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1) 開発の動向

2) 安全性や衛⽣規制の動向

3) ⾷⾁産業界ならびに消費者の受け⽌め
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食品の安全性だけではなく、基礎発生学も検討

マウス転写因⼦Mesp1, Mesp2の⼆重
⽋損(dKO)胚︓中胚葉形成不全を⽰す dKO 細胞は⼼臓形成に寄与できない︓

Mesp1, Mesp2は⼼臓中胚葉形成に必須な転写因⼦

総説での引用

キメラ解析

ÇAĞAVİ et al. / Turk J Biol
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some cardiomyocytes can renew themselves, albeit at 
low levels. In support of this idea, Bergmann et al. (2009) 
utilized 14C, which integrates into DNA to establish the age 
of cardiomyocytes in humans, and showed that less than 
50% of cardiomyocytes are exchanged during a normal 
lifespan (Bergmann et al., 2009).

Although heart size, beating rate, and cardiac 
physiology di!er signi"cantly among di!erent species, 
common protein families lead heart development during 
embryogenesis and adulthood in mammals. Model 
organisms and small and large mammals are widely used 
to explore CSC biology. In combination with elaborate 
bioinformatics approaches, both nuclear and cell-surface 
proteins have been identi"ed as markers for CSCs and 
mature cell types in the heart. Some widely studied 
markers of CSC include, but are not limited to, C-kit, Sca-
1, SIRPA, KDR, GATA4, HCN4, Nkx2.5, and Isl-1. 

In this review, we aim to summarize mainstream 
studies on various CSC populations that are veri"ed by 
independent reports, brie#y explain their characterization 
based on speci"c surface antigens or speci"c transcription 
factors that they express (Figure; Table), and brie#y explain 
basic clinical applications. $e classi"cations of cardiac 
stem cells based on metabolic activity, dye exclusion, and 
“or else” criteria are excluded due to space limitations and 
are reviewed in other reports.  

2. Cardiac stem cells
2.1. C-kit+ cells
C-kit, de"ned as a mast/stem cell factor protein receptor 
(CD117), is one of the most widely studied cell-surface 

markers that de"ne a subpopulation of CSCs (Orlic et al., 
2001; Beltrami et al., 2003; Messina et al., 2004; Castaldo et 
al., 2008). C-kit-expressing stem cells have been reported 
to originate from and reside in the bone marrow niche and 
are recruited to the heart a%er a MI (Orlic et al., 2001). 
Beltrami et al. (2003) reported that C-kit+ cells were a 
subpopulation CSCs and those cells were negative for 
expression for hematopoietic lineage markers (Lin). Freshly 
isolated C-kit+/Lin- cells from adult rat myocardium tissue 
can self-renew and di!erentiate into cardiomyocyte, SMC, 
and EC lineages but failed to spontaneously contract 
in vitro. It was also shown that isolated C-kit+ cells 
expressed cardiac-speci"c transcription factors including 
NKX2.5, GATA-4, and MEF-2 in the early myocyte lineage 
(Henning, 2011). C-kit+ cells were then injected into an 
ischemic heart, and cardiac-derived C-kit+/Lin- cells 
proliferated and regenerated myocytes, SMCs, and ECs in 
vivo (Beltrami et al., 2003). 

Several studies have shown that, when injected 
into an ischemic rat heart, C-kit+ cells contributed 
to the functional myocardium by being detected in 
approximately 70% of the ventricle (Sullivan et al., 2015). 
Another study demonstrated that human heart explant 
cultures contained C-kit+ CSCs at a rate of about 4% and 
were capable of both endocardial and cardiomyogenic 
di!erentiation (Sandstedt et al., 2014). Moreover, infusion 
of C-kit+ resident CSCs reduced the rate of apoptosis and 
oxidative stress in cardiomyocytes and noncardiomyocyte 
cells (Kazakov et al., 2015). $e molecular mechanisms 
behind C-kit+ CSCs’ survival/growth and migration were 
linked to the activation of PI3K and MAPK pathways 
(Vajravelu et al., 2015). 

Figure. Schematic presentation of lineage commitment of stem cells towards mature cardiac cells. Characteristic marker gene 
expression has been depicted under each population. aSMA: alpha-Smooth muscle actinin, cTnT: cardiac troponin T, Cx43: connexin 
43, eNOS: endothelial nitric oxide synthase, FHF: "rst heart "eld, MIXL1: mix paired-like homeobox, MLC2: myosin light chain 
2, PECAM-1: platelet endothelial cell adhesion molecule-1, SHF: second heart "eld, smMHC: smooth muscle myosin heavy chain, 
SSEA: stage-speci"c embryonic antigen, Tie1: tyrosine kinase with immunoglobulin-like and EGF-like domains, TNNT2: troponin 
T-Type 2, VE-Cadherin: vascular endothelial cadherin.
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Kitajima S et al, Development 127: 3215-3226, 2000

E. Cagavi et al, Turk J Biol
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ES細胞
（胚性幹細胞）

⼼臓幹細胞

ES 細胞を⽤いた遺伝⼦改変マウスの作製も実施
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食品の安全性だけではなく、基礎発生学も検討

（北嶋、未発表）

天井培養
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背 景

フードテック ＝ 食に関する最先端技術

を活用した新規食品の開発が進行中

これまでに食経験のない、あるいは、

従来とは違った方法により摂取されるような

食品もありうる

リスクプロファイルの作成、想定される今後の動向と⽅策だてが必要

持続可能な開発⽬標（SDGs）の課題に取組む機運の⾼まりと呼応
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フードテックを応用した３種類の食肉代替品

1）植物由来食肉様食品(Plant-Based Meat: PBM) （代表例：大豆たんぱく質製品）

2）いわゆる培養肉 → 細胞培養食品 *

3）代替たんぱく質製品 （代表例：昆虫由来たんぱく質製品）

◇食肉代替品を大きく分けると

の3種類に大別される

（⽶国における⾷⾁代替⾷品市場の現状、海外情報 畜産の情報 2019年10⽉号、農畜産業振興機構）

食経験がなく、若しくはこれまでとは違った方法により摂取されるという観点から、
リスクプロファイルの作成が重要となる「細胞培養食品」に着目する

ここでは食肉代替品の内、いわゆる「培養肉」のみ扱う (=Limitation)

*: 時点では培養⾁、○○ミートなど、呼称について明確には決められていないため、
培養した細胞を⽤いた⾷品という観点から、仮に「細胞培養⾷品」と呼称することとした
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福井の⼀般的な油揚げ

⾷⽤コオロギ粉末使⽤のクッキー、チョコクランチ
出典：株式会社グリラス2022年1⽉4⽇プレスリリース

いなごの佃煮

がんもどき

⽼舗⾖腐店が⽇本初のプラントベース
のミンチ⾁を発売

出典：染野屋 2020年12⽉24⽇プレスリリース

代替たんぱく質製品 （代表例：昆虫由来たんぱく質製品）

植物由来食肉様食品（Plant-Based Meat： PBM） （代表例：大豆たんぱく質製品）

食経験あり

日本では昔から
よく食べていた

昆虫は地域的
に食経験があ
ることが多い

がんもどき
出典：農畜産業振興機構 ⽶国における⾷⾁代替⾷品市場の現状 海外情報 畜産の情
報 2019年10⽉号 https://www.alic.go.jp/joho-c/joho05_000777.html

出典：Photo AC （Free素材）

出典：Photo AC （Free素材） 出典：Photo AC （Free素材）
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However, adipose tissue requires low stiffness, whereas muscle tis-
sue requires a higher stiffness; a suitable combination might there-
fore be challenging. Muscle fibres and muscle contractility can be 
promoted via mechanical and/or electric stimulation that is applied 
on the complex tissue construct127,128. Achieving muscle contractility 
presents an added value for cultured meat, as it stimulates muscle 
cell production of proteins such as myoglobin, which is responsible 
for the red colour of meat and is an important source of iron129.

To create attractive meat analogues, a thickness of 1 cm or more 
is preferred — this scale is far beyond the diffusion limits of oxy-
gen and nutrients. To prevent tissue from dying, a perfusion system 
that allows even and sufficient delivery of oxygen and nutrients and 
adequate effusion of metabolic waste is required130,131. This system 
can be derived from spontaneously assembling endothelial cells into 
a network of blood vessels or from a printed hierarchical vascular 
tree, as has been recently demonstrated at small scale132. The func-
tionality of such a manufactured blood vessel perfusion system may 
affect muscle maturation through paracrine interaction or may be 
a conduit system, and is unlikely to appreciably contribute to the 
taste and texture of the cultured meat product. Although technolo-
gies and principles to create full-thickness meat cuts have been 
established for medical tissue-engineering applications, and recent 
advances have been made towards creating these cuts, large-scale 
commercial production still needs to overcome considerable hur-
dles. Therefore, the introduction of whole cuts will probably follow 
after the introduction of minced-meat products.

Regulation
Regulatory frameworks differ across countries and continents. The 
following review focuses on US and European regulatory frame-
works that are being discussed and analysed in detail.

United States. Federal responsibility for food safety rests primar-
ily with the Food and Drug Administration (FDA) and the US 
Department of Agriculture Food Safety and Inspection Service 
(USDA–FSIS). The FDA has the authority to regulate production of 
all food — except meat and poultry — in the United States to ensure 
that food products are safe, nutritious, wholesome and accurately 
labelled. USDA–FSIS, however, has jurisdiction over meat and poul-
try products under the Federal Meat Inspection Act (FMIA).

In recognition of the US jurisdictional complexity, USDA–FSIS 
and the FDA formally agreed to jointly regulate cell-based meat and 
poultry (excluding seafood), setting forth some details of a regula-
tory framework (available at ref. 133). Although the formal agree-
ment does not create enforceable obligations against individual 
agencies, it represents the agencies’ intention to collaborate and 
share jurisdiction. First, the agencies agreed that cell-based meat 
and poultry products are ‘meat’ and ‘poultry products’ within the 
definitions set forth in the FMIA and Poultry Product Inspection 
Act (PPIA). USDA–FSIS and the FDA also affirmed that existing 
statutory authority under FMIA, PPIA and Federal Food, Drug and 
Cosmetics Act (FDCA) is sufficient to regulate cell-based meat and 
poultry products through the agreed-on framework, indicating that 
no new statutory authority is required (as detailed in the statement 
from USDA Secretary Perdue and FDA Commissioner Gottlieb 
available at ref. 134 and statement available at ref. 133).

Under the formal agreement, the FDA will leverage its expertise 
in biomedical technology to oversee the initial phases of cell-based 
meat development that cover cell collection, development, prolif-
eration and differentiation processes. When the cells or tissues are 
ready for ‘harvest’, jurisdiction will shift from the FDA to USDA–
FSIS, which will regulate the production and labelling of cell-based 
meats. Both the FDA and USDA–FSIS will inspect cell-based meat 
and production facilities, but USDA–FSIS will be solely responsible 
for inspecting the final stages of production. The formal agreement 
states that cell-based meat must bear the USDA mark of inspec-
tion and the FSIS must pre-approve all labels on slaughter-based 
meat packaging. Although not in the formal agreement, FSIS offi-
cials have publicly announced that the agency has initiated the pro-
cess of drafting regulations for the labelling of cell-based meat and 
establishing a standard identity (see ref. 135). The regulations could 
specify the qualifying language, such as ‘cell-based’, ‘cultivated’, 
‘cell-cultured’, to be used in labelling of the meat and poultry, or 
could set forth requirements regarding composition or ingredients 
to be used in such products in order to fall under the existing ‘meat’ 
and ‘poultry product’ definitions.

The FDCA grants the FDA the authority to regulate food produc-
tion in the United States to ensure that all domestic and imported 
food products — except for most meats and poultry — are safe, 
nutritious, wholesome and accurately labelled. The FMIA allows 
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Fig. 3 | Production of complex meat products from muscle, fat, connective tissue and vascular cells using a scaffold method. The advantage of culturing 
complex tissue is not only that the composition of the produced tissue will a better approximate of livestock meat, but also that mutual beneficial 
interactions between different cell types can be leveraged. The minimum requirement is the presence of muscle fibres, adipose tissue and fibrous and 
vascular cells. This can be achieved by combining the respective progenitor cells and triggering differentiation to the final functional phenotype.
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Cultured meat aims to resolve problems related to industrial 
livestock farming by circumventing some of its undesirable 
consequences1. The Intergovernmental Panel on Climate 

Change stated the need to substantially reduce our consump-
tion of conventional animal products to avoid the worst effects 
of climate change, yet most consumers are not willing to do so2. 
Harnessing the potential of stem cells to multiply and form skeletal 
muscle and fat tissue could lead to a vast reduction in the amount 
of livestock needed to produce meat. Advantages of cultured meat 
broadly fall into three categories: sustainability, animal welfare and  
public health.

In terms of greenhouse gas emissions, water consumption  
and land use, cultured meat is anticipated to be far more efficient 
than conventional meat3–5. However, cultured meat production 
might be more energy intensive3,4, and so some environmental 
benefits are dependent on a transition to clean energy sources6. 
Cultured meat presents advantages in terms of animal welfare7 
— the Sentience Institute estimates that 99% of animals used for 
food are factory farmed and considered to be industrial products 
rather than sentient beings8. There are substantial public health 
benefits from cultured meat production. Conventional meat is 
the most common food source of potentially fatal infections, such 
as Salmonella and Listeria9. The production process for cultured  
meat guarantees the absence of contaminants and antibiotic use 
during cultivation. Antibiotic abuse in agriculture is a large prob-
lem that is contributing to antimicrobial resistance in human patho-
gens10,11. Livestock meat production requires an estimated 70% of 
arable land to be used for growing livestock feed12. With an antici-
pated 70% increase in global meat demand, we will have insuffi-
cient planetary resources to provide meat to the world population 
by 2050.

What is cultured meat?
Cultured meat aims to replicate conventionally produced meat 
through (stem) cell and tissue culture. This idea is not new, and was 

first referenced in utopian literature from the nineteenth century13. 
Originally coined as ‘in-vitro meat’, as the cells and tissue are cul-
tured in vitro, the nomenclature of cultured meat is still a subject 
of debate. Up to now, ‘cultivated meat’, ‘cultured meat’, ‘cell-based 
meat’ and ‘clean meat’ are the most prevalent names among propo-
nents of the technology. Although some institutions represented by 
the authors favour a different name, for the purpose of this Review 
Article we use ‘cultured meat’. We use ‘cell-based meat’ only when 
describing the US regulatory landscape as it is the US legal text  
preference. Culturing meat is part of a novel industry referred to 
as ‘cellular agriculture’, that is, using cell-based biotechnology to 
replace traditional animal-derived products such as meat, seafood, 
leather and milk.

The discovery of stem cells enabled in-vitro cell production and 
opened up the possibility of cultured meat. Stem cells can be isolated 
from a biopsy from a living animal14 and expanded in vitro to gener-
ate a large number of cells. Subsequently, the cells can be stimulated 
to differentiate into muscle or fat cells, depending on the isolated 
stem cell type. Tissue-engineering techniques, typically involving 
a biomaterial scaffold that gives temporary or permanent support 
and three-dimensional organization of the cells, lead to the assem-
bly of a tissue that is anticipated to resemble meat in its sensory and  
nutritional qualities as closely as possible. In theory, one can 
approach mimicry of meat in different ways, ranging from single 
protein production of individual muscle proteins to fully fledged 
tissue engineering of a complex muscle tissue containing mus-
cle, fat, blood vessels, nerves, fibrous tissue and perhaps resident 
immune cells, in a meat-like architecture (Fig. 1). The generation 
and assembly of multicellular muscle fibres and fat organoids into a 
minced meat product lies in between these extremes. This Review 
Article focuses mostly on tissue-engineered meat as this method is 
most commonly employed by investigators and startup companies, 
it is the most scientifically comprehensive process and it enables the 
production of a meat copy, resulting in a final product that contains 
mature muscle fibres.

Scientific, sustainability and regulatory challenges 
of cultured meat
Mark J. Post! !1,2�ᅒ, Shulamit Levenberg! !3,4, David L. Kaplan! !5, Nicholas Genovese6, Jianan Fu7, 
Christopher J. Bryant8, Nicole Negowetti9, Karin Verzijden10 and Panagiota Moutsatsou2

Cellular agriculture is an emerging branch of biotechnology that aims to address issues associated with the environmental 
impact, animal welfare and sustainability challenges of conventional animal farming for meat production. Cultured meat can be 
produced by applying current cell culture practices and biomanufacturing methods and utilizing mammalian cell lines and cell 
and gene therapy products to generate tissue or nutritional proteins for human consumption. However, significant improve-
ments and modifications are needed for the process to be cost efficient and robust enough to be brought to production at scale 
for food supply. Here, we review the scientific and social challenges in transforming cultured meat into a viable commercial 
option, covering aspects from cell selection and medium optimization to biomaterials, tissue engineering, regulation and con-
sumer acceptance.
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Cell selection
The biomanufacturing process begins with one or more starting cell 
populations. The starting cell population may be homogeneous or 
exhibit heterogeneity. Although meat is a complex tissue, current 
thinking is that skeletal muscle cells and adipocytes are the minimal 
necessary components of cultured meat. The suitability of the start-
ing cells is based on their capacity for self-renewal and differentia-
tion in an environment where other animal components, such as 
serum, are minimized or eliminated.

Self-renewal is defined by a cell’s ongoing ability to replicate and 
proliferate while retaining its potential to differentiate in one or 
more tissue lineages. Embryonic stem cells (ESCs), also known as 
pluripotent stem cells, are one type of stem cell that can differen-
tiate into any tissue15. During embryonic development, ESCs give 
rise to progeny that lose pluripotency. For instance, so called mes-
enchymal stem cells (MSCs) have limited differentiation capacity 
but can still form bone, cartilage and adipose tissue. The progeny 
cells can remain quiescent in tissues as an adult stem cell, or can 
contribute to a developing or regenerating tissue as a transit ampli-
fying cell16 in a process called asymmetric division. Prior to terminal 
differentiation, amplifying cells proliferate quickly and extensively 
into post-mitotic cells that form most of the mature functional tis-
sues with limited replicative capacity. The use of cells from various  
stages of stem cell development has been proposed for cultured 
meat manufacturing17,18. Here, the suitability of a given stem cell 
type for meat production will be evaluated with respect to its capac-
ity to expand and differentiate into skeletal muscle, the predomi-
nant constituent of most meats. Similar considerations also apply to 
the adipocyte lineage.

Satellite cells, the adult stem cells of skeletal muscle, constitute 
the most accessible myogenic progenitor in skeletal muscle tissues 
and require little input to differentiate into skeletal myotubes. The 
amplifying progeny of satellite cells, called myoblasts, were used 
to create the first cultured meat hamburger prototype14. Myoblasts 
propagate rapidly and exit the cell cycle as spindle-shaped myocytes, 
which fuse with multinucleated myofibres during tissue repair and 
development19. Satellite cell culture protocols — especially myo-
blasts — require substantial optimization to increase their prolif-
erative capacity for adaptation to industrial-scale cultured meat 
manufacturing applications20.

Satellite cells inherit their tendency to mature as type-specific 
skeletal muscle fibres from their originating tissue21. Broadly speak-
ing, red meats constitute oxidative slow-twitch skeletal muscle 
fibres and white meats are composed of glycolytic fast-twitch fibres 
— so the muscle of origin is an important consideration. Starting 
cell purification can be aided by relatively simple differential  

adhesion protocols or by fluorescence-activated cell sorting (FACS) 
on the basis of biomarker characteristics22–25. Industrial manufac-
turing of cultured meat at a scale sufficient to satisfy commercial 
demand heavily relies on cell propagation, starting in small planar 
culture system, followed by volumetric expansion in a seed train 
and finally product maturation in large bioreactors26,27. As tran-
sient amplifying cells, myoblasts can only undergo a finite num-
ber of doublings and gradually lose their differentiation capacity. 
Therefore, efficient biomanufacturing could benefit from retaining 
satellite cells in their stem cell stage, with an indefinite replicative 
capacity, until these calls are required to differentiate into muscle 
fibres. This renewal potential can be extended in vitro by inhibit-
ing the cell signalling pathway p38-MAPK (ref. 22), theoretically 
enabling mass expansion of satellite cell populations. On with-
drawal of p38-MAPK inhibition, the native differentiation capacity 
of the satellite cells is restored. Similar interventions might lead to a 
more efficient use of satellite cells taken from a single biopsy. In our 
hands, a 0.5 g biopsy results in a yield of 10,000 cells. Calculations 
show that 30–40 doublings are required to get a meaningful mul-
tiplication factor for scale up. This is well below the empirical 
Hayflick limit of 50 doublings for diploid cells28.

Functional immortalization may provide another approach 
to extend the replicative capacity of skeletal muscle cells for  
industrial-scale expansion. For over four decades, differentiation- 
competent immortalized skeletal muscle cell lines have served as 
model systems in skeletal-muscle-biology research. Isolated from 
rat29 or mouse30 model organisms and spontaneously derived 
through consecutive passaging, these cell lines lack a species iden-
tity that is culturally acceptable for producing meat for human 
consumption7. Although a myogenic quail cell line exists, the abil-
ity of this cell line to form mature myofibres is severely impaired31. 
Targeted genetic approaches developed for functional immortal-
ization of human skeletal muscle cells32 adapted to cells from tra-
ditional livestock species may provide an alternative source for 
industrial biomanufacturing of cultured meat33. Unlike satellite cells, 
ESCs and induced pluripotent stem cells (iPSCs) have an indefinite 
renewal capacity as their early commitment to specific tissue lin-
eages is inhibited. iPSCs are derived by reprogramming cells iso-
lated from somatic tissues to the pluripotent state through directed 
expression of a combination of transcription factors, often includ-
ing POU5F1, SOX2, KLF4 and MYC (ref. 34). Human and mouse 
models have constituted most of the research and development 
reported on pluripotent stem cells to date. These findings therefore 
still require translation to livestock species7. ESCs and iPSCs from 
agriculturally relevant ungulate species, such as pigs and cows, have  
recently been successfully derived and characterized35–38, while the 

FFAs

Muscle

Fat

+

+

Harvest Proliferation Biomaterial Maturation

FBS or
GF reduction

Fig. 1 | The concept of cultured meat. Stem cells are harvested from mature muscle tissue and adipose tissue precursors and expanded. Mature muscle 
fibres and pieces of adipose tissue are formed and matured using a gel biomaterial and a specific differentiation protocol. Muscle maturation occurs in 
the presence of medium with reducing concentrations of fetal bovine serum (FBS; from 20% to 2%) or equivalent serum-free differentiation medium with 
reducing concentrations of serum-supplementing growth factor (GF) mix (tenfold reduction). Adipose-tissue-derived stem cells mature in the presence of 
free fatty acids (FFAs).

NATURE FOOD | VOL 1 | JULY 2020 | 403–415 | www.nature.com/natfood404

2020年12月、シンガポール食品庁が世界で初
めて鶏の線維芽細胞（報道では当初、羽細胞）
由来培養肉の販売を承認

細胞培養食品の概要

2013年世界で初めて オランダのマーストリヒト大学のマーク・ポスト教授が開発し
たとされている（初の培養肉のハンバーガーを発表）

→ 世界各地で商品化に向けた研究開発が進展

オランダのモサ・ミート社： 1頭の牛から得られる一回分のバイオプシー（生体組織採取）サンプルから、
8万個分のクォーターパウンダー（約113グラムのハンバーガーパティ）が生産可能：
1キログラム当たり112米ドル（1万1,984円）までのコスト削減を実現：
目標： 10米ドル（1,070円）前後
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細胞培養食品の食品衛生上のハザードやリスクに係る
調査に際しての基本的な考え方

「細胞培養」という言葉だけでは具体的に指しているものが曖昧
このため、学術的観点で便宜的な分類表を予め用意

2つの基軸 縦軸 ： 初代培養系なのか、細胞株培養系なのか
横軸 ： 食品衛生上、考慮しなければならない要因

細胞培養食品特有のハザードとの関連が想定される項目を設定

「細胞培養食品」とは、バイオプシー（生体組織採取）サンプルから直接あるいは分化させ
て大量に細胞を増殖させたもの、又は株化された細胞を大量に増殖させたものを指す

能動的な調査
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初代培養系

生物個体由来

vs 細胞株培養系

細胞株由来
（ES細胞、iPS細胞等の各種幹細胞を含む）

エピジェネティクス
の影響

比 較 的 小 さ い と 考 え ら れ る 大きいと考えられる（ゲノムに変異が入って
いる可能性もある）

各種細胞の
混合物か否か

混合物であることが多いため、
混合物としての取り扱いをせざ
る を 得 な い と 考 え ら れ る

単一の細胞株である可能性が高い

アナロジー（私見）
閉鎖系である前提

発酵食品 細胞医薬品

２つの基軸： 初代培養系なのか、細胞株培養系なのか

エピジェネティクスと各種細胞の混合物か否か、という観点から2つに大別

10
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• 由来する生物種
• 遺伝子組換えの有無
• 分化過程の有無
• 培地中の未知因子の有無（血清を参照）
• 培地中の抗菌剤の種類
• 選択培地の使用の有無
• 加熱（調理）処理の有無
• 抽出操作の有無（含、添加としての使用）

分類表を用意しておくことにより、網羅性をもって、横断的に、懸念点が考察できる
→たとえ、関連する開発製品が急速に増加しても対応が可能

２つの基軸（縦軸）に対する横軸： 食品衛生上、考慮しなければならない要因

細胞培養食品特有の
ハザードとの関連が
想定される項目

このうち、「由来する生物種」については、飼料安全法を考慮した細目を用意
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今⽇のお話 （30分間）

1) 開発の動向

2) 安全性や衛⽣規制の動向

3) ⾷⾁産業界ならびに消費者の受け⽌め
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細胞培養食品に対して高まる期待：
持続可能な食糧供給、環境保全、動物福祉への課題対処

急成長を遂げている開発分野：
ここ数年で新規参入企業数が倍増
GFIデータベース収載の開発企業は121社 （2022年7月時点）

開発対象となる動物種の拡大：
牛・豚・鶏のような一般的な家畜・家禽だけでなく、数年前からシーフードも活発化
うなぎ、カンガルー、アンテロープのような独自色を出して差別化を図ろうとする動きも

1) 開発の動向： 概況

細胞培養食品分野に参入した企業の設立年代別数及び総数 細胞培養食品企業における開発品の動物種

グラフはGFIの開発企業データベースを⽤いて集計

出典 Mogale Meat

将来的には、食用としてふさわしいか、倫理的、社会的な側面からの問題も？
N Stephenset al, Trends in Food Science & Technology 78: 155-166, 2018

上段の出典：illust AC（Free素材）
中・下段の出典：いらすとや（Free素材）
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国内外の主要な企業12社が開発する
細胞培養食品

1) 開発の動向： 主な企業の開発事例

調査対象とする企業：
米国のGFI（Good Food Institute）が公開している関
連企業データベースから、なるべく国や開発品の種
類が偏らないように主要な開発企業12社を選定

情報源：
各企業の公式サイト主体 ＋ 学術文献・特許情報

・表中、不明な項目が多い

・開発品の上市は1社のみ： Eat Just社（米国）

14
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細胞の種類：
• 各企業の公式サイトからは十分な情報が得られない場合が多かった
• 総説や特許等の情報から窺える様々な細胞の使用
生物個体から採取した初代培養細胞だけでなく、
不死化した細胞株、幹細胞、遺伝子組換えを行った細胞も使用

• 骨格筋だけでなく、肝細胞も使用： IntegriCulture社（日本）「食べられる培養フォアグラ」

培養培地：
• 得られた情報量が最も多かった
• FBSを含む動物由来成分を使用しない方向性が主流

背景： 生産コスト、病原体の感染リスク、倫理的観点等
• 各社が開発を進めてきた培地や培養技術が商品化や論文発表を通して表面化

遺伝子組換え技術：
• 一部の企業で利用しているものの、調査対象の半数の企業では使用していない

抗菌剤や選択培地：
• できるだけ使用しない方向で開発を進めている企業もあった

足場(scaffold)など：
• 食用素材の開発に加え、動物由来のコラーゲンとゼラチンでなく植物素材への転換
• 成形工程に3Dプリンターを活用

1) 開発の動向： 主な企業の開発事例

15



2020年 鶏培養肉のチキンナゲットがシンガポールで世界初の販売許可承認を取得
2021年 胸肉の形態の鶏培養肉が同国で再び販売許可承認を取得
現在、細胞培養食品部門は子会社のGOOD Meatが担当

【製造プロセス】
• 細胞は生きた動物や卵から採取
• ヘルシーで美味で持続可能と考えられる細胞をセルバンクとして保管
• “immortalized（不死化）“させた細胞株を使用
• 細胞培養はバイオリアクター又は「cultivator」（ビール発酵タンクに似た装置）内
• 培養液に入っているのは動物が成長のために摂取するのと同じ栄養素（アミノ
酸・脂質・ビタミン）、抗生物質・成長ホルモン・遺伝子組換え生物は使用しない

• 4～6週後に細胞を収集、天然素材の足場で成長させるか、3Dプリンターで成形
• 線維状で肉質の食感に近くなるよう、温度差と圧力勾配を利用して成形し、完成
• 遺伝子組換え細胞は使用していない (当該企業の公式サイトより）

【出願特許】
ニワトリの線維芽細胞培養用に開発された無血清増殖培地、微量成分の添加によ
り生細胞密度を高める方法（Ng ET et al. Crit Rev Food Sci Nutr. 2021）

シンガポールで世界初の販売許可を取得した Eat Just社（米国）

ⒸGOOD Meat

胸肉の形態
の鶏培養肉

鶏培養肉を成分に
含むチキンナゲット

1) 開発の動向： 世界初の販売許可を取得した Eat Just社（米国）
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Upside Foods社 (⽶国):

2016年に培養ミートボール、2017年に培養鶏⾁を細胞ベースから製造すること
に成功した他、培養シーフードも⼿掛ける

同社公式サイト:
同社の細胞は無期限に⾃⼰再⽣することができると期待しているとし 、2021年
12⽉動物性成分フリーの培地を開発したと発表

特許に関しては、細胞株の増殖または分化を制御し、遺伝⼦⼯学を⽤いてそれら
を不死化する技術に集中
→ 細胞培養⾷品の⽣産⼿段の改善のために遺伝⼦⼯学を使⽤した技術特許とし
て、器官サイズ調節シグナルであるHippoシグナル伝達経路の阻害を介して細胞
培養密度を増加させる技術

→ 細胞培養食品の開発において課題となっている細胞の大量培養を可能にするための方法とし
て、培養細胞のコンタクトインヒビション（接触阻害）や器官サイズを制御するHippo-YAPシグナル
伝達経路が注目されていることを見出した

Hippo-YAPシグナル伝達経路は幹細胞性の維持やがん化なども制御していることから、この経路
に着目した潜在的なハザードの検討を行う必要があると考える

Upside Foods社は、FDAによりはじめて、市販前コンサルテーションが終了し、安全性に
関する質問はこれ以上ないことを表明された企業となった（後述）⽶国時間2022年11⽉16⽇（⽔）
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東大竹内教授と日清食品HDの研究グループ

2019年 世界で初めてサイコロステーキ状の大型立体筋組
織の作製に成功（幅0.8cm、長さ1cm、高さ0.7mm）

2022年 食用可能な素材のみで「食べられる培養肉」の作
製に日本で初めて成功、食用血清・食用血漿ゲ
ルを独自開発

【製造プロセス】
• 牛肉から筋芽細胞を取り出し、1週間培養（約1億個）
• コラーゲンゲルと混合して型に入れ、
薄いシート状の筋芽細胞モジュールを作製

• 積み重ねて厚みのある筋線維を形成

インテグリカルチャー

2019年 世界初となる「食べられる培養フォアグラ」の
生産に成功、全てが食品で構成された培養
液を独自開発

2022年 臓器間相互作用を原理としたCulNet® 
systemで無血清基礎培地を用いて、ニワトリ、
カモ及びアヒル肝臓由来細胞培養に世界で
初めて成功、全ての原料を研究用試薬原料
から食品原料に置換

東京大学・日清食品HD・JST 2022年3月31日プレスリリース CulNet system公式サイトより

1) 開発の動向： 日本の開発企業

情報源︓各企業の公式サイト主体＋学術⽂献・特許情報
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Cultured meat aims to resolve problems related to industrial 
livestock farming by circumventing some of its undesirable 
consequences1. The Intergovernmental Panel on Climate 

Change stated the need to substantially reduce our consump-
tion of conventional animal products to avoid the worst effects 
of climate change, yet most consumers are not willing to do so2. 
Harnessing the potential of stem cells to multiply and form skeletal 
muscle and fat tissue could lead to a vast reduction in the amount 
of livestock needed to produce meat. Advantages of cultured meat 
broadly fall into three categories: sustainability, animal welfare and  
public health.

In terms of greenhouse gas emissions, water consumption  
and land use, cultured meat is anticipated to be far more efficient 
than conventional meat3–5. However, cultured meat production 
might be more energy intensive3,4, and so some environmental 
benefits are dependent on a transition to clean energy sources6. 
Cultured meat presents advantages in terms of animal welfare7 
— the Sentience Institute estimates that 99% of animals used for 
food are factory farmed and considered to be industrial products 
rather than sentient beings8. There are substantial public health 
benefits from cultured meat production. Conventional meat is 
the most common food source of potentially fatal infections, such 
as Salmonella and Listeria9. The production process for cultured  
meat guarantees the absence of contaminants and antibiotic use 
during cultivation. Antibiotic abuse in agriculture is a large prob-
lem that is contributing to antimicrobial resistance in human patho-
gens10,11. Livestock meat production requires an estimated 70% of 
arable land to be used for growing livestock feed12. With an antici-
pated 70% increase in global meat demand, we will have insuffi-
cient planetary resources to provide meat to the world population 
by 2050.

What is cultured meat?
Cultured meat aims to replicate conventionally produced meat 
through (stem) cell and tissue culture. This idea is not new, and was 

first referenced in utopian literature from the nineteenth century13. 
Originally coined as ‘in-vitro meat’, as the cells and tissue are cul-
tured in vitro, the nomenclature of cultured meat is still a subject 
of debate. Up to now, ‘cultivated meat’, ‘cultured meat’, ‘cell-based 
meat’ and ‘clean meat’ are the most prevalent names among propo-
nents of the technology. Although some institutions represented by 
the authors favour a different name, for the purpose of this Review 
Article we use ‘cultured meat’. We use ‘cell-based meat’ only when 
describing the US regulatory landscape as it is the US legal text  
preference. Culturing meat is part of a novel industry referred to 
as ‘cellular agriculture’, that is, using cell-based biotechnology to 
replace traditional animal-derived products such as meat, seafood, 
leather and milk.

The discovery of stem cells enabled in-vitro cell production and 
opened up the possibility of cultured meat. Stem cells can be isolated 
from a biopsy from a living animal14 and expanded in vitro to gener-
ate a large number of cells. Subsequently, the cells can be stimulated 
to differentiate into muscle or fat cells, depending on the isolated 
stem cell type. Tissue-engineering techniques, typically involving 
a biomaterial scaffold that gives temporary or permanent support 
and three-dimensional organization of the cells, lead to the assem-
bly of a tissue that is anticipated to resemble meat in its sensory and  
nutritional qualities as closely as possible. In theory, one can 
approach mimicry of meat in different ways, ranging from single 
protein production of individual muscle proteins to fully fledged 
tissue engineering of a complex muscle tissue containing mus-
cle, fat, blood vessels, nerves, fibrous tissue and perhaps resident 
immune cells, in a meat-like architecture (Fig. 1). The generation 
and assembly of multicellular muscle fibres and fat organoids into a 
minced meat product lies in between these extremes. This Review 
Article focuses mostly on tissue-engineered meat as this method is 
most commonly employed by investigators and startup companies, 
it is the most scientifically comprehensive process and it enables the 
production of a meat copy, resulting in a final product that contains 
mature muscle fibres.

Scientific, sustainability and regulatory challenges 
of cultured meat
Mark J. Post! !1,2�ᅒ, Shulamit Levenberg! !3,4, David L. Kaplan! !5, Nicholas Genovese6, Jianan Fu7, 
Christopher J. Bryant8, Nicole Negowetti9, Karin Verzijden10 and Panagiota Moutsatsou2

Cellular agriculture is an emerging branch of biotechnology that aims to address issues associated with the environmental 
impact, animal welfare and sustainability challenges of conventional animal farming for meat production. Cultured meat can be 
produced by applying current cell culture practices and biomanufacturing methods and utilizing mammalian cell lines and cell 
and gene therapy products to generate tissue or nutritional proteins for human consumption. However, significant improve-
ments and modifications are needed for the process to be cost efficient and robust enough to be brought to production at scale 
for food supply. Here, we review the scientific and social challenges in transforming cultured meat into a viable commercial 
option, covering aspects from cell selection and medium optimization to biomaterials, tissue engineering, regulation and con-
sumer acceptance.
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might be more energy intensive3,4, and so some environmental 
benefits are dependent on a transition to clean energy sources6. 
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— the Sentience Institute estimates that 99% of animals used for 
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gens10,11. Livestock meat production requires an estimated 70% of 
arable land to be used for growing livestock feed12. With an antici-
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Cultured meat aims to replicate conventionally produced meat 
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meat’ and ‘clean meat’ are the most prevalent names among propo-
nents of the technology. Although some institutions represented by 
the authors favour a different name, for the purpose of this Review 
Article we use ‘cultured meat’. We use ‘cell-based meat’ only when 
describing the US regulatory landscape as it is the US legal text  
preference. Culturing meat is part of a novel industry referred to 
as ‘cellular agriculture’, that is, using cell-based biotechnology to 
replace traditional animal-derived products such as meat, seafood, 
leather and milk.

The discovery of stem cells enabled in-vitro cell production and 
opened up the possibility of cultured meat. Stem cells can be isolated 
from a biopsy from a living animal14 and expanded in vitro to gener-
ate a large number of cells. Subsequently, the cells can be stimulated 
to differentiate into muscle or fat cells, depending on the isolated 
stem cell type. Tissue-engineering techniques, typically involving 
a biomaterial scaffold that gives temporary or permanent support 
and three-dimensional organization of the cells, lead to the assem-
bly of a tissue that is anticipated to resemble meat in its sensory and  
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approach mimicry of meat in different ways, ranging from single 
protein production of individual muscle proteins to fully fledged 
tissue engineering of a complex muscle tissue containing mus-
cle, fat, blood vessels, nerves, fibrous tissue and perhaps resident 
immune cells, in a meat-like architecture (Fig. 1). The generation 
and assembly of multicellular muscle fibres and fat organoids into a 
minced meat product lies in between these extremes. This Review 
Article focuses mostly on tissue-engineered meat as this method is 
most commonly employed by investigators and startup companies, 
it is the most scientifically comprehensive process and it enables the 
production of a meat copy, resulting in a final product that contains 
mature muscle fibres.
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produced by applying current cell culture practices and biomanufacturing methods and utilizing mammalian cell lines and cell 
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2) 安全性や衛⽣規制の動向

3) ⾷⾁産業界ならびに消費者の受け⽌め
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海外における細胞培養食品の規制

2) 安全性や衛生規制の動向

項⽬ シンガポール 欧州 オーストラリア
及びニュージーランド

⽶国

審査の実施主体 SFA EFSA FSANZ （USDA-FSISと
FDA）

細胞培養⾷品の位置付け Novel Food Novel Food Novel Food ⾁か否か
細胞培養⾷品の規制ルール 有（Novel Foodを適⽤） 有（Novel Foodを適⽤） 有（Novel Foodを適⽤） 不明

細胞培養⾷品固有の安全性
審査項⽬

Novel Food全般の安全性評価要件に加えて、以下の情報が必要である。
①培養⾁製品の特徴（栄養組成、抗菌剤・成⻑促進剤・調節因⼦の残留レベ

ル）
②培養⾁製造に使⽤された原材料および全ての投⼊物の特性・純度・安全性

（細胞株や幹細胞およびその誘導に使⽤した化学物質、培地、成⻑促進剤、
調節因⼦、抗菌剤、⾜場材、溶媒、酵素、加⼯助剤を含む）

③製造⼯程の説明には、細胞株の選択、細胞適応、細胞増殖、⾜場、抽出、濃
縮、洗浄を通して培地や細胞株が感染性因⼦（例︓ウイルス、細菌、真菌、
プリオン）を含まないことを確保するために⾏われた無菌処理の⼯程も含
める。

④細胞株の詳細情報（背景情報、識別情報、由来、選択、スクリーニング⽅法、
樹⽴、保管、感染性因⼦を含まないことを⽰す⽣物学的試験等、⽣検の適
合性・動物疾患がないこと）

⑤培地の詳細情報（添加したすべての物質と意図しない代謝物を含む培地の組
成、抗菌剤⾮⾷品グレードの全成分・意図しない代謝物の残留レベル・リ
スクアセスメント、抗微⽣物剤耐性）

⑥製造⼯程における細胞培養の純度および遺伝的安定性の確保（継代前後の遺
伝⼦配列（例︓全ゲノム配列決定）、前後に遺伝的差異があった場合は⾷
品安全リスク（例︓アレルゲン⽣成増加）に繋がるかどうかの調査および
リスク低減措置の提案）

⑦使⽤する細胞株の性質によって発⽣するリスクが⾼い⾷品安全上のハザード
に関する安全性評価とリスク低減措置（例︓毒素を含むリスクの⾼い⾙類
の細胞株を利⽤する場合は、ゲノム、トランスクリプト―ム、またはプロ
テオーム解析、実施可能なリスク低減措置など）

Novel Food全般に関する項⽬
に加えて、以下の7項⽬がある
①元となる動物の国際命名法

に従った名称（科、属、種
などの分類学的情報）

②植物、藻類、菌類に関して
は、国際的に認知された
データベースと⽅法論に基
づく同⼀性の検証

③材料として使⽤した臓器及
び、組織⼜は⽣物の部分

④材料を⼿に⼊れた研究所⼜
は培養株

⑤セルのID情報
⑥使⽤する細胞⼜は組織培養

のための材料
⑦細胞株のタイプ

現時点では特に無いが、
FSANZは基準に含まれる
可能性のある項⽬として、
下記を公表している。
①加⼯助剤
②⾷品添加物
③遺伝⼦技術の利⽤
④ビタミンとミネラル
⑤⾷品の本質を⽰すラベル
⑥培養⾁の定義
⑦⾷品の安全要件

不明

FDAが2022.12⽉
にFood Program 
Guidance 
Documents とし
て「Premarket 
Consultation on 
Cultured Animal 
Cell Foods: Draft 
Guidance for 
Industry」を公表
予定

審査情報の公開 現状では⾮公開 原則公開、申請者の利益を損
なう場合は⾮公開

不明 不明

表⽰における細胞培養⾷品
固有の課題

①名称、原産国、出⽣地の記
載⽅法、②培養⾁は⾁か

培養⾁は⾁か否か 培養⾁は⾁か否か

遺伝⼦組換えの扱い 遺伝⼦組換え⽣物/微⽣物を使⽤する場合は、遺伝⼦組換え⽣物の安全性評価
項⽬を適⽤

GMOの規制（Regulation 
(EC) No 1829/2003)を適⽤

不明 不明

承認事例 ①2020年12⽉︓イートジャスト社の細胞培養鶏⾁を成分として含むチキンナ
ゲット ②2021年︓イートジャスト社の鶏胸⾁などの製品形態の培養鶏⾁

無 無 無

SFA（Singapore Food Agency:
EFSA（European Food Safety Authority
機関）
FSANZ（Food Standards Australia New Zealand
ストラリア・ニュージーランド食品基準機関）
USDA-FSIS
- Food Safety and Inspection Service
品安全検査局）
FDA（Food and Drug Administration:
局）
HHS：（Department of Health and Human Services
国保険福祉省）
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シンガポール︓

細胞培養⾷品をNovel Food（新規⾷品）の規制枠組みの中で取り扱っており、
シンガポール⾷品庁（SFA）が細胞培養⾷品を含むNovel Food （新規⾷品）
の安全性評価の要件およびFAQに関する⽂書を公表

→評価に必要な情報︓
「⼀般的に、安全性評価には、製造⼯程における細胞培養の同⼀性と遺伝的安
定性、純度に関する情報、ならびに使⽤する全ての投⼊物（培地成分や⾜場材
など）の同⼀性と純度に関する情報、さらに製造⼯程から⽣じる可能性のある
ハザードに関する情報が含まれるべき」と説明されている（具体的な合否の基
準は明⽰されていない）

遺伝⼦組換え⽣物／微⽣物を⽤いる場合は、遺伝⼦組換え⽣物の安全性評価
項⽬が適⽤される

細胞培養⾷品の作り⽅として、酵⺟細胞やビールやヨーグルト⽤の乳酸菌の
増殖など、既存の⾷品製造プロセスと同様に、細胞をバイオリアクターに⼊れ
て増殖させる⽅法が想定されているようである

ただし、世界初となった鶏の細胞培養⾷品を承認した際の安全性評価に係る
⽂書は公開されていない
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Novel Foods＊の安全性評価要件
Requirements for the Safety Assessment of Novel Foods

＊ Novel Foodsの対象となるのは「安全な使用歴（少なくとも20年間、ヒトの健康への悪影響がなく、かなりの人口により継続的に食事の一部として消

費された歴史）がない食品及び食品成分」及び「天然に存在する物質と化学的に同一であるが、技術の進歩によって製造された化合物」である。これ
らについては、SFAの市販前承認を受けない限り、生産・製造、輸入、流通、販売ができないことが規定されている

2 Scope of this document
2.1 This document aims to provide food businesses with a better understanding on SFA’s requirements regarding the 
safety assessment for novel foods and novel food ingredients

細胞培養食品の規制位置づけ:
細胞培養食品（Cultured meat）は、Novel Foodsの枠組みの中で市販前承認を必要とする。
「Novel Foodsの安全性評価要件（Requirements for the Safety Assessment of Novel Foods）」において、細胞培
養食品（Cultured meat）は「動物の細胞培養から開発された肉」と規定されている(Section 4.6):

Section 4.6 Cultured meatとは、動物の細胞培養から開発された肉を指す。Cultured meatの製造工程には、バ
イオリアクターにおける選抜した細胞株（又は幹細胞）の培養が含まれる。細胞を適切な増殖培地で増殖し、続
いて「足場」上で構築して肉の筋肉に似た製品を製造することもある

シンガポール食品庁（Singapore Food Agency：SFA）

SFAでは当該文書を定期的に更新するとしており、調査の時点では2022年4月22日付が最新版
（その後、2022年9月26日付の更新版が公表されたが、細胞培養食品の安全性評価の内容に関す
る大きな変更点は見出せていない）

2) 安全性や衛生規制の動向： シンガポール
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Novel Foods＊の安全性評価要件
Requirements for the Safety Assessment of Novel Foods

シンガポール食品庁（Singapore Food Agency：SFA）

細胞培養食品（Cultured meat）の安全性評価に必要な情報
１．Novel foods全般に求められる情報
(なお、GM生物・GM微生物を用いる場合はさらなる詳細な情報を含める）

２．当該novel foodの特性及び起源に関する情報には、以下を含める。
・栄養組成を含むCultured meat製品の特性
・残留する抗菌剤、成長促進剤、調節因子について、公表文献におけるレベルとの比較

３．当該novel food製造に用いられる全ての原材料等に関する情報には、
以下を含めるが、これらに限定されない。
・細胞株または幹細胞、その誘導に用いられる化学物質
・培地、成長促進剤、調節因子、抗菌剤
・足場材料、溶媒、酵素、加工助剤

４．製造工程に関する明確な説明（表3.2.2-1の項目１１）には、以下を含める。
細胞株の選抜から、細胞適応、細胞増殖、足場、抽出、濃縮、洗浄に至るまでの無菌処理ステップにおいて、

培地や細胞株が確実に感染性因子（ウイルス、細菌、真菌、プリオンなど）を含まないよう確立されていること
５．細胞株に関する情報
６．培地に関する情報
７．細胞培養純度及び遺伝的安定性の確保に関する情報

・継代前後における細胞株の遺伝子配列（例：全ゲノム解析により決定されたもの）
・スターター細胞株と完成したCultured meatとの間に遺伝的差異が観察された場合、それに関する

食品安全上のリスク（アレルゲンの生成増加など）評価研究とリスク軽減措置の提案
８．食品安全上のハザードに関する、安全性評価及びリスク軽減措置

Cultured meatの製造に用いた細胞株の性質に基づき、発生するリスクの高い食品安全上のハザードをカ
バーする安全性評価（ゲノム解析、トランスクリプトーム解析、プロテオーム解析など）を実施し、潜在的な食品
安全上の懸念を軽減するための措置を提案する
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シンガポールのSFAから、「A growing culture of safe, sustainable 
meat」と題して発⾏物が出版され、発酵⾷品を想定しての、バイオリア
クターによる製造過程の図が掲載

バイオリアクターによる培養⾁の作り⽅は、基本的な考え⽅としては、
理解できるが、この内容についても詳細は不明

適切なセルの選択：このプロセスは、動物細胞を注意深く選択することからは
じまり、
これらは一般的に幹細胞であり、筋線維細胞や脂肪細胞などのさまざまな種
類の特殊な細胞に発達する可能性があります。 次に、これらの細胞の純度を
決定し、また有害な生物剤が含まれていないことを確認する。

栄養媒体：バイオリアクター内の細胞は、炭水化物、脂肪、タンパク質、ミネ
ラルなどの栄養素を供給する栄養培地と呼ばれる特別に処方された増殖培
地に入れられ、栄養素とは別に、細胞は成長するために成長因子の存在も必
要とするかもしれない。現在、細胞培養の成長因子の供給源は依然として動
物の供給源に大きく依存しており、培養肉の利点のいくつかを打ち消している
が、科学者たちは、培養肉の成長に使用される筋肉細胞と同時にこれらの成
長因子を生成できる個別に成長する細胞など、これらの成長因子の代替ソー
スの使用を積極的に検討している。
足場：この時点で、培養肉はペースト状になり、他の材料に加えてミートボー

ルやソーセージなどのひき肉製品を作ることができますが、肉全体の切り身に
より近い、3次元構造を持つ最終製品を得るために、科学者は足場と呼ばれる
多孔質材料上で、細胞を成長させます。足場材料は一般に、製造工程で不活
性であると予想されますが、培養肉の一部として消費されるため、食用物質に
由来した方がよく、科学者たちは、植物セルロースや海藻アルギン酸塩などの
食用植物ベースの足場材料の使用を検討してきました。これらは栄養価を高
め、細胞の成長にも役立つためである。

バイオリアクターで成長：次に、細胞をバイオリアクターに入れて増殖および
分裂させ、細胞数を増やす。バイオリアクターは、酸素レベルや温度など、細
胞がさらされる環境条件を注意深く制御し、動物の体内での成長条件を模倣
するように設計された機械であり、これらの技術と技術は、ビールやヨーグルト
に使用されているものと似ている。製造プロセス全体を通して、細胞に供給さ
れる栄養培地の組成を変更して、幹細胞を刺激して筋肉や脂肪細胞などのさ
まざまな細胞に発達させることもできる。
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欧州:
培養⾁はNovel Foodとして位置付けられ、EFSAが申請時に必要な培養⾁
固有の項⽬（安全性審査項⽬）をチェックリスト形式で提供しているが、
合否の基準は公表されていない。遺伝⼦組換え技術を使⽤した場合には遺
伝⼦組換えの規制を適⽤される。

オーストラリア及びニュージーランド︓
培養⾁はNovel Food（ただし定義は欧州のものと異なる）として位置付け
られている。培養⾁固有の安全性審査項⽬はまだできていないが、FSANZ
は基準に含まれる可能性のある項⽬を公表している。

⽶国︓
2019年に審査の実施主体がUSDA-FSIS（⽶国農務省⾷品安全検査局）と
FDA（⽶国⾷品医薬品局）による分担体制と発表されたが、規制内容につ
いての具体的な事柄は⾒えてこない。

→FDAは、Upside Foods社製の、いわゆる培養⾁につき、市販前コンサル
テーションを終了し、安全性に関する質問はこれ以上ないことを表明（⽶国
時間2022年11⽉16⽇（⽔））[承認・認証ではない]
FDA HPより︓https://www.fda.gov/food/cfsan-constituent-updates/fda-completes-first-pre-
market-consultation-human-food-made-using-animal-cell-culture-technology
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USDA-FSIS（United States Department of Agriculture - Food Safety and Inspection 
Service：米国農務省食品安全検査局）
FDA（Food and Drug Administration:米国食品医薬品局）
HHS（Department of Health and Human Services：米国保険福祉省）

米国のUSDA/FSISとHHS/FDAの監督権限
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Upside Foods社がラボで培養した鶏⾁︓「当局に提出された情報を評価し、現時点
で同社の安全性に関する結論にこれ以上の疑問点はない」とFDAが発表
（ Upside Foods社は、世界で初めてFDAが市販前コンサルテーションを終了した企
業となった）⽶国時間2022年11⽉16⽇（⽔）[承認・認証ではない]

今後「製造⼯程の細胞培養部分の設備登録を含むFDAの要件を満たすことに加えて、
製造施設に対する⽶農務省⾷品安全検査局（USDA-FSIS）の検査許可証を取得する
必要がある」(FDA) [既にシンガポールではいわゆる培養⾁の販売と消費が承認済]
FDA HPより︓https://www.fda.gov/food/cfsan-constituent-updates/fda-completes-first-pre-market-
consultation-human-food-made-using-animal-cell-culture-technology
Cell Culture Consultation Notification File: CCC 000002, cultured chicken (Gallus gallus) cells with characteristics of 
muscle and connective tissue

FDA のレビュー内容
・細胞の分離⽅法（How the cells are isolated）

・セルバンクの作成⽅法（How the cell bank is made）

・細胞が増殖・分化する際の培養過程で使⽤される物質
（Substances used in the culture process as the cells multiply and differentiate）

・⽣産プロセスにおける潜在的なリスク要因の考慮
（Consideration of potential risk factors in the production process）

・従来の⾷品加⼯に向けた製品 (Product that is harvested for use in conventional food processing)

各⽣産段階における企業のハザード評価
⾷品安全管理措置をどのように適⽤するか
細胞培養の成⻑と健全性を監視する⽅法

FDAが市販前コンサルテーションを⾏うことは、2019年のFDA-USDAの合意⽂書に書かれている

FDA HPより︓ https://www.fda.gov/media/163026/download
What the FDA Evaluated During theFirst Completed Pre-Market Consultation
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FDA は、Upside Foods社製の、いわゆ
る培養⾁につき、市販前コンサルテー
ションを終了し、安全性に関する質問は
これ以上ないことを表明

2 種の異なるニワトリ組織
から細胞サンプルを 採取

スクリーニング、増殖させ
「バンク」を作成、凍結保
存

⼀部の細胞につき、厳密に
制御された環境 (密封され
た容器) にて、スケール
アップしつつ、時間をかけ
て増殖

細胞が数⼗億または数兆の
細胞に増殖後、⾻格筋の特
徴を帯びるように分化

従来の⾷品加⼯および包装

細胞の分離⽅法︖

セルバンクの作成⽅法︖

細胞が増殖・分化する際
の培養過程で使⽤される
物質︖

⽣産プロセスにおける潜
在的なリスク要因の考
慮︖

従来の⾷品加⼯に向けた
製品︖

提出された⾃社独⾃の評価書より抜粋
（https://www.fda.gov/media/163262/download）︓
●筋⾁組織に由来する筋芽細胞株と、中期受
精卵の⽪膚組織に由来する線維芽細胞様細胞
株が含まれる

●4.3.2.1 Immortalization不死化︓
ヘイフリック限界（細胞の分裂回数の限界）
により初代細胞培養 (動物組織から直接分離
および増殖させた、操作を最⼩限に抑えた細
胞) は、⼤規模な培養が難しい

●不死化のプロセスは、⾃発的な不死化また
はバイオエンジニアリングによって達成
・⾃発的な不死化
・幹細胞のような元々不死化した細胞
・遺伝⼦⼯学による不死化（ニワトリテロメ
ラーゼ逆転写酵素 (TERT)導⼊によるテロメ
アの維持）
→ テロメア︓染⾊体末端の保護と最末端の複
製を保証（⽣命の回数券）

FDAのレビュー内容⽣産⼿順

Hippo-YAPシグナル伝達経路についての遺伝⼦操作
の件は、⼀切、触れられていなかったFDA HPよりhttps://www.fda.gov/media/163026/download

質疑応答の書類の中に「少なくとも90⽇間の製造
サイクル」と記載あり
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FDA 市販前コンサルテーションを終了し安全性に関する質問はこれ以上ないことを表明

FDAの科学的メモ
要約
・⾷品医薬品局 (FDA) は、UPSIDE 社によって提出さ
れた CCC 000002 の対象である⾷品を評価した

・この⾷品は、CCC 000002 に記載されている製造⽅
法によって製造された、筋細胞と線維芽細胞の特徴を備
えた細胞のシートの形をしたニワトリ（Gallus 
gallus）培養細胞で構成される、収穫時の細胞材料とし
て定義される

・細胞株は、成鶏または中期の受精鶏卵のいずれかから
最初に分離される（注︓成鶏 からは筋⾁組織由来、中
期受精鶏卵からは ⽪膚組織由来の線維芽細胞由来）。
分離された細胞株は、顕微鏡や免疫染⾊など、⽬的のた
めに検証された標準的な⽅法を使⽤して、表現型が特徴
付けられる

・細胞株は、懸濁培養に適応した、分化能を有する筋芽
細胞および線維芽細胞の選択によって確⽴される。 不
死化は、培養中の選択によって、またはニワトリ テロ
メラーゼ逆転写酵素 (TERT) を発現するシス遺伝⼦の
導⼊によって達成される

・培養は、浮遊培養で細胞数を増加させる段階と、細胞
が特定の媒体因⼦と表⾯接触の両⽅によって筋⾁細胞の
特徴が誘導される接着分化する段階から成る

・細胞は、培養容器の表⾯から回収槽に細胞シー
トの形で回収され、その後、温度管理された環境
で洗浄および⽔分調整が⾏われる

・洗浄後の産物は、ニワトリ (Gallus gallus) 細胞
の凝集した組織であり、従来の家禽製品と組成お
よび栄養特性が類似している。種の同⼀性と細胞
の同⼀性は、酵素結合免疫吸着アッセイ
（ELISA）を使⽤して最終製品で検証された

・ 細胞株、⽣産プロセス (細胞バンクの確⽴を含
む)、⽣産プロセスで使⽤される物質、および採取
された細胞材料の特性に関する情報を評価した
（含む、栄養成分）

・CCC 000002 で提⽰されたデータと情報に基づ
いて、CCC 000002 で定義された製造プロセスか
ら得られた培養ニワトリ細胞材料で構成された、
またはそれを含む⾷品は、他の組織によって製造
された同等の⾷品 と同じくらい安全であるという
UPSIDE の結論について、現時点で疑問の余地は
ない

さらに、現時点では、CCC 000002 に記載され
ている製造プロセスが、⾷品を粗悪にする物質ま
たは微⽣物を保有または含有する⾷品になると予
想されることを⽰す情報を特定していない

FDA HPより︓https://www.fda.gov/food/cfsan-constituent-updates/fda-completes-first-pre-market-consultation-
human-food-made-using-animal-cell-culture-technology
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1) 開発の動向

2) 安全性や衛⽣規制の動向
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Cultured meat aims to resolve problems related to industrial 
livestock farming by circumventing some of its undesirable 
consequences1. The Intergovernmental Panel on Climate 

Change stated the need to substantially reduce our consump-
tion of conventional animal products to avoid the worst effects 
of climate change, yet most consumers are not willing to do so2. 
Harnessing the potential of stem cells to multiply and form skeletal 
muscle and fat tissue could lead to a vast reduction in the amount 
of livestock needed to produce meat. Advantages of cultured meat 
broadly fall into three categories: sustainability, animal welfare and  
public health.

In terms of greenhouse gas emissions, water consumption  
and land use, cultured meat is anticipated to be far more efficient 
than conventional meat3–5. However, cultured meat production 
might be more energy intensive3,4, and so some environmental 
benefits are dependent on a transition to clean energy sources6. 
Cultured meat presents advantages in terms of animal welfare7 
— the Sentience Institute estimates that 99% of animals used for 
food are factory farmed and considered to be industrial products 
rather than sentient beings8. There are substantial public health 
benefits from cultured meat production. Conventional meat is 
the most common food source of potentially fatal infections, such 
as Salmonella and Listeria9. The production process for cultured  
meat guarantees the absence of contaminants and antibiotic use 
during cultivation. Antibiotic abuse in agriculture is a large prob-
lem that is contributing to antimicrobial resistance in human patho-
gens10,11. Livestock meat production requires an estimated 70% of 
arable land to be used for growing livestock feed12. With an antici-
pated 70% increase in global meat demand, we will have insuffi-
cient planetary resources to provide meat to the world population 
by 2050.

What is cultured meat?
Cultured meat aims to replicate conventionally produced meat 
through (stem) cell and tissue culture. This idea is not new, and was 

first referenced in utopian literature from the nineteenth century13. 
Originally coined as ‘in-vitro meat’, as the cells and tissue are cul-
tured in vitro, the nomenclature of cultured meat is still a subject 
of debate. Up to now, ‘cultivated meat’, ‘cultured meat’, ‘cell-based 
meat’ and ‘clean meat’ are the most prevalent names among propo-
nents of the technology. Although some institutions represented by 
the authors favour a different name, for the purpose of this Review 
Article we use ‘cultured meat’. We use ‘cell-based meat’ only when 
describing the US regulatory landscape as it is the US legal text  
preference. Culturing meat is part of a novel industry referred to 
as ‘cellular agriculture’, that is, using cell-based biotechnology to 
replace traditional animal-derived products such as meat, seafood, 
leather and milk.

The discovery of stem cells enabled in-vitro cell production and 
opened up the possibility of cultured meat. Stem cells can be isolated 
from a biopsy from a living animal14 and expanded in vitro to gener-
ate a large number of cells. Subsequently, the cells can be stimulated 
to differentiate into muscle or fat cells, depending on the isolated 
stem cell type. Tissue-engineering techniques, typically involving 
a biomaterial scaffold that gives temporary or permanent support 
and three-dimensional organization of the cells, lead to the assem-
bly of a tissue that is anticipated to resemble meat in its sensory and  
nutritional qualities as closely as possible. In theory, one can 
approach mimicry of meat in different ways, ranging from single 
protein production of individual muscle proteins to fully fledged 
tissue engineering of a complex muscle tissue containing mus-
cle, fat, blood vessels, nerves, fibrous tissue and perhaps resident 
immune cells, in a meat-like architecture (Fig. 1). The generation 
and assembly of multicellular muscle fibres and fat organoids into a 
minced meat product lies in between these extremes. This Review 
Article focuses mostly on tissue-engineered meat as this method is 
most commonly employed by investigators and startup companies, 
it is the most scientifically comprehensive process and it enables the 
production of a meat copy, resulting in a final product that contains 
mature muscle fibres.

Scientific, sustainability and regulatory challenges 
of cultured meat
Mark J. Post! !1,2�ᅒ, Shulamit Levenberg! !3,4, David L. Kaplan! !5, Nicholas Genovese6, Jianan Fu7, 
Christopher J. Bryant8, Nicole Negowetti9, Karin Verzijden10 and Panagiota Moutsatsou2

Cellular agriculture is an emerging branch of biotechnology that aims to address issues associated with the environmental 
impact, animal welfare and sustainability challenges of conventional animal farming for meat production. Cultured meat can be 
produced by applying current cell culture practices and biomanufacturing methods and utilizing mammalian cell lines and cell 
and gene therapy products to generate tissue or nutritional proteins for human consumption. However, significant improve-
ments and modifications are needed for the process to be cost efficient and robust enough to be brought to production at scale 
for food supply. Here, we review the scientific and social challenges in transforming cultured meat into a viable commercial 
option, covering aspects from cell selection and medium optimization to biomaterials, tissue engineering, regulation and con-
sumer acceptance.
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meat’ and ‘clean meat’ are the most prevalent names among propo-
nents of the technology. Although some institutions represented by 
the authors favour a different name, for the purpose of this Review 
Article we use ‘cultured meat’. We use ‘cell-based meat’ only when 
describing the US regulatory landscape as it is the US legal text  
preference. Culturing meat is part of a novel industry referred to 
as ‘cellular agriculture’, that is, using cell-based biotechnology to 
replace traditional animal-derived products such as meat, seafood, 
leather and milk.

The discovery of stem cells enabled in-vitro cell production and 
opened up the possibility of cultured meat. Stem cells can be isolated 
from a biopsy from a living animal14 and expanded in vitro to gener-
ate a large number of cells. Subsequently, the cells can be stimulated 
to differentiate into muscle or fat cells, depending on the isolated 
stem cell type. Tissue-engineering techniques, typically involving 
a biomaterial scaffold that gives temporary or permanent support 
and three-dimensional organization of the cells, lead to the assem-
bly of a tissue that is anticipated to resemble meat in its sensory and  
nutritional qualities as closely as possible. In theory, one can 
approach mimicry of meat in different ways, ranging from single 
protein production of individual muscle proteins to fully fledged 
tissue engineering of a complex muscle tissue containing mus-
cle, fat, blood vessels, nerves, fibrous tissue and perhaps resident 
immune cells, in a meat-like architecture (Fig. 1). The generation 
and assembly of multicellular muscle fibres and fat organoids into a 
minced meat product lies in between these extremes. This Review 
Article focuses mostly on tissue-engineered meat as this method is 
most commonly employed by investigators and startup companies, 
it is the most scientifically comprehensive process and it enables the 
production of a meat copy, resulting in a final product that contains 
mature muscle fibres.
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Analogies between the European Union and United States. Both 
regulatory systems aim to assure that cultured meat products enter-
ing the market are “safe, wholesome and unadulterated” (see point 
4 B (3) of ref. 133). The EU Novel Foods Regulation136 aims to ensure 
“the effective functioning of the internal market while providing a 
high level of protection of human health and consumers’ interests”. 
To achieve this, both regulatory systems require prior market autho-
rization, but the authorization procedure is quite different. The pro-
cedure described below provides an overview with a focus on novel 
foods and not on GMO legislation.

Differences between the European Union and United States. 
Table 3 outlines regulatory differences. On the left side, the author-
ity of the FDA and the USDA under the 7 March 2019 agreement 
has been summarized. On the right side, it has been outlined how 
legal authority is attributed in the EU and in its member states 
under the Novel Foods Regulation. As a reference member state, 
the Netherlands has been retained, as this is one of the EU countries 
where cultured meat activities are prominent.

European Union market entry of novel foods. Under the EU 
Novel Foods Regulation, an application for an authorization of a 
cultured meat should be made via the e-submission system operated 
by the European Commission, who will subsequently distribute the 
application to all EU member states. Minimum requirements for the 
application consist of information on the identity of the product, 
its production process, compositional data and specifications, pro-
posed uses, use level and anticipated intake of the product. Other 
safety information relates to the source of the product; absorption, 
distribution, metabolism and excretion (ADME); nutritional and 
toxicological information; and allergenicity. Applications are evalu-
ated on a case-by-case basis.

On receipt of the novel food application, the European 
Commission will usually request a safety opinion from the 
European Food Standards Authority (EFSA), who will evaluate if 
the novel food is of comparable safety to food from a similar cate-
gory already on the EU market. EFSA’s evaluation should not exceed 
a nine-month term. Within seven months of receipt of a positive 
safety opinion, the European Commission should publish its imple-
menting act, resulting in the inclusion of the approved novel food in 
the Union List139. Two open ends in this procedure include: (1) the 
term for response for the member states (this was 60 days under the 
previous Novel Foods Regulation prior to 1 January 2018, but this 
term is not mentioned in the current Novel Foods Regulation); (2) 
the questions that EFSA can ask the applicant, resulting each time in 
a so-called stop-the-clock moratorium.

Pre-market consultations and Union Register of commissioned 
studies. Unlike the US regulations, the EU Novel Foods procedure 
requires no formal pre-market consultation procedure to evaluate 
production materials and processes. However, from 26 March 2021, 
the new Transparency Regulation 2019/1381 (ref. 140) will give appli-
cants the right to request advice on the pre-submission phase from 
EFSA. This procedure is a response to industry demand, especially 
from small–medium enterprises, for further support in the prepara-
tion of applications. However, the advice will be provided without 
input from EFSA’s Scientific Panels and shall not cover the specific 
design of a study. Applicants will have to notify EFSA of any study 
they commissioned to support a future authorization application, 
which will become part of the Union Register of commissioned 
studies. The majority of cultured meat applications will probably be 
made once this new regulatory regime is applicable, requiring appli-
cants to thoroughly design their strategy to secure safety evidence.

Written EFSA guidance. The 2016 EFSA Scientific Opinion141 
provides detailed guidance on data required for the novel food 
application. The cells used to culture the meat product and the cell 
substrate used during the cultivation process should be described in 
detail. The 2018 EFSA Technical Report142 provides applicants with 
a completeness checklist and provides a helpful overview table of 
study reports contained in the technical dossier.

Enforcement. In the United States, the organizations who define 
the regulatory framework also enforce them. In contrast, individual 
EU member states enforce novel food regulations and measures may 
vary between states. For example, the Dutch Food Safety Authority’s 
enforcement policy is on public record — marketing cultured meat 
without a proper novel food authorization results in a penalty and 
prohibition of further marketing. In other member states, the penal-
ties or potential imposed measures, such as a warning or injunction 
for further marketing, may differ from the Dutch measures. Thus, 
marketing cultured meat in Europe requires knowledge of the EU 
framework and local regulations.

Terminology. Much like in the United States, cultured meat will be 
impacted by ongoing debates regarding meat names for meat alter-
natives. The Committee on Agriculture and Rural Development 
(AGRI Committee), under the former EU Parliament (in place until 
May 2019), formulated a proposal prohibiting use of the terms steak, 
sausage, escalope, burger and hamburger for non-conventional 
meat products. After the election of the current EU Parliament  
(in place since July 2019), this proposal was still pending. However, 
certain meat products have protected legal names under national 

Table 4 | Summary of key outcomes from consumer surveys on cultured meat

Survey source Year Sample size and demographics Question Would 
eat

Do not 
know

Would 
not eat

YouGov169 2013 1,729 adults (18+ years) in the UK Imagine artificial meat was available 
commercially, do you think you would eat it?

19% 19% 62%

Pew Research147 2014 1,001 adults (18+ years) in the US Would you…eat meat that was grown in a lab? 20% 2% 78%
Flycatcher145 2013 1,296 adults (18+ years) in the 

Netherlands
Suppose that cultured meat is available at the 
supermarket. Would you buy cultured meat in 
order to try it?

52% 23% 25%

The Grocer148 2017 2,082 adults (16+ years) in the UK Would you ever buy ‘cultured meat’ grown in a 
laboratory?

16% 33% 50%

Wilks and Phillips146 2017 673 adults adults (18+ years) in the US Would you be willing to try in vitro meat? 65% 12% 21%
Surveygoo162 2018 1,000 adults (18+ years) in the UK and US Would you be willing to eat cultured meat? 29% 38% 33%

Bryant et al.152 2019 3,030 adults in the US (18+ years), India 
and China (18+ years)

How likely are you to try clean meat? 52% 34% 13%
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3) 食肉産業界ならびに消費者の受け止め（含、リスクコミュニケーション）
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A major limitation of all research on consumer acceptance is its hypothetical nature. As there are no cultured meat products 
currently available commercially, researchers have been unable to observe consumer preferences in practice or explore 
specific aspects of the product which are appealing. 

消費者受容に関するすべての研究の主要な限界は、その仮説的性質にある。現在市販されている培養⾁製品はないため、研究
者は消費者の嗜好を実際に観察したり、製品の魅⼒的な⾯を具体的に探ったりすることができない
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→具体的なものが開発されていない現状では、正確に消費者の受け⽌めを把握することは困難と考えられる

3) 食肉産業界ならびに消費者の受け止め（含、リスクコミュニケーション）
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メモ
開発の動向
・世界初の販売許可を取得したEat Just社（⽶国）の細胞培養⾷品︓
シンガポール政府による世界初の承認（2020年）（ニワトリ不死化細胞
株）

・FDAによりはじめて、市販前コンサルテーションが終了し、安全性に関す
る質問はこれ以上ないことが表明された、Upside Foods社（⽶国）の細胞
培養⾷品（2022年） （ニワトリ不死化細胞株）

安全性や衛⽣規制の動向
・シンガポールは、細胞培養⾷品をNovel Food（新規⾷品）の規制枠組み
の中で取り扱っており、シンガポール⾷品庁（SFA）が細胞培養⾷品を含む
Novel Food （新規⾷品）の安全性評価の要件およびFAQ（頻繁に尋ねられ
る質問」）に関する⽂書を公表（安全性評価に係る⽂書は公開されていな
い）

・⽶国は、安全性に関する市販前コンサルテーションを⾏った（ガイダンス
は公表されていない模様）[承認・認証ではない]
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ご清聴をありがとうございました

Thank you for your attention !
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