the heptamer and adjacent substitutions are highlighted in colored text. (c–g) ssAAV-CAG-NLS-GFP was packaged into the indicated capsid and 
intravenously injected into adult mice at 1 × 1012 vg per mouse (AAV9 and AAV-PHP.S; c–e) or 1 × 1011 vg per mouse (AAV-PHP.B and AAV-PHP.eB; 
c,f,g). (c) Representative whole-brain fluorescence images after 3 weeks of expression. (d–g) Representative confocal images of native GFP fluorescence 
from sagittal brain sections (d,f) and transverse spinal cord sections (e,g) for the indicated capsids. For d–g, all imaging and display conditions are 
matched across panel pairs to allow comparisons. Panels d and f are 40-Mm maximum intensity projections (MIPs) and panels e and g are 300-Mm 
MIPs. Scale bars for c–e are 1 mm.
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筋組織特異的プロモーター/RNA→MyoAAV

DELIVER (Transcript-based In Vivo Selection)

Tabebordbar et al., CELL. 2021

functional variants that transduce muscle fibers and cardiomyo-
cytes (Figures 1C and 1D).
Weperformed two rounds of in vivo selectionwith directed evo-

lution, screening capsid variants expressed from theMHCK7 pro-
moter inmultipledifferentmusclesofC57BL/6Jmice. Sequencing
the first-round virus library identified more than 5,000,000 unique
capsid variants. After the first round of selection, we selected the
top 30,000 variants that were highly expressed in seven muscles
(quadriceps, tibialis anterior [TA], gastrocnemius, triceps, abdom-
inal, diaphragm, and heart) (Figures 1A and 1E). For the second
round of in vivo selection, we incorporated two kinds of controls.
The first was a synonymous codon control in which the same
7-mer inserted peptides identified for each selected variant from
the primary screen were encoded using synonymous DNA co-

dons. The secondwasanexpression control inwhichduplicate vi-
rus librarieswere generated to express the two replicates of those
30,000 variants under either of two skeletal muscle specific pro-
moters, CK8 or MHCK7 (Figure 1A).
Strikingly, in the second round of selection, all 12 of the top

capsid variants highly expressed in muscles from either the
CK8 or MHCK7 libraries contained the same RGD motif in the
first three amino acid positions of the 7-mer insert (Figure 1F;
Table S4). Further implicating the specific peptide sequences
included in these capsid variants in their superior transduction
of muscle, 10 of the top 12 hits in the CK8 group and 8 of the
top 12 hits in the MHCK7 group were from synonymous pairs
(i.e., the corresponding variant encoded by synonymous DNA
codons was also within the top 12 muscle-expressed variants).
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Figure 1. DELIVER identifies a class of muscle-tropic AAV capsid variants containing an RGD motif
(A) Schematic of virus library production and capsid variant selection using DELIVER.

(B) Comparison of rAAV titers produced using ITR-containing constructs that express the AAV9 capsid coding sequence under the control of CMV, CK8, or

MHCK7 promoters. Data are presented as mean ± SD (n = 4). p value calculated by one-way analysis of variance (ANOVA) with Tukey-Kramer multiple com-

parisons test (MCT).

(C and D) In vivo expression of the AAV9 capsid library mRNA expressed under the control of CMV, CK8, or MHCK7 promoters in skeletal muscle (C) and heart (D)

of 8-week-old C57BL/6J mice systemically injected with 1E+12 vg of the capsid library. Data are presented as mean ± SD (n = 3). p value calculated by one-way

ANOVA with Tukey-Kramer MCT. *p < 0.05, **p < 0.01.

(E) Graphs showing enrichment of capsid variants expressed under MHCK7 promoter over virus library at the DNA and mRNA level in different mouse skeletal

muscles.

(F) Sequence of the 7-mer insertion in the top highly expressed capsid variants in muscles of 8-week-old C57BL/6J mice injected with 1E+12 vg virus library after

the second round of transcript-based selection. Variants with the same color in each group are encoded by synonymous DNA codons. Variant rank is based on

the sum of mRNA expression for each variant in quadriceps, tibialis anterior, gastrocnemius, triceps, abdominal, diaphragm, and heart.

See also Figure S1.
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capsid design that an RDG motif also
emerged in the Weinmann study.

A caveat is how well these new tro-
pisms will translate across species and
strains (Hordeaux et al., 2019). Because
of the easy species portability of the
DELIVER protocol, it was possible to
screen directly in a non-human primate
(NHP), again arriving independently at a
similar capsid with an RGD motif. This
new NHP-derived iteration of MyoAAV
appeared to be even better at muscle tar-
geting, bringing potential translation to
human within reach.

Preclinical rigor in the development of
new capsids must be high, as the path
to clinical translation remains arduous
and expensive. Will it produce and pack-
age efficiently at the required clinical scale
with preserved stability and potency?
Would natural AAV9 seropositivity pre-
clude dosing in human (AAV9 antibodies
bindMyoAAV)? Evaluation of toxicity spe-
cifically in human is paramount, as the
complement toxicity for instance was

not predicted preclinically. Unpredicted
toxicities from other organs and systems
may also emerge. Still, the much lower
systemic doses required (if translatable
to human) will go a long way in mitigating
any such systemic toxicities.
The feasibility and independent repro-

ducibility of identifying bespoke capsids
bodes well for gene-directed medicine,
as its precision can be extended to the
delivery tools. Given that all gene therapy
is dependent on effective and safe deliv-
ery, the importance of this development
is obvious.
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Figure 1. A small addition to reach to a big target
The DELIVER screening strategy identified a capsid family (MyoAAV) from among a complex library of random heptamer peptide insertions in the hypervariable
region VIII in the AAV9 3-fold protrusion that had an RGD integrin binding motif in common. Targeting and expression analysis revealed much-enhanced muscle
tropism as indicated by the green arrows as well as reduction of targeting and expression for the liver and other organ (indicated by the black arrows) compared
with the parent AAV9 capsid. This should allow for substantially lower systemic doses in human when targeting the body’s largest organ, skeletal muscle, as
indicated on the right. The combination of increased tropism and resulting decreased required systemic dose has the potential to reduce toxicity and enhance
efficacy for muscle-directed gene and transcript-directed therapies. AAV surface topology map is adapted from Pipe et al. [2019], based on AAV1, with the red
color indicating protrusions and the blue color low areas.

ll

4846 Cell 184, September 16, 2021

Previews

Figure 2. MyoAAV 1A transduces mouse skeletal muscles with high efficiency after systemic injection
(A and B) Whole mount fluorescent (A) and cross section (B) images of skeletal muscles, heart, and liver from 8-week-old C57BL/6J mice systemically injected

with 1E+12 vg of AAV9- or MyoAAV 1A-CMV-EGFP. Green, EGFP; red: laminin for muscles, lectin for liver; blue, Hoechst. Scale bar in cross sections: 100 mm.

(legend continued on next page)
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In brief
Tabebordbar et al. evolved a family of

RGD-containing AAV capsid variants in

mice and primates that enable highly

effective systemic gene delivery to

muscles. They show these capsids are

dependent on integrin heterodimers for

transduction across species and enable

achieving therapeutic efficacy after

systemic administration at low dose.
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CapsidMapTM Platform (Dyno Therapeutics)

Dyno's CapsidMapTM Platform - Dyno Therapeutics

AI-powered gene therapy 

machine-guided approach to engineering AAV vector capsids 
with improved tissue tropism and manufacturability 
→ eye diseases, muscle diseases



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

Ag presenting cell-mediated immune response toward rAAV

【Strategies against immune cells】
• proteasome inhibitors (MHC-I presentation blocking)
• capsid modification (tyrosine mutants)
• cell-type specific promoter (inactive in APC)
• miRNA-mediated de-targeting (miR-transgene fusion)
• viral peptides interfering with Ag presentation (VIPRs)

The Journal of Clinical Investigation   R E V I E W

9J Clin Invest. 2021;131(1):e143780  https://doi.org/10.1172/JCI143780

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.

cross-presentation of 
rAAV capsids on MHC class I 
(proteasome-dependent 
cytosolic pathway)



Tyr -> Phe

phosphorylation 
sites

ubiquitination

MG132

Zhong et al., Mol Ther
1323–1330, 2007

RGNR

icosahedron = 60 VPs
3 VPs per face

Zhong L et al. PNAS 2008;105:7827-7832



網膜下投与(網膜剥離のリスク)

硝子体投与(安全、ただし導入効率が不十分)

内境界膜剥離による遺伝子導入効率の改善(非ヒト霊長類)
Macular area

IV
(硝子体投与)

VIT+IV
(+硝子体手術)

Takahashi, Igarashi, et al. Mol Ther, 2017

VIT+ILM+IV
(+ILM剥離)

内境界膜
(ILM)

rAAV2-3M
(Tyr-mutant)

↓



カプシド改変の課題、懸念事項

Øヒトにおける免疫毒性が予測不能 

Øヒトにおける体内動態、主要臓器の障害が予測不能 

Ø既存血清型に対する中和抗体の交差性が不明 

Øアフィニティー精製担体の再開発 

Ø生産性低下の可能性

Øカルタヘナ対応、CMC評価



ICH guideline on Biodistribution (ICH S12)

• guideline on Non-clinical Biodistribution Studies for Gene Therapy Products

• nonclinical studies with biodistribution and/or dosing in early clinical trials

• guidance on the design of the studies

• streamlined development of the gene therapy products

• minimising the unnecessary use of animals

2018年 International Pharmaceutical Regulators Programme(IPRP)の
Gene Therapy Working Group (GTWG) が、“Expectations for Biodistribution (BD) 
Assessments for Gene Therapy (GT) Products” （リフレクションペーパー）を公表

2019年11月 ガイドライン作成のためのExpert Working Group(EWG)が発足
2021年6月~7月 Step2; ガイドライン案の承認
2021年夏 厚生労働省からStep2ガイドライン案についてのパブリックコメント募集
2022年1月 各地域でのパブリックコメント募集が終了
2023年 Step 3, 4; 意見による修正、ガイドライン最終合意
今後 Step 5; 日米欧3極における国内規制への取入れ
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Ø アデノウイルスベクター
• 特徴
• ベクター作製
• 腫瘍溶解性ウイルス
• ワクチン

Ø AAVベクター
• 特徴
• ベクター作製
• カプシド改変
• 医療応用と全身大量投与による副作用
• 製造プロセスの開発動向
• 今後期待される技術
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advisory committee meeting via an online
teleconferencing platform.

The online web conference meeting will be available at the
following: 

Date:
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ü AAVベクターによる遺伝子治療用製品の毒性
ü 非臨床および臨床試験の評価中に特定
• 肝毒性（自然免疫、メモリT細胞、類洞内皮傷害）
• 血栓性微小血管症（補体、血管内皮傷害、aHUS/腎不全）
• 脳毒性 (MRI-T2高信号、炎症細胞浸潤、グリオーシス)
• 後根神経節の損傷、神経細胞の脱落、疼痛
• ベクターゲノムの染色体挿入による発癌リスク

→ ステロイド、免疫抑制剤ではリスク回避できない (RB考慮)

Cellular, Tissue, and Gene Therapies Advisory Committee September 2-3, 2021 Meeting Announcement - 09/02/2021 - 09/03/2021 | FDA
Modified from Nicole Paulk; July 7, 2020 in commentary: Gene Therapy: It’s Time to Talk About High Doses 
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Table 1: Highest doses of AAV vector administered in different GT clinical trials 

NCT Number GT Product Vector 
Serotype 

Indication Max Dose 
(vg/kg) 

Company 

NCT03769116 SRP-9001 AAV-rh74 DMD 2 × 1014 Sarepta 
NCT04652259 AMT-061 AAV5 Hemophilia B 2 × 1013 uniQure 
NCT03392974 BMN-270 AAV5 Hemophilia A 4 × 1013 BioMarin 
NCT03199469 AT-132 AAV8 XLMTM 3 × 1014 Audentes 
NCT04406277 Zolgensma AAV9 SMA  1.1 × 1014 Novartis 
NCT04468742 SGT-001 AAV9 DMD 2 × 1014 Solid Biosciences 
NCT03362502 PF-06939926 AAV9 DMD 3 × 1014 Pfizer 

Source:  Modified from Nicole Paulk; July 7, 2020 in commentary: Gene Therapy: It’s Time to Talk About High 

Doses; https://www.genengnews.com/commentary/gene-therapy-its-time-to-talk-about-high-dose-aav/ (17)  

SMA, spinal muscular atrophy; XLMTM, X-linked myotubular myopathy; DMD, Duchenne muscular dystrophy.  

Table 2:  Some of the severe adverse events reported in AAV GT trials 

Condition Vector 
Serotype 

Dose (vg/kg) Severe Adverse Event 

SMA1  AAV9 6.7 × 1013    to 
1.1 × 1014 

Elevated liver enzymes, acute liver injury, 
thrombocytopenia, TMA 

DMD AAV9 5 × 1013    to  
3 × 1014 

Thrombocytopenia, anemia, complement activation, 
acute kidney injury, cardiopulmonary insufficiency, 
persistent vomiting 

XLMTM AAV8 1 × 1014 to  
3 × 1014 

Gastrointestinal infection, elevated troponin, 
hyperbilirubinemia, liver failure, sepsis, death 

Source: Modified from Nicole Paulk; July 7, 2020 in commentary: Gene Therapy: It’s Time to Talk About High 

Doses; https://www.genengnews.com/commentary/gene-therapy-its-time-to-talk-about-high-dose-aav/ (17)  

SMA, spinal muscular atrophy; XLMTM, X-linked myotubular myopathy; DMD, Duchenne muscular dystrophy.  

AAV vectors contain significant levels of impurities such as empty capsids (vector particles 

devoid of the genome) and residual plasmid DNA (used in manufacturing). However, the effects 

of such impurities on the safety of AAV vectors are not well understood (17, 22, 23). Some 

mechanistic studies point to the contribution of empty capsids to the elicitation of capsid-reactive 

lymphocytes, e.g., in subjects with liver enzyme elevation post-treatment in hemophilia trials 

(24), as further described under Section 2.4 of this document.  In addition to capsid impurities, 

the vector genome itself carries immune triggers: specifically, CpG dinucleotides (25, 26), and 

the double-stranded form of the vector genome that can be sensed by innate immune mechanisms 



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

AAV2   核小体
AAV9   核質

AAVベクターの細胞内取込み、核移行と遺伝子発現
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U.S. FDA Placed a Clinical Hold
on BMN 307 Phearless Phase 1/2
Gene Therapy Study in Adults
with PKU Based on Interim Pre-
clinical Study Findings
BioMarin Also Pausing Further Enrollment of Additional Participants
Outside the U.S. in Phearless Phase 1/2 Study
BioMarin is Working with FDA and Other Health Authorities and Will
Communicate Next Steps When Available

NEWS PROVIDED BY
BioMarin Pharmaceutical Inc. 
Sep 06, 2021, 02:00 ET

!

SAN RAFAEL, Calif., Sept. 6, 2021 /PRNewswire/ -- BioMarin Pharmaceutical Inc. (NASDAQ: BMRN) announced today that
the U.S Food and Drug Administration (FDA) placed a clinical hold on the BMN 307 Phearless Phase 1/2 study.  The
Phearless study is evaluating BMN 307, an investigational AAV5-phenylalanine hydroxylase (PAH) gene therapy, in adults
with phenylketonuria (PKU).  The FDA's clinical hold was based on interim safety findings from a pre-clinical, non-GLP
pharmacology study.  

The Company carried out this pre-clinical study to understand the durability of BMN 307 activity in mice bearing two
germline mutations, which may predispose the mice to the development of malignancy.  One mutation eliminated the
PAH gene that's missing in PKU and the second rendered the animals immunodeficient. Of 63 animals treated, six of
seven animals administered BMN 307 at the highest dose group (2e14 Vg/kg) had tumors on liver necropsy 52 weeks
after dosing with evidence for integration of portions of AAV vector into the genome. No lesions were observed in any
mice at 24 weeks.  Five of these animals had adenomas and one had a hepatocellular carcinoma (HCC). The
translatability of these findings to humans is uncertain and under further investigation.

To date, the Company has only dosed humans in the Phearless Phase 1/2 clinical study with lower doses of either 2e13
vg/kg or 6e13 vg/kg.  Due in part to the risk previously identified by historical rodent studies, the liver health of Phearless
study participants is regularly monitored.  The Company will work with the Data Review Board and Principal
Investigators to further evaluate the study participants who have been dosed and will continue to monitor them over
the long-term.  The clinical significance of these pre-clinical rodent findings has not been established and cancers due
to AAV integration have not been observed in larger animals or humans.  BioMarin is pausing further enrollment into
this global Phase 1/2 study until the investigation of these findings is completed. The company is working with the FDA
and other health authorities and will communicate next steps for the program when available.

"More than 3,000 patients have been treated with gene therapy, and there are no reports of cancers emerging as a
consequence.  Acknowledging the complexity of the issue as highlighted in this week's FDA discussion, integrational
mutagenesis and resultant cancer formation has been observed in mice using other AAV vectors," said Hank Fuchs, M.D.,
President, Worldwide Research and Development at BioMarin.  "Therefore, we plan to investigate these findings.  For
patients who have already received lower doses of these vectors, we will continue to carefully evaluate and monitor their
health.  We are committed to understand and mitigate any risk of cancer causation."

About Phenylketonuria

phenylketonuria (PKU) 
AAV5-phenylalanine hydroxylase (PAH) gene therapy
2e13 vg/kg or 6e13 vg/kg 

pre-clinical, non-GLP pharmacology study with immunodeficient mice
highest dose group (2e14 vg/kg) had tumors on liver necropsy (adenomas, HCC)
52 weeks after dosing 
integration of portions of AAV vector into the genome
translatability of these findings to humans is uncertain
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Adeno-associated virus (AAV)-mediated transduction of
male germ line stem cells results in transgene
transmission after germ cell transplantation

Ali Honaramooz,*,1,2 Susan Megee,*,1 Wenxian Zeng,* Margret M. Destrempes,‡
Susan A. Overton,‡ Jinping Luo,* Hannah Galantino-Homer,* Mark Modelski,*
Fangping Chen,* Stephen Blash,‡ David T. Melican,‡ William G. Gavin,‡ Sandra Ayres,§
Fang Yang,† P. Jeremy Wang,† Yann Echelard,‡ and Ina Dobrinski*,3

*Center for Animal Transgenesis and Germ Cell Research, Department of Clinical Sciences, New
Bolton Center, and †Department of Animal Biology, School of Veterinary Medicine, University of
Pennsylvania, Kennett Square, Pennsylvania, USA; ‡GTC Biotherapeutics, Framingham,
Massachusetts; and §Tufts Cummings School of Veterinary Medicine, North Grafton, Massachusetts,
USA

ABSTRACT We explored whether exposure of mam-
malian germ line stem cells to adeno-associated virus
(AAV), a gene therapy vector, would lead to stable
transduction and transgene transmission. Mouse germ
cells harvested from experimentally induced crypt-
orchid donor testes were exposed in vitro to AAV
vectors carrying a GFP transgene and transplanted to
germ cell-depleted syngeneic recipient testes, resulting
in colonization of the recipient testes by transgenic
donor cells. Mating of recipient males to wild-type
females yielded 10% transgenic offspring. To broaden
the approach to nonrodent species, AAV-transduced
germ cells from goats were transplanted to recipient
males in which endogenous germ cells had been de-
pleted by fractionated testicular irradiation. Transgenic
germ cells colonized recipient testes and produced
transgenic sperm. When semen was used for in vitro
fertilization (IVF), 10% of embryos were transgenic.
Here, we report for the first time that AAV-mediated
transduction of mammalian germ cells leads to trans-
mission of the transgene through the male germ line.
Equally important, this is also the first report of trans-
genesis via germ cell transplantation in a nonrodent
species, a promising approach to generate transgenic
large animal models for biomedical research—Honar-
amooz, A., Megee, S., Zeng, W., Destrempes, M.M.,
Overton, S.A., Luo, J., Galantino-Homer, H., Modelski,
M., Chen, F., Blash, S., Melican, D. T., Gavin, W. G.,
Ayres, S., Yang, F., Wang, P. J., Echelard, Y., Dobrinski,
I. Adeno-associated virus (AAV) -mediated transduction
of male germ line stem cells results in transgene
transmission after germ cell transplantation. FASEB J.
22, 374–382 (2008)

Key Words: transgenesis ! testis ! mouse ! goat

Adeno-associated virus is a small, nonpathogenic,
dependent parvovirus with a 4.7-kb single-stranded

linear genome that can integrate in a site-specific
manner into human chromosome 19 in replicating and
nonreplicating cells (1, 2). However, in the absence of
the viral rep protein, integration occurs by nonhomolo-
gous recombination at random locations. Virus entry is
rapid (3), and exposure to AAV results in persistent,
latent infection in a broad range of hosts without
eliciting an immune response (4, 5). As AAV is a
dependent virus, it does not carry the same biosafety
restrictions as retro- or lentiviral vectors. AAV, there-
fore, is used for human gene therapy, and it has also
been used to transduce cells from multiple species (6,
7). While AAV can integrate into chromosomes in the
human testis after natural infection and can be found
in the testes of mice, rabbits, rats, and dogs after
intramuscular injection (8, 9), it was not found in
semen, sperm, or offspring (9, 10). A previous study of
the use of AAV as a gene therapy vector reported that it
did not transduce mouse germ cells in vivo or in vitro
(9).

The male germ line stem cell is the only cell in the
adult body that both mitotically divides and passes its
genetic material on to the next generation, making it
an attractive target for genetic manipulation. In 1994,
Brinster and colleagues reported that transplantation
of mouse male germ line stem cells to the testis of a
recipient animal results in donor derived spermatogen-
esis and transmission of the donor haplotype to the
offspring of the recipient (11, 12). More recently, we

1 These authors contributed equally to this work.
2 Current address: Department of Veterinary Biomedical

Sciences, Western College of Veterinary Medicine, University
of Saskatchewan, Saskatoon, SK, Canada S7N 5B4.

3 Correspondence: Center for Animal Transgenesis and
Germ Cell Research, University of Pennsylvania, 382 W.
State Road, Kennett Square, PA 19348, USA. E-mail:
dobrinsk@vet.upenn.edu

doi: 10.1096/fj.07-8935com

374 0892-6638/08/0022-0374 © FASEB

FASEB J. 2008 Feb;22(2):374-82.

in vitro sperm transduction
(AAV2-eGFP)

↓
transplantation to mice testes

(busulfan treatment)
↓

mated to wt-female
↓

resulting pups (F1)
PCR (+), 26/260

Southern (+), 4/11
western(+), 6/7

F2 transduction
PCR (+)

0/5, 10/33, 17/48

DISCUSSION

The current study demonstrates for the first time that
AAV2 mediated transduction of mammalian germ cells
leads to transmission of the transgene through the male
germ line. This finding is in contrast to a previous
report that exposure of mouse germ cells to an AAV2-
CMV-lacZ vector in vitro did not lead to transgene
expression in germ cells (9). The report was aimed at
demonstrating the safety of the AAV2 vector for gene
therapy in which germ cell transduction is undesirable.
Therefore, the negative result was not pursued further.
Interestingly, exposure to the same vector construct
also failed to lead to transgene expression in the
current study (data not shown), raising the possibility
that this specific vector was poorly expressed. More-
over, the current study used a higher concentration of
viral particles/cell than the previous report, which
might have favored successful transduction.

In the current study, direct infusion of the viral
vector into mouse seminiferous tubules resulted in
transgene expression largely in Sertoli cells and was
therefore not further pursued. The same phenomenon
was also observed after direct injection of retroviral or
adenoviral vectors into mouse seminiferous tubules
(15, 35). Therefore, in an alternate approach, isolated
testis cells were exposed in vitro to the viral vector
followed directly by transplantation to recipient testes.
The efficiency of recipient testis colonization by donor
germ cells in the mouse has been estimated at !10%
(36, 37). Although the recipients had been treated to
deplete endogenous germ cells prior to transplanta-

tion, spermatogenesis does recover from both the re-
maining endogenous germ cells and the donor germ
cells. Therefore, even if all transplanted germ cells had
been successfully transduced, not all offspring resulting
from mating between recipient males and wild-type
females can be expected to be transgenic. The number
of transgenic pups detected in the current experiments
indicated that roughly 10% of sperm resulted from
transduced donor cells while the remaining pups were
sired by sperm resulting either from endogenous germ
cells or from nontransduced donor cells.

When heterozygous transgenic F1 mice were mated
to each other, 33% of pups analyzed were transgenic,
providing further evidence for germ line transmission.
However, this transmission rate is lower than expected
for mating of heterozygous animals. From the current
experiment, it cannot be ruled out that in some F1
animals the transgene was episomal rather than stably
integrated (38). Dilution of episomal DNA during
transmission to the F2 generation could account for the
lower than expected rate of F2 transgenic pups.

While AAV-mediated transduction has the potential
for episomal transmission as well as stable integration
into the genome (5, 38, 39), transmission of the
transgene through many cell divisions required to form
sperm from a self-renewing population of germ line
stem cells, for longer than a year, and to subsequent
generations make it unlikely that the transgene re-
mained episomal in the present study but rather indi-
cates that integration into the genome had occurred.

Similar to the results obtained in F1 mice resulting
from mating recipient males to wild-type females, the
percentage of F1 transgenic goat embryos resulting
from fertilization of wild-type oocytes with recipient
sperm also indicated that at least 10% of sperm were
derived from transduced donor germ cells. This rate of
transgenesis is similar to that observed after transplan-
tation of germ cells from transgenic donor goats (14),
suggesting that the majority of the donor germ line
stem cells had been successfully transfected. The results
also compare favorably with previous reports of !5%
transgenic offspring after transplantation of retrovirus-
or lentivirus-transduced germ cells in rodents (16, 17,
40) but are lower than the 30% transgenic pups re-
cently reported from lentiviral transduction of rat germ
cells (24).

The ability of the AAV vector to be incorporated into
the male germ line might be a cause for concern for its
use in human gene therapy (41); however, the viral
load that the isolated germ cells were exposed to in the
current study was certainly higher than what could be
expected from somatic cell gene therapy applications.
We demonstrated the presence of the transgene only in
the testis after transplantation of germ cells exposed in
vitro. Therefore, this approach is unlikely to generate
unwanted ectopic transgene expression in recipient
animals.

Similar to reports of GFP expression driven by a CMV
promoter in germ cells of transgenic mice and rats (19,
42), we observed colonies of fluorescent germ cells in

Figure 8. The eGFP transgene is present in IVF embryos
generated with the semen from recipient goats. Top panel:
GFP-specific PCR; bottom panel: endogenous goat "-casein
exon 7 and mouse "-globin PCRs. Lanes 2–5: 3 GFP-positive
and 1 GFP-negative embryo from goat 17; lanes 6–9: 3
GFP-positive and 1 GFP-negative embryo from goat 07; lanes
10–11: 2 GFP-negative control embryos; lanes 12–14: 10-, 5-,
and 2-cell DNA equivalents of GFP-positive control mouse
DNA; lane 15, top panel, and 15 and 16, bottom panel, are
blanks.
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Transgenic goat
15/155

大量投与による生殖細胞系列
への伝達リスクは重要な課題



自然免疫系の活性化
直接的臓器障害

【施設間で乖離】
個体差(免疫機能、SNPs)
標準物質(in house)⇄標準品(承認)
測定方法 (PCRプロトコル)

大量投与に伴う副反応の懸念(脊髄性筋萎縮症の非臨床試験)

Hinderer C., Wilson J., et al.,  Hum. Gene Ther., 2018

At necropsy, the abdominal cavity contained
approximately 44mL of red serosanguineous fluid.
Cytologic evaluation of the abdominal fluid was
consistent with transudate with acute hemor-
rhage. The liver was diffusely enlarged, firm, and
mottled tan to red, which corresponded histologi-
cally to massive hepatocellular necrosis and de-
generation affecting approximately 95% of the
hepatic parenchyma, with only rare clusters of
relatively normal hepatocytes remaining (Fig. 2A).
The centrilobular to mid-zonal regions were se-
verely congested with hepatocyte loss, degenera-
tion, and necrosis. Additionally, there were small
foci of fibrin, which occasionally formed plugs
within sinusoids and filled the lumen of portal
veins (acute fibrin thrombi; Fig. 2B and C). Immu-
nohistochemistry (IHC) for fibrinogen confirmed
the presence of sinusoidal fibrin plugs (Fig. 2D).
Fibrinogen staining was strongly positive within
periportal to mid-zonal regions, which were the
areas of hepatocellular necrosis in the parenchyma

that remained. Fibrinogen staining frequently
highlighted sinusoids in these regions. The ne-
crotic hepatocytes and associated debris were also
strongly positive.

The spleen was diffusely enlarged, firm, and
congested. The congestion was confirmed histo-
logically. Germinal centers within the white pulp
were depleted of lymphocytes with extensive cel-
lular debris (lymphocytolysis) and had prominent,
occasionally hyalinized, high endothelial venules.
Similarly, the cortex of the thymus exhibited mild
lymphocytolysis with prominent tingible body mac-
rophages. Grossly, the mesenteric lymph nodes
were diffusely enlarged and congested. Histologi-
cally, the follicles exhibited germinal center de-
pletion with lymphocytolysis. Similar histologic
findings were observed in other lymphoid tissues,
including other lymph nodes (submandibular, rec-
tal), thymus, bronchial-associated lymphoid tissue
in the lung, and gut-associated lymphoid tissue in
the colon and cecum. Lymph nodes associated with

Figure 1. Acute transaminase elevations following intravenous (i.v.) administration of an adeno-associated virus (AAV) vector expressing human SMN to
nonhuman primates (NHPs). (A) Study design, (B) serum alanine aminotransferase (ALT), (C) serum aspartate aminotransferase (AST), (D) serum alkaline
phosphatase, and (E) serum total bilirubin. Unscheduled laboratory assessments were performed for all animals on study day 5 after animal 16C176 developed
acute liver failure requiring euthanasia. AST was not performed on study day 5 for animals 16C116 and 16C215. Dashed lines indicate laboratory reference range.
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RESEARCH ARTICLE

Severe Toxicity in Nonhuman Primates and Piglets Following
High-Dose Intravenous Administration of an Adeno-Associated
Virus Vector Expressing Human SMN

Christian Hinderer, Nathan Katz, Elizabeth L. Buza, Cecilia Dyer, Tamara Goode,
Peter Bell, Laura K. Richman, and James M. Wilson*

Gene Therapy Program, Department of Medicine, University of Pennsylvania Perelman School of Medicine, Philadelphia, Pennsylvania.

Neurotropic adeno-associated virus (AAV) serotypes such as AAV9 have been demonstrated to transduce
spinal alpha motor neurons when administered intravenously (i.v.) at high doses. This observation led to
the recent successful application of i.v. AAV9 delivery to treat infants with spinal muscular atrophy, an
inherited deficiency of the survival of motor neuron (SMN) protein characterized by selective death of
lower motor neurons. To evaluate the efficiency of motor neuron transduction with an AAV9 variant
(AAVhu68) using this approach, three juvenile nonhuman primates (NHPs; aged 14 months) and three
piglets (aged 7–30 days) were treated with an i.v. injection of an AAVhu68 vector carrying a human SMN
transgene at a dose similar to that employed in the spinal muscular atrophy clinical trial. Administration
of 2· 1014 genome copies per kilogram of body weight resulted in widespread transduction of spinal motor
neurons in both species. However, severe toxicity occurred in both NHPs and piglets. All three NHPs
exhibited marked transaminase elevations. In two NHPs, the transaminase elevations resolved without
clinical sequelae, while one NHP developed acute liver failure and shock and was euthanized 4 days after
vector injection. Degeneration of dorsal root ganglia sensory neurons was also observed, although NHPs
exhibited no clinically apparent sensory deficits. There was no correlation between clinical findings and
T-cell responses to the vector capsid or transgene product in NHPs. Piglets demonstrated no evidence of
hepatic toxicity, but within 14 days of vector injection, all three animals exhibited proprioceptive deficits
and ataxia, which profoundly impaired ambulation and necessitated euthanasia. These clinical findings
correlated with more severe dorsal root ganglia sensory neuron lesions than those observed in NHPs. The
liver and sensory neuron findings appear to be a direct consequence of AAV transduction independent of
an immune response to the capsid or transgene product. The present results and those of another recent
study utilizing a different AAV9 variant and transgene indicate that systemic and sensory neuron toxicity
may be general properties of i.v. delivery of AAV vectors at high doses, irrespective of the capsid serotype
or transgene. Preclinical and clinical studies involving high systemic doses of AAV vectors should include
careful monitoring for similar toxicities.

Keywords: adeno-associated virus, gene therapy, hepatic toxicity, axonopathy, shock, liver failure

INTRODUCTION
MANY GENETIC AND ACQUIRED neuromuscular dis-
eases involve degeneration of lowermotor neurons.
One of themost common and devastating examples
is spinal muscular atrophy (SMA), an inherited
deficiency of the survival of motor neuron (SMN)
protein, characterized by progressive weakness
resulting from selective death of lower motor neu-
rons. The involvement of these cells in SMA and

other disorders has made lower motor neurons
critical targets for gene therapy. The cell bodies of
lower motor neurons are distributed throughout
the nuclei of cranial nerves and the ventral horn of
the spinal cord, with axons projecting through pe-
ripheral nerves to reach neuromuscular junctions
(NMJs). A variety of approaches have been evalu-
ated to target these cells with gene therapy vectors.
Intramuscular injection of adeno-associated virus

*Correspondence: Dr. James M. Wilson, Gene Therapy Program, 125 S. 31st Street, TRL 2000, Philadelphia, PA 19104-3403. E-mail: wilsonjm@upenn.edu

HUMAN GENE THERAPY, VOLUME X, NUMBER X DOI: 10.1089/hum.2018.015 j 1
ª 2018 by Mary Ann Liebert, Inc.
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サル、18ヶ月
AAVhu68 (AAV9 variant)-hSMN
2 x 1014 v.g./kg BW, i.v.

急性肝機能障害(1/3, day 4)
後根神経節障害

the rectum, assumed to be mesorectal lymph nodes,
had subcapsular and medullary sinus erythro-
cytosis, consistent with drainage of red blood cells.
Thehistologic findingswithin lymphoid follicles and
thymic cortex were suggestive of severe systemic
physiologic stress. Histologically, acute hemorrhage
and edemawas evident in the lung, adventitia of the
gall bladder, heart, perirectal adipose tissue, and
subcutis near the mammary gland. The superficial
mucosa of the small intestines, cecum, and rectum
were congested with occasional hemorrhage, aswell
as superficial aggregates of hemosiderin-laden mac-
rophages. The presence of hemorrhage and edema in
the lung, gastrointestinal tract, and liver were sug-
gestive of shock, as well as a bleeding diathesis such

as disseminated intravascular coagulation (DIC).21

Acinar cell degeneration in the pancreas was ob-
served, which has also been reported in cases of
shock in NHPs.21 Minimal adrenocortical single-
cell degeneration and necrosis was present in the
zona fasciculata of the adrenal glands, also likely
attributable to systemic disease, such as systemic
stress, ischemia, hemorrhage, and inflammation.22

No gross or histologic findings were noted in the
brain, spinal cord, or cranial or peripheral nerves
of this animal. No significant findings were ob-
served in the kidneys.

The remaining twoprimates (16C116and16C215)
were clinically normal throughout the study
and were necropsied as planned on study day 28.

Figure 2. Liver histopathologic findings in juvenile NHPs treated with i.v. AAVhu68 expressing human SMN. Animal 16C176 required euthanasia on study day 4
and had massive acute hepatocellular necrosis (A) with sinusoidal fibrin deposition (B, arrowheads) and acute fibrin thrombi (C, arrow) in portal veins.
Immunohistochemistry (IHC) for fibrinogen in animal 16C176 revealed prominent periportal sinusoidal fibrin deposition (D, arrowheads; fibrinogen IHC). The
remaining two primates (E, 16C215; F 16C116) were clinically normal throughout the study, and both had similar findings in the liver consisting of single
hepatocellular necrosis (arrows) predominantly surrounding portal areas with mild mononuclear cell infiltrates. Animal 16C215 (E) also had foci of hepato-
cellular regeneration (circle). Staining: hematoxylin and eosin; scale bar= 10 lm (A and C), 50 lm (B), and 100 lm (D–F).

TOXICITY OF HIGH-DOSE AAV IN NHPs AND PIGLETS 5

D
ow

nl
oa

de
d 

by
 2

02
.2

13
.1

33
.1

25
 f

ro
m

 o
nl

in
e.

lie
be

rt
pu

b.
co

m
 a

t 0
2/

19
/1

8.
 F

or
 p

er
so

na
l u

se
 o

nl
y.

 

肝臓

子豚、7-30日令
AAVhu68 (AAV9 variant)-hSMN
2 x 1014 v.g./kg BW, i.v.

固有感覚障害
運動失調
後根神経節障害

tion of all lung fields was within normal limits. The
animal remained bright, alert, and responsive, but
given the progression of neurological deficits, the
piglet was euthanized on study day 14, and a full
necropsy was performed.

On study days 11 and 12, piglets B and C, re-
spectively, developed similar, albeit less severe,
neurologic signs to those exhibited by piglet A. No
dyspnea was observed in piglets B and C. Both
piglets were euthanized on study day 13 due to
progression of neurological signs, and a full nec-
ropsy was performed.

Piglet A was in fair to poor nutritional condition
at the time of necropsy and had a clinical history of
diarrhea on study day 7, which resolved on study
day 9 following treatment with intramuscular
Ceftiofur. A CBC performed prior to euthanasia of
piglet A revealed a marked neutrophilia (22,468/
lL; reference range 2,000–15,000/lL). No other
significant abnormalities were noted on bloodwork,
including liver function tests (LFTs) and platelets
(Supplementary Table S9). The neutrophilia likely
corresponded to histologic evidence of bacterial
bronchopneumonia. Bloodwork, including LFTs and

platelets, was unremarkable for piglets B and C
(Supplementary Table S9).

The cervical, thoracic, and lumbar DRG from all
animals exhibited mild to marked neuronal cell
body degeneration with mononuclear cell infiltrates
(Fig. 6 and Supplementary Tables S4–S6). The
histologic lesions of neuronal degeneration ranged
from central chromatolysis with bright eosinophilic
cytoplasmic globules to complete effacement with
infiltrating mononuclear cells (neuronophagia) and
satellitosis, as depicted in images from piglet B
(Fig. 6B). Similar, albeit less severe, lesions were
observed in the trigeminal nerve ganglia of all ani-
mals as well, ranging from minimal to moderate.
In all piglets, the dorsal white matter tracts of the
cervical, thoracic and lumbar spinal cord exhibited
minimal to moderate axonopathy characterized by
dilated myelin sheaths with and without myelo-
macrophages, consistent with axonal degeneration,
as depicted in images from piglet B (Fig. 6A). The
incidence of these lesions was the same across all
animals. However, the severity was slightly de-
creased in one of the 30-day-old injected piglets
(piglet C).

Figure 6. Representative histopathologic findings of piglets treated with i.v. AAVhu68 expressing human SMN at 7 and 30 days of age. Piglets in both groups
had an axonopathy of the dorsal white matter tracts of the spinal cord (A), as depicted in piglet B. The dorsal axonopathy was bilateral and characterized by
dilated myelin sheaths with and without myelomacrophages, consistent with axonal degeneration (arrowheads). The DRG of the spinal cord (B) exhibited
varying degrees of neuronal cell body degeneration characterized by central chromatolysis (circles), satellitosis, and mononuclear cell infiltrates that
surrounded and invaded neuronal cell bodies (neuronophagia; arrows), as depicted in piglet B. A similar axonopathy (arrows) was observed to varying degrees
in the peripheral nerves of the hind limb (sciatic nerve, C) and forelimb (median nerve, D) in the majority of piglets, as depicted in piglet A. Staining:
hematoxylin and eosin; scale bar = 200 lm (A), 100 lm (B–D).

TOXICITY OF HIGH-DOSE AAV IN NHPs AND PIGLETS 9
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神経
ALT；alanine aminotransferase
の早期上昇



X連鎖性ミオチュブラー・ミオパチーを対象とする遺伝子治療用製品の第1/2相試験
(米Audentes Therapeutics社、ASPIRO試験)

[AT132] AAV8、デスミンプロモーター、ミオチュブラリンMTM1遺伝子、単回静脈内投与
FDA：再生医療先進治療（RMAT)、希少小児疾患、ファストトラック、希少疾病用医薬品
EMA：優先審査（PRIME）、希少疾病用医薬品

ランダム化非盲検、5歳未満のXLMTM男児患者24例を目標
高用量(3×1014 v.g./kg)、低用量(1×1014 v.g./kg)、各6例投与
発達指標や呼吸器使用時間が改善
高用量群で進行性肝機能不全、死亡例（2020年8月FDA差し止め、12月通告解除）
低用量群でSAE（2021年9月、自主的に中止、 FDA差し止め）

リスクベネフィットの判断に有用な品質管理や治療技術の開発が必要
・ 用量（生物力価、体重+年齢/免疫機能、予備能、標準品)、低力価抗体、遺伝的素因
・ 品質規格管理（凝集、カプシド、プロモーター、ゲノム安定性、糖鎖）→免疫刺激の回避
・ 必要量の低減化（免疫寛容誘導、免疫抑制、感染能改善、GOI発現量や機能の改善）

AAVベクターの大量投与に伴う、肝機能不全、死亡例の報告(MTM)

FierceBiotech

2020/09/12 22:10Astellas' Audentes reports 3rd death in gene therapy trial | FierceBiotech
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遅発性ポンペ病の成人患者
第1/2相臨床試験（FORTIS試験）

[AT845]
AAV8-GAA
成人被験者12例、単回静注
低用量(3×1013 v.g./kg)、中用量(6×1013 v.g./kg)、高用量(1×1014 v.g./kg)、計12例投与

中用量群で末梢性感覚ニューロパチー (SAE、投与1ヶ月弱)
（2022年6月FDA差し止め）

自己免疫疾患、代謝性疾患(DMなど)、感染症、がんについて精査中

Astellas' Pompe disease gene therapy placed on hold by FDA

https://www.fiercebiotech.com/biotech/astellas-gene-therapy-strategy-faces-fresh-setback-fda-puts-pompe-disease-drug-hold

2022/06/28 11:29Astellas' Pompe disease gene therapy placed on hold by FDA

1 / 5ページhttps://www.fiercebiotech.com/biotech/astellas-gene-therapy-strategy-faces-fresh-setback-fda-puts-pompe-disease-drug-hold
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Astellas' gene therapy strategy
faces fresh setback as FDA puts
Pompe disease med on hold
By James Waldron

Astellas Pompe disease clinical hold Cell & Gene Therapy

Astellas is reviewing the potential financial impacts of the hold. (amanalang/iStock/Getty Images Plus)

Astellas’ gene therapy ambitions have faced yet another setback. The FDA has slammed

the breaks on a phase 1/2 study of the Japanese pharma’s Pompe disease med while the

regulator investigates a report of nerve damage in one of the trial’s participants.

The gene replacement therapy, dubbed AT845, is being investigated in the FORTIS trial

of 12 individuals with late-onset Pompe disease, who each receive one infusion of the

adeno-associated virus gene therapy. The trial began in October 2020 with an estimated

primary completion date of December 2020, according to ClinicalTrials.gov.
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Pre-existing humoral immunity to rAAV restricts 
the treatable patient population and efficacy

and all individuals seropositive for AAV5 presented low titers
(1:20). Of note, 41% of the tested population was seronegative
to any of these serotypes (data not shown).

Discussion

The presence of humoral responses to the wild-type AAV
common among humans is one of the limitations of in vivo
transduction efficacy in humans when using cognate re-
combinant vector. Despite this predisposition in humans,
AAV remains one of the most promising candidates for
therapeutic gene transfer to treat many genetic and acquired
diseases (Zaiss and Muruve, 2008). For this reason, charac-
terization of the IgG subclass responses to AAV may lead to
a better appreciation of the natural infection. Moreover,
study of the prevalence of both IgG and neutralizing factors
to AAV in human populations is of importance for the de-
velopment of new strategies to overcome these immune re-
sponses. This study is the largest published survey of the
seroprevalence of not only neutralizing factors, but also of
IgG binding antibodies, to various AAV types in a large
healthy adult population.

As previously described for AAV2 (Murphy et al., 2009),
natural exposure to AAV types 1, 2, 5, 6, 8, and 9 can result in
the production of antibodies of all four IgG subclasses, with a
predominant IgG1 response. IgG1 was expected, as the
subclass is commonly induced after viral infections such as
measles, hepatitis B, human T-lymphotropic virus, rubella,
and B19V, which like AAV is a member of the Parvoviridae
(Morgan-Capner and Thomas, 1988; Lal et al., 1993; Franssila
et al., 1996; Rey et al., 2000; Toptygina et al., 2005). IgG2 was
also shown to be a constituent of the AAV-specific antibody
response (Madsen et al., 2009; Murphy et al., 2009), but it is
low as for B19V (Lal et al., 1993; Franssila et al., 1996; Top-
tygina et al., 2005). Of note, the IgG2 response in this study
was highest with AAV8. The IgG3 response was low,
whereas this subclass was previously described as a signifi-
cant component of virus-induced IgG (Madsen et al., 2009;
Murphy et al., 2009). The IgG4 response was low and vari-
able. Variable levels of IgG4 were also observed in B19V
infection (Franssila et al., 1996). Despite low levels of IgG3
and IgG4, some subjects studied presented significantly

higher levels of IgG3 specific for AAV6 and of IgG4 specific
for AAV types 1, 2, 5, and 6. Of note, the profile of IgG
subclass responses, except for a few donors, was similar for
all AAV types analyzed. Of note, IgG4 subclass synthesis has
already been described as reflecting long-lasting or repeated
exposure to antigen, either sequestered in immune com-
plexes or expressed persistently or by repeated contact
(Aalberse et al., 1983; Linde et al., 1988; Bird et al., 1990;
Lundkvist et al., 1993; Maizels et al., 1995). This IgG subclass
pattern, IgG1> IgG3& IgG4, may reflect, as for other viru-
ses, the fact that naturally infected patients were cured or
eventually became chronic carriers of virus (L. Wang et al.,
2005; Tsai et al., 2006). The specific role of IgG subclasses in
the clearance of AAV remains unclear, as for other viruses,
and depends on the context in which the immune system
encounters AAV capsid antigens, the nature of helper virus
infection generating different innate and adaptive immune
responses, the local sites within the body where the vector
encounters the immune system, and the genetic background
of the population (Murphy et al., 2009).

Prevalences of anti-AAV1 and -AAV2 total IgG deter-
mined by ELISA were higher (67 and 72%) than those of
other evaluated anti-AAV IgG. Surprisingly, the prevalence
of AAV6 IgG was significantly lower (46%) than that of
AAV1, whereas these types showed greater than 96% ho-
mology (Schmidt et al., 2006), indicating the importance
of these few different amino acids in the immunogenicity of
AAV in humans. Of note, we observed a lower prevalence of
total IgG to AAV8 (38%), which has been shown to be a
robust vector for achieving high levels of transgene expres-
sion in liver, muscle, and heart (Gao et al., 2002, 2004; Nakai
et al., 2005; Z. Wang et al., 2005; Toromanoff et al., 2008).
AAV9 has also been shown to efficiently target skeletal
muscle, liver, and heart (Pacak et al., 2006; Vandendriessche
et al., 2007). AAV5 has revealed higher transduction fre-
quencies than AAV2 within the central nervous system
(Burger et al., 2004) and arthritic joints (Khoury et al., 2007).
In this regard, they were considered to be promising candi-
dates for gene therapy.

As shown, all donors positive for IgG specific for AAV
types 5, 6, 8, and 9 also had IgG specific for AAV2 and
AAV1, indicating that cross-reactions are important, con-

FIG. 3. Prevalence of neutralizing factors in serum against AAV types 1, 2, 5, 6, 8, and 9. (A) Histogram showing per-
centages of donors seropositive for neutralizing factors specific to AAV types 1, 2, 5, 6, 8, and 9, over the number of serum
samples tested indicated (n). Sera were judged positive for neutralizing capacity when a 1:20 dilution of serum inhibited
vector transduction by 50% or more. (B) Distribution of neutralizing factor titers to AAV types 1, 2, 5, 6, 8, and 9. The
percentage of total neutralizing factor titers is shown for all the seropositive samples obtained in (A).
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Humans carrying NAb against each serotype NAb Titer
(relatively low in AAV5,8,9)

Boutin S et al., 2010 HGT

中和抗体で治療適応を判断するが、現⾏ELISA法は低感度、中和活性の判定が不正確
不適切な症例が除外されていない可能性（SAEとの関連）

→ ⾼感度な感染細胞による検出⼿法を新規に開発（特願2021-167826）
コンパニオン診断薬として応⽤（安全な遺伝⼦治療）



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

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.

AAVによる補体活性化

【キャプシド免疫に対する戦略】
• 免疫抑制剤 (rituximab, rapamycin) 
• 血中循環IgGの非特異的切断 (IdeS, NAb-free windows)
• AAV特異的血漿交換カラム
• エピトープマスキング (lipids, exosome)
• 中和抗体を回避するための構造改変 (定向進化)

• その他 (serotype switching, route, saline flushing, empty capsids as decoys, ...)

【補体活性化に対する戦略】
• 補体阻害剤 (anti-C5 Ab)
• 中和抗体の産生制御(rituximab, rapamycin)
• C3抑制 (PEGylated cyclic peptide)

膜侵襲複合体
↓

浸透圧溶解

補体系活性化
↓

病原体のオプソニン化
血管内皮傷害

(血小板血栓 aHUS)



Thrombotic Microangiopathy (TMA)

h.ps://unckidneycenter.org/kidneyhealthlibrary/glomerular-disease/thromboCc-microangiopathy-tma/



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.
NCT03375164
NCT03769116
NCT04626674
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rAAV8EGFP with spiked-in PE AAV8 capsids prepared as described 
earlier. As shown in Figure 4a, compared with rAAV8EGFP vectors 
alone (Figure 4a-A), EGFP expression in the livers at 4-week postin-
jection was clearly repressed by addition of the empty virions 
from three di!erent sources (i.e., PE from rAAV8EGFP production/
puri"cation process, Figure 4a-E; PE from rAAV8hA1AT production/
puri"cation process, Figure 4a-F; and CE of AAV8, Figure 4a-G). As 
expected, while scattered EGFP-positive hepatocytes were visible 
in the livers of the animals received PE particles from rAAV8EGFP 

production/puri"cation process (Figure 4a-B), no EGFP signal was 
detected in the liver sections from the groups received PE particles 
from rAAV8hA1AT production/puri"cation process (Figure 4a-C) and 
CE AAV8 particles (Figure 4a-D). Quanti"cation of EGFP expression 
on liver sections of the study animals at 4-week time point further 
documented the signi"cant repression of rAAV8EGFP transduction 
in mouse livers by empty viral particles regardless of the source of 
the empty particles; addition of 9 × 1011 particles each of PE virions 
derived from rAAVEGFP and rAAVhA1AT production/puri"cation 
processes as well as CE AAV8 virions to 3 × 1011 GCs of fully packaged 
rAAV8EGFP all resulted in a statistically signi"cant 35, 69, and 76% of 
reduction of EGFP expression, respectively (Figure 4b).

Taken together, empty AAV8 particles, regardless of their origins, 
in rAAV8 vector dosing preparations repressed di!erent reporter 
gene transduction in mouse liver. Such transduction inhibition was 
more pronounced in rAAV-mediated EGFP gene transfer to the liver 
of BALB/c mice.

Exacerbation of the side e!ects of rAAV8EGFP liver transduction by 
empty AAV8 virions in BALB/c mice
As aforementioned, one of the possible mechanisms for the inter-
ference of rAAVEGFP transduction by empty AAV8 virions could be 
the increased immunological burden from excessive empty viral 
capsids, which may exacerbate vector-related side e!ects in mouse 
liver. To test this hypothesis, we followed serum levels of ALT, a highly 
informative biomarker for liver damage, which could be caused by 
vector-related side e!ects, at days 3, 7, 14, 21, 25, and 35 after vector 
infusions in both C57BL/6 and BALB/c mice that were used for the 
experiments as described above. Consistent with published stud-
ies,20,22 C57BL/6 mice were tolerogenic to rAAV gene delivery to the 
liver, and no signi"cant ALT elevations were noticed in all experi-
mental groups at all the time points, regardless of di!erent reporter 
genes and REVs (data not shown).

On the other hand, our data also recapitulated previously 
reported side e!ects of rAAV transduction in BALB/c mice.15,20,21,23 
First, although ALT elevations in the group treated with fully pack-
aged rAAV8EGFP only were not as dramatic as what were previously 
reported,20–22 which may be attributed to possible di!erences in 
puri"cation methods, serum ALT elevations were indeed observed 
as early as 1 week after vector injection, peaked at day 14 and not 
declined to those in the phosphate-bu!ered saline control group 
until the third week (Figure 5a). Second, infusions of 9 × 1011 CE and 
PE AAV8 particles to BALB/c mice all caused elevations of serum 
ALT levels in a pattern similar to those seen in 3 × 1011 GCs of fully 
packaged rAAV8EGFP only groups (Figure 5a), suggesting potential 
side e!ects of AAV8 capsids. Of note, addition of PE AAV8 particles 
derived from either rAAVEGFP or rAAVhA1AT production/puri"ca-
tion process but not CE AAV8 particles at a REV of 75% to 3 × 1011 
GCs of fully packaged rAAV8EGFP further aggravated ALT transa-
minitis, which was not resolved until 5 weeks after vector infusion 
(Figure 5a). A zoomed-in analysis of the ALT data at the 2-week 
time point, the peak of vector-caused transaminitis, con"rmed that 
(i) administration of AAV particles, fully packaged, PE, and CE, all 
invoked slight but signi"cant ALT elevations as compared with the 
phosphate-bu!ered saline group (all P < 0.01) and (ii) at a REV of 
75%, exacerbation of vector-induced transaminitis was seen with 
empty AAV8 particles derived from rAAV8 production processes but 
not from the process without vector plasmid (Figure 5b). In other 
words, the empty capsids generated in the vector production/puri-
"cation process appear to be more immunogenic than those pro-
duced in the absence of vector genome plasmid.

Figure 4 Repression of rAAV8EGFP liver transduction by completely 
empty (CE) and partially empty (PE) AAV8 particles in BALB/c mice. 
(a) Adult male BALB/c mice were intravenously injected with rAAV8EGFP 
vectors (3 × 1011 GCs/mouse) alone or mixed with empty AAV8 particles 
(9 × 1011 GCs/mouse) from three different sources at a fixed ratio of 
empty virion (REV: 75%) via tail vein. The liver sections were fixed, and 
transgene expression was detected by fluorescence microscopy at 
4-week postinjection. Original magnification: ×100. (b) Quantitative 
analyses of rAAV8EGFP transduction efficiency. Images from six visual 
fields were analyzed quantitatively using ImageJ analysis software. 
Transgene expression was assessed as total area of green fluorescence 
(pixel)2 per visual field (mean ± SEM). Analysis of variance was used to 
compare test results with those from the group with rAAV8EGFP alone, 
and the differences were determined to be statistically significant. *P < 
0.05, **P < 0.01. GC, genome copy; rAAV, recombinant adeno-associated 
virus.
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rAAV8EGFP with spiked-in PE AAV8 capsids prepared as described 
earlier. As shown in Figure 4a, compared with rAAV8EGFP vectors 
alone (Figure 4a-A), EGFP expression in the livers at 4-week postin-
jection was clearly repressed by addition of the empty virions 
from three di!erent sources (i.e., PE from rAAV8EGFP production/
puri"cation process, Figure 4a-E; PE from rAAV8hA1AT production/
puri"cation process, Figure 4a-F; and CE of AAV8, Figure 4a-G). As 
expected, while scattered EGFP-positive hepatocytes were visible 
in the livers of the animals received PE particles from rAAV8EGFP 

production/puri"cation process (Figure 4a-B), no EGFP signal was 
detected in the liver sections from the groups received PE particles 
from rAAV8hA1AT production/puri"cation process (Figure 4a-C) and 
CE AAV8 particles (Figure 4a-D). Quanti"cation of EGFP expression 
on liver sections of the study animals at 4-week time point further 
documented the signi"cant repression of rAAV8EGFP transduction 
in mouse livers by empty viral particles regardless of the source of 
the empty particles; addition of 9 × 1011 particles each of PE virions 
derived from rAAVEGFP and rAAVhA1AT production/puri"cation 
processes as well as CE AAV8 virions to 3 × 1011 GCs of fully packaged 
rAAV8EGFP all resulted in a statistically signi"cant 35, 69, and 76% of 
reduction of EGFP expression, respectively (Figure 4b).

Taken together, empty AAV8 particles, regardless of their origins, 
in rAAV8 vector dosing preparations repressed di!erent reporter 
gene transduction in mouse liver. Such transduction inhibition was 
more pronounced in rAAV-mediated EGFP gene transfer to the liver 
of BALB/c mice.

Exacerbation of the side e!ects of rAAV8EGFP liver transduction by 
empty AAV8 virions in BALB/c mice
As aforementioned, one of the possible mechanisms for the inter-
ference of rAAVEGFP transduction by empty AAV8 virions could be 
the increased immunological burden from excessive empty viral 
capsids, which may exacerbate vector-related side e!ects in mouse 
liver. To test this hypothesis, we followed serum levels of ALT, a highly 
informative biomarker for liver damage, which could be caused by 
vector-related side e!ects, at days 3, 7, 14, 21, 25, and 35 after vector 
infusions in both C57BL/6 and BALB/c mice that were used for the 
experiments as described above. Consistent with published stud-
ies,20,22 C57BL/6 mice were tolerogenic to rAAV gene delivery to the 
liver, and no signi"cant ALT elevations were noticed in all experi-
mental groups at all the time points, regardless of di!erent reporter 
genes and REVs (data not shown).

On the other hand, our data also recapitulated previously 
reported side e!ects of rAAV transduction in BALB/c mice.15,20,21,23 
First, although ALT elevations in the group treated with fully pack-
aged rAAV8EGFP only were not as dramatic as what were previously 
reported,20–22 which may be attributed to possible di!erences in 
puri"cation methods, serum ALT elevations were indeed observed 
as early as 1 week after vector injection, peaked at day 14 and not 
declined to those in the phosphate-bu!ered saline control group 
until the third week (Figure 5a). Second, infusions of 9 × 1011 CE and 
PE AAV8 particles to BALB/c mice all caused elevations of serum 
ALT levels in a pattern similar to those seen in 3 × 1011 GCs of fully 
packaged rAAV8EGFP only groups (Figure 5a), suggesting potential 
side e!ects of AAV8 capsids. Of note, addition of PE AAV8 particles 
derived from either rAAVEGFP or rAAVhA1AT production/puri"ca-
tion process but not CE AAV8 particles at a REV of 75% to 3 × 1011 
GCs of fully packaged rAAV8EGFP further aggravated ALT transa-
minitis, which was not resolved until 5 weeks after vector infusion 
(Figure 5a). A zoomed-in analysis of the ALT data at the 2-week 
time point, the peak of vector-caused transaminitis, con"rmed that 
(i) administration of AAV particles, fully packaged, PE, and CE, all 
invoked slight but signi"cant ALT elevations as compared with the 
phosphate-bu!ered saline group (all P < 0.01) and (ii) at a REV of 
75%, exacerbation of vector-induced transaminitis was seen with 
empty AAV8 particles derived from rAAV8 production processes but 
not from the process without vector plasmid (Figure 5b). In other 
words, the empty capsids generated in the vector production/puri-
"cation process appear to be more immunogenic than those pro-
duced in the absence of vector genome plasmid.

Figure 4 Repression of rAAV8EGFP liver transduction by completely 
empty (CE) and partially empty (PE) AAV8 particles in BALB/c mice. 
(a) Adult male BALB/c mice were intravenously injected with rAAV8EGFP 
vectors (3 × 1011 GCs/mouse) alone or mixed with empty AAV8 particles 
(9 × 1011 GCs/mouse) from three different sources at a fixed ratio of 
empty virion (REV: 75%) via tail vein. The liver sections were fixed, and 
transgene expression was detected by fluorescence microscopy at 
4-week postinjection. Original magnification: ×100. (b) Quantitative 
analyses of rAAV8EGFP transduction efficiency. Images from six visual 
fields were analyzed quantitatively using ImageJ analysis software. 
Transgene expression was assessed as total area of green fluorescence 
(pixel)2 per visual field (mean ± SEM). Analysis of variance was used to 
compare test results with those from the group with rAAV8EGFP alone, 
and the differences were determined to be statistically significant. *P < 
0.05, **P < 0.01. GC, genome copy; rAAV, recombinant adeno-associated 
virus.
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rAAV8EGFP with spiked-in PE AAV8 capsids prepared as described 
earlier. As shown in Figure 4a, compared with rAAV8EGFP vectors 
alone (Figure 4a-A), EGFP expression in the livers at 4-week postin-
jection was clearly repressed by addition of the empty virions 
from three di!erent sources (i.e., PE from rAAV8EGFP production/
puri"cation process, Figure 4a-E; PE from rAAV8hA1AT production/
puri"cation process, Figure 4a-F; and CE of AAV8, Figure 4a-G). As 
expected, while scattered EGFP-positive hepatocytes were visible 
in the livers of the animals received PE particles from rAAV8EGFP 

production/puri"cation process (Figure 4a-B), no EGFP signal was 
detected in the liver sections from the groups received PE particles 
from rAAV8hA1AT production/puri"cation process (Figure 4a-C) and 
CE AAV8 particles (Figure 4a-D). Quanti"cation of EGFP expression 
on liver sections of the study animals at 4-week time point further 
documented the signi"cant repression of rAAV8EGFP transduction 
in mouse livers by empty viral particles regardless of the source of 
the empty particles; addition of 9 × 1011 particles each of PE virions 
derived from rAAVEGFP and rAAVhA1AT production/puri"cation 
processes as well as CE AAV8 virions to 3 × 1011 GCs of fully packaged 
rAAV8EGFP all resulted in a statistically signi"cant 35, 69, and 76% of 
reduction of EGFP expression, respectively (Figure 4b).

Taken together, empty AAV8 particles, regardless of their origins, 
in rAAV8 vector dosing preparations repressed di!erent reporter 
gene transduction in mouse liver. Such transduction inhibition was 
more pronounced in rAAV-mediated EGFP gene transfer to the liver 
of BALB/c mice.

Exacerbation of the side e!ects of rAAV8EGFP liver transduction by 
empty AAV8 virions in BALB/c mice
As aforementioned, one of the possible mechanisms for the inter-
ference of rAAVEGFP transduction by empty AAV8 virions could be 
the increased immunological burden from excessive empty viral 
capsids, which may exacerbate vector-related side e!ects in mouse 
liver. To test this hypothesis, we followed serum levels of ALT, a highly 
informative biomarker for liver damage, which could be caused by 
vector-related side e!ects, at days 3, 7, 14, 21, 25, and 35 after vector 
infusions in both C57BL/6 and BALB/c mice that were used for the 
experiments as described above. Consistent with published stud-
ies,20,22 C57BL/6 mice were tolerogenic to rAAV gene delivery to the 
liver, and no signi"cant ALT elevations were noticed in all experi-
mental groups at all the time points, regardless of di!erent reporter 
genes and REVs (data not shown).

On the other hand, our data also recapitulated previously 
reported side e!ects of rAAV transduction in BALB/c mice.15,20,21,23 
First, although ALT elevations in the group treated with fully pack-
aged rAAV8EGFP only were not as dramatic as what were previously 
reported,20–22 which may be attributed to possible di!erences in 
puri"cation methods, serum ALT elevations were indeed observed 
as early as 1 week after vector injection, peaked at day 14 and not 
declined to those in the phosphate-bu!ered saline control group 
until the third week (Figure 5a). Second, infusions of 9 × 1011 CE and 
PE AAV8 particles to BALB/c mice all caused elevations of serum 
ALT levels in a pattern similar to those seen in 3 × 1011 GCs of fully 
packaged rAAV8EGFP only groups (Figure 5a), suggesting potential 
side e!ects of AAV8 capsids. Of note, addition of PE AAV8 particles 
derived from either rAAVEGFP or rAAVhA1AT production/puri"ca-
tion process but not CE AAV8 particles at a REV of 75% to 3 × 1011 
GCs of fully packaged rAAV8EGFP further aggravated ALT transa-
minitis, which was not resolved until 5 weeks after vector infusion 
(Figure 5a). A zoomed-in analysis of the ALT data at the 2-week 
time point, the peak of vector-caused transaminitis, con"rmed that 
(i) administration of AAV particles, fully packaged, PE, and CE, all 
invoked slight but signi"cant ALT elevations as compared with the 
phosphate-bu!ered saline group (all P < 0.01) and (ii) at a REV of 
75%, exacerbation of vector-induced transaminitis was seen with 
empty AAV8 particles derived from rAAV8 production processes but 
not from the process without vector plasmid (Figure 5b). In other 
words, the empty capsids generated in the vector production/puri-
"cation process appear to be more immunogenic than those pro-
duced in the absence of vector genome plasmid.

Figure 4 Repression of rAAV8EGFP liver transduction by completely 
empty (CE) and partially empty (PE) AAV8 particles in BALB/c mice. 
(a) Adult male BALB/c mice were intravenously injected with rAAV8EGFP 
vectors (3 × 1011 GCs/mouse) alone or mixed with empty AAV8 particles 
(9 × 1011 GCs/mouse) from three different sources at a fixed ratio of 
empty virion (REV: 75%) via tail vein. The liver sections were fixed, and 
transgene expression was detected by fluorescence microscopy at 
4-week postinjection. Original magnification: ×100. (b) Quantitative 
analyses of rAAV8EGFP transduction efficiency. Images from six visual 
fields were analyzed quantitatively using ImageJ analysis software. 
Transgene expression was assessed as total area of green fluorescence 
(pixel)2 per visual field (mean ± SEM). Analysis of variance was used to 
compare test results with those from the group with rAAV8EGFP alone, 
and the differences were determined to be statistically significant. *P < 
0.05, **P < 0.01. GC, genome copy; rAAV, recombinant adeno-associated 
virus.
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DISCUSSION
rAAV8 vector has shown great promise in the liver-directed clinical 
gene therapy of hemophilia B.14 However, rAAV8hFIX lots that have 
currently been administrated to hemophilia patients are tinted with 
up to 90% of carried-over nontherapeutic but rather potentially 
immunotoxic empty AAV8 capsids from rAAV production pro-
cess.16,17 E!cient removal of empty particles from vector lots is a 
major challenge for good manufacturing practice–compatible rAAV 
production. The REV of a rAAV lot is not considered as a product 
release criterion for clinical applications. This raises major concerns 
over the e!cacy and safety of clinical vector lots manufactured by 
the current good manufacturing practice rAAV production process.

In an attempt to address those concerns, we performed the pres-
ent study. Our "ndings substantiated the repression of rAAV8 liver 
transduction in both C57BL/6 and BALB/c mice (Figures 2–4) and 
exacerbation of vector-related liver transaminitis in BALB/c mice 
(Figure 5) by empty AAV8 particles in the rAAV8 dosing formula-
tions. Our "ndings further revealed that even though all empty AAV 
particles, regardless how they were generated, were inhibitory to 
rAAV8 liver transduction, only those empty AAV8 particles that were 
derived from rAAV8 production/puri"cation processes appeared to 
worsen vector-related liver transaminitis (Figure 5). Moreover, the 
ALT elevations by fully packaged rAAVEGFP mixed with PE AAV8 
particles that contained more rAAVhA1AT genome-bearing virions 
(40%) were much more pronounced than those with PE AAV8 par-
ticles that contained much less rAAVEGFP genome-bearing virions 
(<10%), even though EGFP is much more immunogenic and toxic 
than hA1AT (Figure 5). In other words, the severity of transaminitis 
caused by spiked-in PE AAV particles in BALB/c mice appears to be 
dictated by the proportion of the rAAV genome-bearing virions in 
the PE AAV8 particles but not the property of the transgene.

The main objective of our current study was to substantiate the 
negative impact of empty virions on liver-directed gene transduc-
tion by rAAV8 but not to elucidate underlining biological mecha-
nisms which is largely unknown at this point. However, as both 
PE capsids isolated from rAAV8hA1AT and rAAV8EGFP production 
processes exacerbate transaminitis elicited by rAAV8EGFP liver 

transduction in BALB/c mice, it is unlikely that the side e#ects of PE 
capsids are transgene derived. Among other possibilities, it is plau-
sible that capsid-speci"c cytotoxic CD8+ T cells might have played a 
role in the total viral particle dose-limiting transaminitis observed 
in our study. To this end, several recent studies have elegantly 
addressed the immune biology of empty virions that often con-
taminates rAAV vector preparations. First, recent studies have sug-
gested that the clinical vector preparations might have contributed 
to eliciting capsid-speci"c CD8+ T-cell response and transient trans-
aminitis in two patients of the high-dose cohort in a clinical trial 
using rAAV8 vectors for treatment of hemophilia B.14,15 However, the 
vector used in this trial was isolated by ion exchange chromatog-
raphy method which cannot separate the full, empty, and PE AAV 
particles and consisted of a mixture of fully packaged functional, 
partially packaged nonfunctional, and CE viral particles.16,17 It was 
speculated that the increasing capsid dose by the empty AAV viri-
ons could augment the capsid antigen presentation on major histo-
compatibility complex class I, consequently trigging capsid-speci"c 
CD8+ T-cell response.17 Moreover, in one of these studies,15 PE AAV8 
and AAV2 virions were collected from the low density band after 
CsCl gradient ultracentrifugation in the rAAV puri"cation process 
and characterized for their immune biology in mice; lower but sig-
ni"cant proliferative CD8+ T-cell responses to these PE AAV particles 
were indeed detected as compared with fully packaged rAAV parti-
cles. In other words, those massively excessive PE particles together 
with fully packaged vector particles could potentially accentuate 
cytotoxic capsid-speci"c CD8+ T-cell response and subsequent liver 
damage. However, the results from this study on residual prolifera-
tion of CD8+ T cell by PE capsid should be interpreted cautiously as 
the PE particles with full or partial vector genomes could potentially 
exacerbate Toll-like receptor 9 signaling.15,24 In another interesting 
in vitro study by Li et al.25, Ova CD8+ T-cell epitopes-decorated AAV2 
particles were used as a sensitive model system to further charac-
terize cytotoxic capsid-speci"c T-cell response to the viral particles 
with and without rAAV genomes. This study suggested defective 
antigen presentation by CE and Ova CD8+ T-cell epitopes-decorated 
AAV2 virions, which were produced by double transfection in 293 

Figure 5 Exacerbate liver transaminitis in BALB/c mice by increased ratios of empty adeno-associated virus (AAV) particles in rAAV8EGFP dosing 
formulations. Mouse sera were collected at different time points after vector perfusion. The serum alanine aminotransferase (ALT) levels were detected 
by ALT detection kits. The time courses of (a) the ALT levels and (b) comparison of ALT levels of different study groups are presented. Analysis of variance 
was used for comparing the experimental results with those from the groups with phosphate-buffered saline (PBS) or rAAV8 or AAV8 empty particles 
alone and was determined to be statistically significant. *P < 0.05, **P < 0.01 versus PBS; #P < 0.05, ##P < 0.01 versus rAAVEGFP alone. Finally, the groups 
of rAAV8EGFP vector mixed with different AAV8 empty particles were compared with the corresponding AAV8 empty particle alone, respectively, and 
the P value for each paired comparison is presented. rAAV, recombinant AAV.
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Empty virions negatively impact on 
rAAV transduction

Empty AAV capsids retain IgG 
more efficiently than full capsids
→中和抗体吸着カラムへの応用

5SCIENTIFIC REPORTS |          (2020) 10:864  | �����ǣȀȀ���Ǥ���ȀͷͶǤͷͶ͹;Ȁ�ͺͷͻͿ;ǦͶ͸ͶǦͻͽ;Ϳ͹Ǧ�
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con!rm our !ndings in vivo, we used a previously published passive immunization mouse model37. Seropositive 
plasma was passed through an AAV-Sepharose column and the di"erent fractions of the column were subse-
quently infused intravenously in C57BL/6 mice. #e day a$er C57BL/6 mice (n = 5/6 per group) received an 
AAV8 vector encoding for coagulation factor IX (AAV8-hF.IX) at a dose of 5 × 1010 vg/mouse. Animals were 
followed up for 4 weeks (Fig. 6a). Before column treatment, the plasma sample used for the passive immunization 
experiment presented a high NAb titer (Plasma, NAb titer 1:1000), which decreased to undetectable in the &ow 
through (FT, NAb titer < 1:1) of the column (Fig. 6b). As observed in previous experiments, the anti-AAV8 NAbs 
were then found in the elution fraction of the column at a titer decreased due to the ~30-fold dilution of the sam-
ple (E, NAb titer 1:31.6, Fig. 6b).

Animals were passively immunized with Plasma, FT or E fractions, or PBS as control and a$er vector delivery 
hF.IX transgene levels in plasma were determined by ELISA. No transgene expression was observed in animals 
receiving untouched plasma, while animals receiving the FT fraction of the column had signi!cantly higher 
transgene expression levels (Fig. 6c). Accordingly, vector genome copy number (VGCN) in livers collected at 
day 28 post vector infusion showed signi!cantly higher levels of transduction of hepatocytes in FT-treated mice 
compared to Plasma or E treated animals (Fig. 6d).

These results confirm, in an in vivo model of passive immunization, that pretreatment of plasma with 
an AAV-specific antibody binding column results in rescue of liver transduction following AAV vector 
administration.

����������
Pre-existing anti-AAV antibodies are one of the main obstacles to the e'cient systemic delivery of AAV vectors. 
Antibodies originated from exposure to wild-type AAV, or deriving from administration of AAV vectors, can in 
fact neutralize AAV vectors, resulting in lack of e'cacy5. Consequent to humoral immune responses to AAV, a 
signi!cant proportion of seropositive participants is excluded from AAV vector-based trials, while vector redos-
ing, in case needed, is virtually impossible without immunomodulation at the time of gene transfer38,39. Here, we 
initially tested the e'ciency of plasmapheresis in the removal of anti-AAV antibodies in non-human primates. 
Like previously described25, we showed rescue of tissue transduction following systemic AAV vector, although 
IgG-containing plasma supplementation was necessary to maintain the levels of total circulating IgG su'cient to 

Figure 3. Binding of anti-AAV8 IgG to empty and full capsids. (a) AAV8 IgG retention following loading of 
36 mg of IVIg loading onto NHS-Sepharose columns loaded with the same amount (2 × 1012 capsid particles, 
puri!ed from the same AAV preparation) of empty vs. full capsids (empty AAV, n = 5 runs; full AAV, n = 8 
runs). **p < 0.01 two-tailed unpaired t test. (b,c). ELISA assay to detect anti-AAV8 IgG in IVIg (b) or pooled 
human serum (c) at various dilutions. Plates were coated with 2 × 1010 capsid particles (cp)/ml of empty or 
full AAV8 capsid. (d,e). ELISA assay to detect anti-AAV8 IgG in IVIg using plates coated with either 2 × 1010 
(d) or 2 × 1011 (e) cp/ml of empty or full AAV8 capsids deriving from n = 6 di"erent preparations each. Error 
bars represent the standard error of the mean. Statistical analyses performed by RM two-way ANOVA, Sidak’s 
multiple comparisons test in panels (b,c) and ordinary two-way ANOVA, Sidak’s multiple comparisons test in 
panels (d,e). ****p < 0.0001; **p < 0.01.

F. Mingozzi et al., Scientific Reports (2020) 

FIGURE 1 | Efficient capsid antigen presentation from systemic administration of AAV2OVA empty virions in mice. 2 × 1011 particles of AAV2OVA empty virions or 
full particle vectors encoding transgene alpha-1-antitrypsin were intravenously injected into C57BL/6 mice via retro-orbital vein. At day 3 post adeno-associated 
virus (AAV) injection, 5 × 106 CFSE-labeled OT-1 T cells were transferred into the mice. Ten days after transfer of OT-1 cells, the proliferation of OT-1 T cells was 
measured by flow cytometry. (A) Representative flow cytometric histograms. (B) Average T cell proliferation and SD for four mice. *p < 0.05 compared to mice 
with AAV full particle treatment.

3

Pei et al. AAV Capsid Antigen Presentation

Frontiers in Immunology | www.frontiersin.org April 2018 | Volume 9 | Article 844

RESULTS

AAV2 Empty Virions Induce Efficient 
Capsid Antigen Presentation In Vivo
In our previous studies, we used an engineered AAV2 capsid 
by swapping the immune-domain epitope, SIINFEKL, from 
ovalbumin protein into the AAV virion HI loop and dem-
onstrated that capsid antigen presentation is elicited from 
AAV2-transduced liver cells in mice (17). In reality, empty 
particles are impossible to completely remove from the AAV 
virus preparation, especially in AAV virion puri!cation using 
column a"nity. #is raises a concern as to whether the con-
tamination of empty virions in AAV preparations increases 
capsid antigen presentation in transduced cells. To evaluate 
this, we injected 2 × 1011 particles of AAV2OVA full capsids or 
empty virions into C57BL/6 mice via systemic administration 

and 3  days later, CFSE conjugated OT-1 spleen cells were 
infused into the mice. At day 10 post OT-1 cell transfusion, the 
mice were sacri!ced, and spleen cells were collected for OT-1 
spleen cell proliferation analysis. Surprisingly, 80% of OT-1 
cells were in division status in mice receiving AAV2OVA empty 
virions, a slightly higher value than that observed in mice with 
AAV2OVA full particle application (Figure 1, p < 0.05). #is 
result indicates that empty virions also induce capsid antigen 
presentation in vivo.

Similar Kinetics of Capsid Antigen 
Presentation Between Full Particles 
and Empty Virions
Our previous study has demonstrated that the e"ciency of cap-
sid antigen presentation from full particle transduction gradu-
ally decreases over time, and higher capsid antigen presentation 

Efficient Capsid Antigen Presentation 
From AAV Empty Virions In Vivo

X.Pei et al., Front. Immunol. (2018) 



https://www.fiercepharma.com/pharma/sareptas-dmd-gene-therapy-finally-makes-it-accelerated-approval-finish-line-restricted
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特定の HLA 対立遺伝子を持つ小児の肝障害



Adeno-associated virus 2 infection in children with non-A-E hepatitis 
Ho A. et al., 
Nature 2023 May;617(7961):555-563

肝炎患者32名中26名 (81%) の血漿および肝臓検体でAAV2の感染
健常者の検体では 74名中5名 (7%)が陽性

HLA-DRB1*04:01対立遺伝子は肝炎患者27名中25名 (93%) で検出
健常者の検体では 64名中10名 (16%; P = 5.49 × 10-12)が陽性
肝炎患者におけるHLA-DRB1*04:01対立遺伝子頻度は0.54、健常者では0.08
（オッズ比(OR) of 13.7 (95% CI of 5.5–35.1), P = 5.49 × 10−12）

英国バイオバンクの健常者集団
HLA-DRB1*04:01対立遺伝子頻度は0.11
（29,379対立遺伝子中2,942、オッズ比(OR) of 112.3 (95% CI of 26.6–474.5), P 
= 3.27 × 10−23 ）

英国アイルランド北西ヨーロッパ人集団
HLA-DRB1*04:01対立遺伝子頻度は0.11



Adeno-associated virus type 2 in US children with acute severe hepatitis
Servellita V. et al., 
Nature 2023 May;617(7961):574–580

2022年以降、英国や米国など35カ国で原因不明の小児肝炎が1000例以上報告 
肝移植を必要とする重症の肝炎や死亡例も

米国の原因不明の急性重症肝炎の患児血液検体（14件）では、93％（13件）でAAV2が検出
患児14人全員、ヒトアデノウイルス陽性
対照群（113人）では3.5％（4件）

AAV2に感染していた患児（13人）は、EBウイルスやヒトヘルペスウイルスの同時感染
AAV2とヘルパーウイルスの同時感染が小児肝炎の重症度と関連

Genomic investigations of unexplained acute hepatitis in children
Morfopoulou S. et al. 
Nature 2023 May;617(7961):564-573

小児肝炎患者28名中27名で肝臓、血液、血漿、尿にAAV2検出 (high titer)

小児肝炎患者31名中23名でヒトアデノウイルス検出 (low titer)
23名中26名でヒトベータヘルペスウイルス6B（HHV-6B）検出 (low titer)
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Ø アデノウイルスベクター
• 特徴
• ベクター作製
• 腫瘍溶解性ウイルス
• ワクチン

Ø AAVベクター
• 特徴
• ベクター作製
• カプシド改変
• 医療応用と全身大量投与による副作用
• 製造プロセスの開発動向
• 今後期待される技術



https://imamura-net.com/blogpost/10736/

品質リスクマネジメント（有効かつ安全であることの確認)

リスクアセスメント (要因特定、可能性分析、重大性評価)
↓

リスクコントロール (リスク・利益バランスの設定、制御、低減、受容)

有効性・安全性が高い
遺伝子治療用製品

完全性、均質性
凝集体、分解物
中空粒子、HCP、核酸



l Chemistry, Manufacturing, and Control (CMC) Information for Human Gene Therapy 
Investigational New Drug Applications (INDs)

遺伝子構造 配列、安定性
タンパク質構造 キャプシドの構成、構造、翻訳後修飾
物理化学的特徴 分子量、粒子サイズ、中空粒子/完全粒子の比率
生化学的特徴 糖鎖修飾部位
製造工程由来不純物 SV40 Large T antigen (腫瘍原性、免疫原性)

l Testing of Retroviral Vector-Based Human Gene Therapy Products for Replication 
Competent Retrovirus During Product Manufacture and Patient Follow-up

l Long Term Follow-Up After Administration of Human Gene Therapy Products

l Human Gene Therapy for Hemophilia

l Human Gene Therapy for Rare Diseases

l Human Gene Therapy for Retinal Disorders

Disease Specific Gene Therapy Guidance

Guidances on Manufacturing Gene Therapies

Guidance for Industry (US FDA; 2020)

開発手法の進化
(Process Analytical Technology:PAT)

↓
Quality by Design(QbD)アプローチ

↓
品質信頼性、リスク回避

Statement from FDA Commissioner Scottlieb, M.D. 
on agency’s efforts to advance development of gene therapies
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CHAPTER 4   Process Development Using Quality by Design (QbD) Principles 71

perspective of both patients and regulatory authorities. 
In the context of biopharmaceutical manufacturing and 
as stipulated in ICH Q6A, quality refers to the suitability 
of a drug substance or drug product for the intended 
eventual use, and speci!cations that are associated with 
this suitability are known as quality attributes. Product 
quality attributes are selected for their ability to help 
indicate the suitability of the product for its intended use. 
"ey are important to demonstrate lot-to-lot consistency, 
generate solid clinical data, determine relationships be-
tween product quality attributes and safety and e#cacy, 
support establishing meaningful speci!cations, and show 
comparability a$er manufacturing changes.

All quality attributes must be assessed for consistently 
measurable and quantifiable impacts on the safety, 
e#cacy, or other aspects of quality of the product. In 
turn, developers can de!ne a pro!le of CQAs and CPPs. 
For further, more detailed discussion of CPPs and their 
relationship to CQAs, please refer to Chapter 5.

Understanding product CQAs is perhaps the most 
critical aspect of establishing a suitable manufacturing 
process, as well as establishing controls for assuring 
product quality and consistency. Because variations in 
CQAs indicate the importance and impact of process 

parameters and monitoring, CQAs serve as the bench-
marks that enable the properly informed selection of 
operational ranges. Most importantly, CQAs help ensure 
that the !nal product will provide patients with the safest 
and most e#cacious therapy possible. Figure 3 summa-
rizes the purpose and involvement of considerations 
related to CQA considerations with respect to the overall 
development process.

CQAS AS RELATED TO REGULATORY TIMING AND 
EXPEDITED PATHWAYS

As gene therapy products provide patients with treatment 
options for conditions with few or no alternative therapies, 
the timing for securing regulatory approval is of utmost 
importance in allowing patients to bene!t from the ad-
vancements that gene therapy products can o%er. For this 
reason, developers o$en aim to achieve expedited pathway 
designation(s) for gene therapy products. As an example 
of expedited regulatory pathway development, the FDA 
is putting an e%ort into various expedited pathways to 
accelerate the process product approval while still ensuring 
safety of products. For speci!c information about expe-
dited regulatory pathways with respect to gene therapy 
products, please refer to Chapter 1.

Figure 4-3. CQA Considerations During Development

Understanding CQA'a helps 
define an appropriate process  

Understanding functional relationships 
between process and CQA provides for 
an enhanced approach  

Control Strategy
•  Release testing
•  Stability testing
•  In-process control testing
•  Control of material attributes
•  Control of process parameters

CQAs Process 
Characterization

Identify quality attributes that impact potency, 
pharmacokinetics/pharmacodynamics, 
immunogenicity, or safety (i.e., those that 
a!ect the drug recipients).       

Project A-Gene
A case study-based approach 
to integrating QbD principles 

in Gene Therapy CMC programs

Presented by

抗体医薬の経験を活用、物理的性質を重視
QbDの考え方を安全性に反映させるためには

医学・生物学的評価(生物活性、免疫毒性)が重要
→ より進化したenhanced QbD

再生医療等製品は、原料となる細胞の性質が不安定
安全性や有効性と相関が高い重要品質特性CQAを厳密に特定することが困難

最終製品の規格試験のみで管理するのではなく、
QbDの考え方を取り入れ、原材料管理、工程内管理や中間製品試験によって
変動やばらつきをモニタリング・制御し、製品のデザインスペースを確保 



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

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）

細胞回収・溶解
培養上清

主なrAAV作製細胞の特徴

接着系 ヒトHEK293 浮遊系 ヒトHEK293 ヨトウガSf9

長
所 ・ 生産効率

・ 高密度培養 
(⇒ 大量生産)

・ 大量生産
（バキュロウイルス ）

短
所

・ 大量培養には不適切
・ コスト(無菌性試験等)
・ 高密度培養に工夫

・ 生産効率
・ コスト(無菌性試験
等)
・ 高額なライセンス料
（初期費用+治験相+売り上げ）

・ 臨床的効果が低減
・ 中空粒子の大量混入
・ 翻訳後修飾の多様性
・ ラブドウイルス汚染
・ 中間体ゲノムの混入
・ 宿主由来HCPや核酸

ヒト組織に由来するベクター生産細胞が重要

セルバンクシステム(MCB,WCB;ICH-Q5B/Q5D)
ウイルス否定試験、マイコプラズマ否定試験、無菌試験

形態観察試験、増殖試験
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Gene Major Phenotype ඍߡ tumor germline tumor ஭̏ ஭̐
APC FAP ʕ ʕ ʕ AAA ˜
ATM Breast Ca ʕ ʕ A ˗
BAP1 Malignant Mesothelioma etc. ʕ ʕ B
BMPR1A Juvenile Polyposis AA
BRCA1 HBOC ʕ ʕ ʕ AAA ˗
BRCA2 HBOC ʕ ʕ ʕ AAA ˗
BRIP1 Ovarian Ca ʕ A ˗
CDH1 Diffuse Gastric Ca ʕ AA ʕ
CDK4 Melanoma ʕ ʕ B ʕ
CDKN2A Melanoma/Pancreatic Ca ʕ ʕ A ʕ
CHEK2 Breast Ca ʕ ʕ A ʕ
EPCAM Lynch Deletion AA
FH Hereditary Leiomyomatosis and Renal Cell Ca ʕ B ʕ
FLCN Birt-Hogg-Dube syndrome ʕ B ʕ
MAX HPPS B
MEN1 MEN1 ʕ AAA ʕ
MET GIST ʕ ʕ B
MLH1 Lynch ʕ ʕ ʕ AAA ˗
MSH2 Lynch ʕ ʕ ʕ AAA ˗
MSH6 Lynch ʕ AAA ˗
MUTYH MAP Biallelic ʕ AA ˗
NBN Breast Ca ʕ A
NF1 NF1 ʕ ʕ A ˜
NF2 NF2 ʕ AA ʕ
PALB2 Breast Ca ʕ ʕ AA ˗
PMS2 Lynch ʕ AAA ˗
POLD1 Colon Ca ʕ ʕ B
POLE Colon Ca ʕ ʕ B ʕ
POT1 Malignant Melanoma B
PTEN PTEN hamartoma ʕ ʕ ʕ AA ˜
RAD51C Ovarian Ca ʕ ʕ A ˗
RAD51D Ovarian Ca ʕ A ˗
RB1 Retinoblastoma ʕ ʕ ʕ AAA ˜
RET MEN2 ʕ ʕ ʕ AAA ˗
SDHA HPPS ʕ A
SDHAF2 HPPS ʕ AA ˗
SDHB HPPS ʕ AA ˗

Potentially Actionable SF Gene
List

NCC Oncopanel

（二次的所見、遺伝カウンセリングとIC、「遺伝情報の開示」→「研究によって得られた結果等の説明」）
健康管理や診療方針に関し結果説明が必要 （遺伝子解析に未対応→国際競争上のリスク）
→ 知る権利、知らないでいる権利（細胞提供者の同意が必要） 

細胞開発と新統合指針 (医学系指針+ゲノム指針、生命・医学系指針)

（個人識別符号、要配慮個人情報、個情法の改正）
全核ゲノムシークエンス
全エクソームシークエンス
一塩基多型(SNP)
独立な40箇所以上のSNPの構成
9座位以上の4塩基単位の繰り返し配列(STR)

AMED ゲノム創薬基盤推進研究事業 ゲノム情報患者還元課題 
「医療現場でのゲノム情報の適切な開示のための体制整備に関する研究」 （小杉班, 2019）

（細胞の品質評価、遺伝子改変、ウイルスクリアランス）
がん遺伝子パネル検査、NGS → 株化前後の比較



a larger vector genome of approximately 4200 nu-
cleotides (Fig. 3E–H). These results indicate that
vector preparations generated using the producer
cell line technologymay 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).
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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

完全粒子の割合が多い



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(生産培養)
iCELLis, STR, XDR

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）

細胞回収・溶解
培養上清

withコロナ時代における試薬、シングルユースのサプライチェーン管理
• 需要ショック長期化への対応、互換性バッグ、カーボンリサイクル
• 生産回復状況の地域別モニタリング

【小スケール】
pH/温度/DO/バイオマス

乳酸生成速度

細胞あたりの呼吸速度
基質消費速度

【スケールアップ】
酸素移動容量係数：kLa

炭酸ガス移動容量係数

完全混合時間
攪拌所要動力
攪拌による物理的ストレス



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

完全粒子と中空粒子の分離は困難

https://rephagen.com/vhh/

恒川
9/13, O11-1



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）
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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

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
↓

高流量下で高い結合能
中空粒子除去のSOP、フットプリントが課題

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.

HUM-2009-006-Okada-Suppl_2P.3D 07/31/09 2:01pm Page 1

精製効果が必要



完全体・
中空粒子
分離

製造工程由来
不純物

大容量への
順応

精製物濃度

アフィニティ
（粗精製）

中空粒子の
分離は困難

イオン交換
(ポリッシング)

小スケール
に限定

Zonal
超遠心
（ポリッシング）

Zonal超遠心分離によるAAVベクター製造

前処理・清澄化
（課題2）

TFF (中空糸)

アフィニティー精製

超遠心 (大容量)
/イオン交換

充填

TFF (カセット)
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Wada M, Okada T, et al., Gene Ther. (in press)



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

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-

AAV2�PURIFICATION�USING�HEPARIN�COLUMN 73

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.

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

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

和田
9/12, O5-6
9/13, シンポジウム9 



遺伝子治療用製品の分析対象と品質管理

日本ＰＤＡ製薬学会 「バイオ医薬品ハンドブック」 改変

分析対象 項目 手法

目的物質 カプシド、ゲノム
（定量、完全性、不均一性）

電気泳動、質量分析(VP構成比)
dd/ndPCR、NGS、生物学的力価

目的物関連物質 目的物質の特性、翻訳後修飾 糖鎖解析、免疫毒性評価

目的物由来不純物 中空/不完全粒子(dsRNA、HCP)、
凝集/分解物

AUC、クロマト、cryoTEM、
質量測光

製造工程由来不純物 感染性因子、プラスミド、
細胞由来DNA/RNA/タンパク質

ウイルスクリアランス、
ELISA、PCR、NGS、HPLC

プロセス段階 確認内容 論点

原料 感染性因子 NGS (ICH-Q5A)

中間体 感染性因子、CQA QbD（再現性、規格に依存）

原薬 外観、純度、力価(in vitro/in vivo生物活性)
目的物由来不純物・関連物質
製造工程由来不純物

中空粒子、不完全粒子
ゲノム(細胞, プラスミド, Kmr)
rcAAV

製剤 目的物由来不純物・関連物質、安定性 中空粒子、不完全粒子



レイリー干渉光学系：
屈折率の違いから生じる干渉縞

遠心力
浮力
拡散力

Analytical Ultracentrifugation （AUC）

沈降速度法
(濃度変化)

沈降平衡法
(沈降と拡散の平衡)

分子量(M)沈降係数(s)や拡散係数(D)
分子の形状が影響

empty
genome-containing 
particle
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ガラス基板上の散乱光強度
(干渉散乱顕微鏡)

↓
完全溶液系、ラベルフリー
高精度の分子量分布計測

↓
溶液中生体分子やナノ粒子

分子量測定

Single-molecule counting by mass photometry

Soltermann et al., Angew. Chem. Int. Ed.2020,59, 10774 –10779

Understanding how biomolecules interact with each other is
central to the life sciences. The complexity thereof ranges
from specific binary interactions, such as between antibodies
and antigens,[1–3] to the formation of complex macromolecular
machines.[4,5] Conversely, undesired interactions are often
associated with disease, such as the formation of protein
aggregates in neurodegenerative disease,[6] or the engagement
of a virus with its target cell.[7,8] The high specificity and
critical role of these interactions make them an ideal target
for intervention, either in promoting a certain response by
presenting an alternative binding partner, or preventing
(dis)assembly.[9–11] This diversity comes with a broad range
of binding strengths and dynamics, measured in terms of
thermodynamic and kinetic quantities such as equilibrium
constants (e.g. for dissociation, Kd), free energies, and rate
constants (koff and kon).

In broad terms, existing biophysical methods can be
categorized into size-based approaches performing quantifi-
cation and separation by either size or diffusion coefficient,
physical interaction with functionalized surfaces, direct mass
measurement, enthalpy changes, or light scattering.[12–17]

These ensemble-based methods are complemented by fluo-
rescence-based approaches[18] capable of operating at the
single-molecule level, providing additional information on
sample heterogeneity and dynamics.[19,20] All of the above
methods operate in the context of various practical short-

comings such as non-native environments, artefacts caused by
protein immobilization and labelling, lack of sensitivity at low
concentrations, or lack of resolution.[21–23] Biological systems
can pose additional challenges from either particularly fast or
slow kinetics to complexities arising from multiple co-existing
species. Label-free methods struggle with strong binding
affinities (Kd< mm), which are often encountered for inter-
actions of relevance for biopharmaceuticals in the context of
antibody-based drugs.[24]

We have recently developed mass photometry (MP),
originally introduced as interferometric scattering mass
spectrometry (iSCAMS), as a means for detecting and
measuring the mass of single proteins and the complexes
they form in solution.[26] MP detects single biomolecules by
their light scattering as they bind nonspecifically to a micro-
scope cover glass surface. Each binding event leads to
a change in refractive index at the glass/water interface,
which effectively alters the local reflectivity and can be
detected with high accuracy by taking advantage of optimized
interference between scattered and reflected light (Fig-
ure 1a).[25] The reflectivity change is proportional to the
molecular mass, with up to 20 kDa mass resolution and 2%
mass accuracy by calibration with biomolecules of known
mass.[26] Both the original[26] and subsequent studies have
proposed methods to extract binding affinities from MP
distributions of biomolecular mixtures,[27] and shown that the
results agree broadly with alternative approaches.[26–28] The
degree to which these MP distributions are indeed quantita-

Abstract: Interactions between biomolecules control the
processes of life in health and their malfunction in disease,
making their characterization and quantification essential.
Immobilization- and label-free analytical techniques are
desirable because of their simplicity and minimal invasiveness,
but they struggle with quantifying tight interactions. Here, we
show that mass photometry can accurately count, distinguish
by molecular mass, and thereby reveal the relative abundances
of different unlabelled biomolecules and their complexes in
mixtures at the single-molecule level. These measurements
determine binding affinities over four orders of magnitude at
equilibrium for both simple and complex stoichiometries
within minutes, as well as the associated kinetics. These results
introduce mass photometry as a rapid, simple and label-free
method for studying sub-micromolar binding affinities, with
potential for extension towards a universal approach for
characterizing complex biomolecular interactions.
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Figure 1. Principle of single-molecule counting by mass photometry.
a) Label-free single-molecule detection by imaging the interference of
scattered and reflected light arising from individual protein landing
events at a glass-water interface over time. b) Scatter plot of single-
molecule contrasts and resulting mass distribution for a 1:1 mono-
mer/dimer 2G12 mixture. c) Mass distributions for varying 2G12
monomer/dimer ratios. d) Comparison of monomer/dimer ratios
measured by MP compared to expectations based on UV-VIS absorp-
tion characterization.
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Ø アデノウイルスベクター
• 特徴
• ベクター作製
• 腫瘍溶解性ウイルス
• ワクチン

Ø AAVベクター
• 特徴
• ベクター作製
• カプシド改変
• 医療応用と全身大量投与による副作用
• 製造プロセスの開発動向
• 今後期待される技術



血友病遺伝子治療（変異体を応用した機能増強）

Pickar et al.,  Nat. Med., p121-122, 2018
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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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→患者・主治医の理解が重要



Ishii A, Kinoh H, Okada T. et al., 
Molecular Therapy - Methods & Clinical Development, 2020

霊長類における外来遺伝子発現低下と免疫応答制御の効果

85

筋⾁内投与（上腕⼆頭筋、前脛⾻筋）

Bar=50µm82.21±5.21%

2 weeks 4 weeks

38.27±3.63 % 0%

8 weeks

正常カニクイザル, 3〜4 years old Tacrolimus, 0.06 g/kg BW
AAV8-CMV-LacZ, 1x1013v.g./muscle

Tacrolimus AAV8-LacZ, i.m.

-3 d 0d

Biopsy

16w 42w
剖検

24w8w

中和抗体価
測定

Tacrolimus
(カルシニューリン阻害薬)

課題（特に⾼齢者）
連⽇投与による

肝・腎障害のリスク
易感染性

発現の維持には
免疫応答制御が有効

(-)

(+)

ta
cr
ol
im
us

73.8±8.5 % 51.0±11.6% 54.5±10.5%

8 weeks 24 weeks 42 weeks



The Journal of Clinical Investigation   R E V I E W

9J Clin Invest. 2021;131(1):e143780  https://doi.org/10.1172/JCI143780

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.

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DC制御
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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.
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1/100量で長期的効果

→ 安全性とコストの大幅な改善

（企業導出、他の疾患にも展開）
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AAVベクターとMSCを用いた次世代の遺伝子・細胞治療

AAVベクター
基盤技術

付加型
遺伝子治療

MSC併用
免疫寛容遺伝子治療

炎症制御
再生療法

MSC
基盤技術

骨髄由来MSC
歯髄幹細胞
羊膜由来MSC

細胞治療

DMD治験開始
（国内企業）

短時間で大規模・高純度精製
凍結乾燥、分析法

↓
アカデミアGMP製造

遺伝子治療

少量のベクターで副作用なく効果持続
DMDほか治験準備中

(海外企業)

核酸・エクソン・スキップ
AAV・小型ジストロフィン

↓
遺伝情報の修正
(DMD→BMD)

安全性・有効性・再現性の高い全身治療
異物発現による治療 (ゲノム編集、光遺伝学)

岡田ほか、特許第6750782号
Kinoh H, Okada T, et al., Mol Ther - Methods Clin Dev, 20:133-141, 2021
Nature Reviews Drug Discovery, DOI: 10.1038/s41573-023-00775-6, 2023

笠原
9/12, O8-6 



免疫寛容誘導によるAAV反復投与の遺伝子治療 (米Selecta社)

日経バイオテク

https://selectabio.com/portfolio/gene-therapy/

ラパマイシン封入ナノ粒子→Treg活性化、MMA(メチルマロン酸血症)臨床試験の再開 



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、静脈内)
今後、髄腔内投与の安全性、有効性評価

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



時代に合わせた価値評価と保険償還制度 

米国
【医療経済学的評価】

・従来法（酵素補充療法）との比較
・outcome-based payment：
KYMRIAH, YES-CARTA
・NICEレポート：
橋渡し vs. 治療
・承認取得後の価格見直し

日本
【原価計算方式】

・原材料費
・労務費
・製造経費
・製品製造原価 (ライセンス、薬事対応)
・販売費/研究費 (品質、非臨床、臨床)
・営業利益
・流通経費
・消費税

遺伝子治療独自の体系
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ゾルゲンスマ
2020年3月承認、5月保険適用

スピンラザを比較薬とした類似薬効比較方式
難病の治療薬は原則的には費用対効果評価の対象外
ゾルゲンスマは「著しく薬価が高い」と判断され例外適応

ゾルゲンスマ

(ノバルティス社)
2019年5月承認

成果報酬型

「過去最高薬価、ゾルゲンスマの実力は」NIKKEI MEDICAL 2019/6 「史上最高額、薬価2億3375万円の薬が米国で登場」 日経バイオテクONLINE Vol.3168 2019/5/29

初の「億超え新薬」ゾルゲンスマの薬価はどう決まったか AnswersNews 2020/5/20

原価を大きく改善できれば
費用対効果の評価でも企業にメリット

類似薬効比較方式ならコスト管理が有効
→ 原材料費削減、効率化、QC試験適正化

新薬の算定薬価が外国平均価格より低い



予防的治療への展開（希少疾患から慢性疾患へ）

ウイルスベクターを用いた治療の方向性 (日本版 Target 10)

眼科領域
緑内障、加齢黄班変性症、色覚異常
失明（網膜色素変性症）

耳鼻科領域
老人性難聴、イヤホン難聴

中枢神経系（COVID-19の長期的な後遺症）

アルツハイマー病、パーキンソン病

第一期
・ 単一遺伝子を欠損した希少疾患患者の治療
・ CAR-Tを用いた癌免疫療法

・ 腫瘍溶解性ウイルスを用いた癌治療

第二期

第二期で注目される慢性疾患
(高齢社会・超高齢社会、ポストコロナ社会)

・ 慢性疾患の遺伝子治療
・ MSCやiPS細胞に遺伝子導入、分化誘導や機能強化

投与臓器/部位が小さく、
ベクターは少量でも有効



Luxturna, a copy of the RPE65 gene (rAAV2)

https://www.labiotech.eu/in-depth/gene-therapy-blindness-cure/
Russell et al., Lancet. 2017 Aug 26; 390(10097): 849–860

Leber hereditary optic neuropathy
voretigene neparvovec (AAV2-hRPE65v2)

BCVA (best-corrected visual acuity)

2023年8月23日
中央社会保険医療協議会総会
遺伝子治療薬「ルクスターナ」薬価収載
片眼4960万円
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同一疾患でも病態によって異なるモダリティが必要

視細胞/RPE/
脈絡膜の発生異常

視細胞の
機能不全

進行性

視細胞変性
視細胞の消失

2次ニューロン
の変性

薬物療法／神経保護

光遺伝学治療

（次世代の遺伝子治療）

人工網膜

原因遺伝子の補充

（従来の遺伝子治療）

細胞治療

• 視細胞移植では、視細胞を保護する網膜色素上皮および視細胞より中枢側にある双極細胞な
どが解剖学的、機能的に一部でも残存していることが前提

• 光遺伝学治療では治療標的となる、（視細胞より中枢側にある）神経節細胞が一部でも残存し
ていれば治療が行えるため、末期の網膜変性症例も対象となりうる

• 光遺伝学治療ではユニバーサルな治療遺伝子で治療可能、加齢黄班変性症にも応用可能

RGC

二次ニューロン

視細胞

RPE

高橋政代先生作成 (Modified from Sci Transl Med 2016)



AAVベクソソームワクチンモダリティと現⾏モダリティとの⽐較図
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アデノ随伴ウイルス(AAV)ベクターワクチンの特徴と課題

AAVがワクチンとして優れている点

- 安定性（4℃で1年間保存可能）

- 高い有効性、長い感染予防期間（1年間）

- 遺伝子治療用製品の製造体制を活用

- 製造施設の汎用性（デュアルユース）

- 経口、経鼻投与の可能性

課題（期待される技術）

- 凍結乾燥技術

- 複数回投与の可能性

（べクソソーム：AAVをEVにパッケージング）

- 経口、経鼻投与技術の開発

- 高効率で生産性の高いAAV製造体制の開発

(連続生産の革新技術を遺伝子治療にも展開)

mRNAワクチンの課題

- 温度管理

- アナフィラキシー(PEG)

松坂
9/11, O4-7 
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Morimoto Eontinuous EreeZe Pry､m CFD■ I ■ ■ ■ ■ ■ ■ ■

(当社モリモト式連続凍結乾燥装置)による粉末調製
r

ll仕組み

甲ノズルL

真空状態

111
111水滴 I I I
l l l
l l l
I I I
I I I
I I 1
1 0 1
1             0

吋● ● ●

I * 1氷 ● ● ● ● ●
● ● ●●●
● ● ●● ●● ●
噴霧凍結

①粉末が均一
②短時間､低コスト
③簡単にできる

→サンプルの評価が確定､医薬品ができる
→安定なサンプル調製､時間･予算節約
→欲しい人が必要な時に利用できる

①再牛戻瘡
②バイオ医薬
③ワクチン
④低分子/ペプチド医薬品､その他

①MAB
次世代バイオ医薬品製造技術研究組合
②製薬会社
③その他

私たちは皆様の研究開発を応援します！

⑭株式会篭勵肇議 MII  "#諒刷副
微量粉末化サービスはこちら

実績

特長

展 開

』

蕊

真空状態

昇華及び乾燥
コ ジ

〆

̅ 、

日刊工業新聞 2023年2月8日

常温・粉末の状態で活性を保持
• 常温で長期保存の実現
• ワクチンへの応用（感染症・神経変性疾患）
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アルツハイマー病に対するワクチン療法（能動免疫療法）

ウイルスベクター
ワクチン

順天堂大学、田平教授
https://prtimes.jp/main/html/rd/p/000000003.000021495.html
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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
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第31回 JSGCT日本遺伝子細胞治療学会 学術集会

Great expectations 
国際貢献と新たな時代の幕開け

会 期  2025年7月21日-24日 
会 場  東京大学 安田講堂ほか
会 長  岡田尚巳（東京大学） 

特別講演  J. Fraser Wright (Stanford, USA)
（予定） Philip J. Brooks, PhD (NIH NCATS, USA)

Robert Kotin (MIT/Carbon Biosciences, USA)
Silviu Itescu, MBBS, FRACP (Mesoblast, Australia)

シンポジウム 遺伝子治療ウイルスベクターの製造技術開発
自然免疫応答と対策

（予定） DMDの遺伝子・細胞治療
  中枢神経・感覚器疾患の遺伝子治療
  血液・免疫疾患の遺伝子治療
  先天性代謝異常の遺伝子治療

［後援］ 一般社団法人 日本再生医療学会
(予定) 一般社団法人 日本人類遺伝学会

一般社団法人 日本遺伝カウンセリング学会
日本遺伝子診療学会

国際協力遺伝病遺伝子治療フォーラム
AMED委託費「再生医療・遺伝子治療の産業化に向けた基盤技術開発事業」（岡田班）
AMED委託費「再生・細胞医療・遺伝子治療実現加速化プログラム、実用化支援課題」（岡田班）


