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“Our	second	genome		-	Human	microbiome”	

nternaFonal	Human	Microbiome	ConsorFum	

IHMC	
2008〜�

HMGJ	(Human	MetaGenome	consor3um,	Japan)	launched	in	2005	
NIH	HMP	(Human	Microbiome	Project)	launched	in	2008	
EU	MetaHIT	Project	with	BGI	(China)	launched	in	2008		

THE	INSIDE	STORY,	Nature,	2008�

IHMC	Conference	
2016@The	US	
2018@Ireland	
2020@Spain	
2022@Japan	
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“Who’s	there?”	 “What	are	they	doing?”	
“What	are	they	making?”	

AnalyFcal	pipeline	for	human	microbiomes	

NGS:	Next-generaFon	sequencers	
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>3,000	genomes	
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Human	microbes	

The	four	major	phyla	
account	for	>99%	of	the	
total	abundance.	

＊>70	phyla	have	been	detected	on	the	earth.		
⇒A	strong	selec3ve	pressure	may	be	involved	in	
coloniza3on	by	the	human	microbes.	

Addi3onal	18	phyla	are	
detected	with	<1%	
abundance.	

Species	classificaFon	

Phylum	 Genus	

Firmicutes	

Anaeros(pes	
Blau(a	
Clostridium	
Coprococcus	
Dorea	
Enterococcus	
Eubacterium	
Faecalibacterium	
Gemella	
Lactobacillus	
Megamonas	
Roseburia	
Ruminococcus	
Streptococcus	
Subdoligranulum	
Veillonella	

Bacteroidetes	
Alis(pes	
Bacteroides	
Parabacteroides	
Prevotella	

AcFnobacteria	

Ac(nomyces	
Bifidobacterium	
Collinsella	
Eggerthella	
Rothia	

Proteobacteria	

Bilophila	
Escherichia	
Haemophilus	
Klebsiella	
Neisseria	

Verrucomicrobia	 Akkermansia	

Fusobacteria	 Fusobacterium	
Leptotrichia	

Euryarchaeota	 Methanobrevibacter	

日本人成人のさまざまな部位の常在菌叢の菌種組成と類似性	
16Sデータを用いた解析	
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PCo1	-	Percent	varia3on	explained	31.2%	

日本人の常在菌叢の平均菌種組成（属レベル）	
腸・唾液・胃液・皮膚細菌叢構造（系統
樹）の個人間類似性（UniFrac解析）	

糞便	

唾液/胃液	

皮膚（頬）	

・高い生息部位特異性	
・高い個人間多様性	

Propionibacterium	

さまざまな年齢のヒト腸内細菌叢の菌種組成	
属レベル	
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子供（平均12歳）	

成人（平均36歳）	

高齢者（平均84歳）	

百寿者（105歳以上）	
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Parabacteroides	 Prevotella	 Dorea	 Fusobacterium	 Lactobacillus	
Alis3pes	 Enterococcus	 Veillonella	 Ac3nomyces	 Escherichia	
Gemella	 Granulicatella	 Rothia	 Neisseria	 Klebsiella	
Staphylococcus	 Coprobacillus	 Propionibacterium	 Haemophilus	 Enterobacter	
その他（合計）	

Propionibacterium	

大腸菌	

Enterobacter	Clostridium	

Bifidobacterium	

Blau5a	 Bacteroides	

16S解析	

0 100 200 300

Venezuela	
N=10	

Japan	
N=106	

China	
N=187	

Sweden	
N=36	

Russia	
N=83	

Metagenomic	data	of	healthy	human	gut	microbiomes	
Country	 Subject#	 Sequencing	 Unique	gene#	 Published	year	

USA	 2	 Sanger	 0.05M	 2006	
Japan	 13	 Sanger	 0.7M	 2007	

IHMC	launched	in	2008	

861	healthy	subjects	from	12	countries	

Metagenomic	sequencing	by	NGS	aper	2010	

France
N=55	

Austria	
N=41	

Peru	
N=31	

Spain	
N=54	

USA	
N=126	

Malawi	
N=5	

Denmark	
N=121	
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Other	genera	 @Erysipelotrichaceae_genus	 Prevotella	 Dorea	 Collinsella	
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Ruminococcus	 Bifidobacterium	 Bacteroides	

Microbial	composiFon	of	106	Japanese	gut	microbiomes	
At	the	genus	level	(a	high	inter-individual	diversity	in	the	microbial	composiFon)	

Power	law	
Bifidobacterium:	most	abundant	

Su
cci
nat

imo
nas

Me
tha

nob
rev

iba
cte

r

Akk
erm

ans
ia

Dia
list
er

Pre
vot

ella
Esc

her
ich

ia
Act

ino
my

ces
Ru

min
iclo

stri
diu

m
Su
bdo

ligr
anu

lum
Lac

hno
spi

rac
eae

_ge
nus

Bilo
phi

la
Pep

toc
los

trid
ium

Tyz
zer

ella
Eg
ger

the
lla

Fla
von

ifra
cto

r
Ery

sip
ela

toc
los

trid
ium

Alis
tipe

s
Ery

sip
elo

tric
hac

eae
_ge

nus
Lac

hno
clo

stri
diu

m
Ph
asc

ola
rcto

bac
teri

um
Str

ept
oco

ccu
s

Co
pro

coc
cus

Clo
stri

dia
les

_ge
nus

Firm
icu

tes
_ge

nus
Ro

seb
uria

An
aer

ost
ipe

s
Par

aba
cte

roid
es

Clo
stri

diu
m

Do
rea

Co
llin
sel

la
Ru

min
oco

ccu
s

Eu
bac

teri
um

Fae
cal

iba
cte

rium
Ba
cte

roid
es

Bla
utia

Bifi
dob

act
eriu

m

≤ −
7

−6
−5

−4
−3

−2
−1

Fus
oba

cte
ria

bac
teri

um
 LF

3
Pro

teo
bac

teri
a

Ba
cte

roid
ete

s
Act

ino
bac

teri
a

Firm
icu

tes

≤ −
7

−6
−5

−4
−3

−2
−1

Ru
min

oco
ccu

s la
cta

ris 
CC

59_
002

D
Ba

cte
roid

es 
the

taio
tao

mic
ron

 dn
LK

V9
Firm

icu
tes

 ba
cte

rium
 CA

G:4
1

Clo
stri

dia
les

 ba
cte

rium
 VE

202
−24

Ro
seb

uria
 ho

min
is A

2−1
83

Clo
stri

diu
m c

los
trid

iofo
rme

 90
A4

Eu
bac

teri
um

 ha
llii D

SM
 33

53
Co

pro
coc

cus
 ca

tus
 GD

/7
Ba

cte
roid

es 
ova

tus
 3_

8_4
7FA

A
Clo

stri
diu

m i
nno

cuu
m 2

959
but

yra
te−

pro
duc

ing
 ba

cte
rium

 SS
3/4

Co
pro

coc
cus

 co
me

s A
TC

C 2
775

8
Clo

stri
diu

m s
p. C

AG
:7

Ro
seb

uria
 int

est
ina

lis 
M5

0/1
Bilo

phi
la w

ads
wo

rth
ia A

TC
C 4

926
0

Clo
stri

diu
m b

olte
ae 

90B
8

Ru
min

oco
ccu

s o
beu

m A
2−1

62
Ba

cte
roid

es 
frag

ilis 
str.

 39
76T

8
Clo

stri
diu

m s
p. C

AG
:43

Eg
ger

the
lla 

len
ta D

SM
 22

43
Str

ept
oco

ccu
s s

aliv
ariu

s
Ru

min
oco

ccu
s s

p. J
C3

04
Tyz

zer
ella

 ne
xilis

 DS
M 1

787
Ro

seb
uria

 inu
lini
vor

ans
 DS

M 1
684

1
Ru

min
oco

ccu
s to

rqu
es 

L2−
14

Par
aba

cte
roid

es 
me

rda
e C

L09
T00

C4
0

Fla
von

ifra
cto

r pl
aut

ii A
TC

C 2
986

3
Fae

cal
iba

cte
rium

 pra
usn

itzi
i A2

−16
5

Ba
cte

roid
es 

dor
ei C

L02
T12

C0
6

Fae
cal

iba
cte

rium
 pra

usn
itzi

i SL
3/3

Ru
min

oco
ccu

s to
rqu

es 
ATC

C 2
775

6
Ru

min
oco

ccu
s o

beu
m A

TC
C 2

917
4

Do
rea

 for
mic

ige
ner

ans
 4_

6_5
3A
FAA

Fae
cal

iba
cte

rium
 pra

usn
itzi

i L2
−6

Par
aba

cte
roid

es 
dis

tas
oni

s s
tr. 3

776
 Po

2 i
Fae

cal
iba

cte
rium

 cf.
 pra

usn
itzi

i KL
E1

255
Ru

min
oco

ccu
s g

nav
us 

CC
55_

001
C

Ba
cte

roid
es 

vul
gat

us 
dnL

KV
7

Do
rea

 lon
gic

ate
na 

DS
M 1

381
4

An
aer

ost
ipe

s h
adr

us 
DS

M 3
319

Ba
cte

roid
es 

uni
form

is d
nLK

V2
Co

llin
sel

la a
ero

fac
ien

s A
TC

C 2
598

6
Co

llin
sel

la s
p. C

AG
:16

6
Bifi

dob
act

eriu
m a

dol
esc

ent
is A

TC
C 1

570
3

Ru
min

oco
ccu

s s
p. S

R1
/5

Eu
bac

teri
um

 rec
tale

 AT
CC

 33
656

Bifi
dob

act
eriu

m p
seu

doc
ate

nul
atu

m D
SM

 20
438

Bifi
dob

act
eriu

m l
ong

um
 DJ

O1
0A

Bla
utia

 sp
. C

AG
:37

Bla
utia

 we
xle

rae
 AG

R2
146

≤ −
7

−6
−5

−4
−3

−2
−1

Re
lati

ve 
abu

nda
nce

 (lo
g10

)
Re

lati
ve 

abu
nda

nce
 (lo

g10
)

Re
lati

ve 
abu

nda
nce

 (lo
g10

)

0%	

20%	

40%	

60%	

80%	

100%	

JP	 AT	 SE	 RU	 FR	 PE	 MW	 VE	 DK	 ES	 US	 CN	
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その他	

Escherichia	
Coprococcus	
Roseburia	
Bifidobacterium	
AlisFpes	
BlauFa	
Ruminococcus	
unclassified	Firmicutes	
Faecalibacterium	
Clostridium	
Eubacterium	
Prevotella	
Bacteroides	

Ave.	3.4	Gb/individual	(350	Gb/106	Japanese)/MiSeq,	IonPGM/Proton,	454	

21	phyla	

425	genera	

Mapped	1	M	reads	to	
reference	genomes	

VariaFons	in	human	gut	microbiomes	across	the	12	countries	

Phylum	level	

Nishijima	S	et	al.	2016	

Genus	level	
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Comparison	of	gut	microbial	composiFons	between	individuals	
The	overall	gut	microbiome	structure	of	individuals	in	the	same	country	is	significantly	more	similar	
than	those	between	different	countries,	indicaFng	existence	of	the	populaFon	(country)-level	
diversity	in	the	human	gut	microbiome.		
The	observed	diversity	is	not	significantly	affected	by	methodologies	(sequencers,	fecal	storage	
condiFons,	and	DNA	extracFon	methods).	

Nishijima	S	et	al.	2016	

0.6	

0.7	

0.8	

0.9	

1	

1	 11	 21	 31	 41	 51	 61	 71	 81	

90	genera	tested	

N=14	

All	countries	

A	set	of	≥14	genera	or	≥18	species	has	the	ability	to	significantly	differenFate	the	countries	
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機械学習プログラムRandomForestを用いた国間の違いに大きく寄与
する菌種の特定とそれらによる国の識別	

 d = 0.2 

 CN 

 DK 
 ES 

 JP 

 RU 

 SE 

 US 

Predicted	country	
CN	 DK	 JP	 RU	 ES	 SE	 US	

Sa
m
pl
e	

CN	 87%	 1%	 2%	 2%	 4%	 0%	 4%	
DK	 3%	 78%	 0%	 3%	 2%	 3%	 11%	
JP	 0%	 0%	 100%	 0%	 0%	 0%	 0%	
RU	 4%	 1%	 0%	 93%	 1%	 0%	 0%	
ES	 14%	 21%	 0%	 0%	 49%	 7%	 9%	
SE	 1%	 0%	 2%	 0%	 0%	 98%	 0%	
US	 2%	 17%	 0%	 0%	 2%	 0%	 79%	

Average accuracy rate of the prediction: 83% (Genus) �

PCA �
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Other	genera	

Bifidobacterium	

Alis3pes	

Blau3a	

Ruminococcus	

Firmicutes_genus	

Faecalibacterium	

Clostridium	

Eubacterium	

Prevotella	

Bacteroides	
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At	the	genus	level	

High	Prevotella	
Low	Bacteroides	
Low	Bifidobacterium	

High	Bacteroides	
Intermediate	Prevotella	
Low	Bifidobacterium	

Low	Prevotella	
High	Bifidobactrium	
High	Blau5a	

Hierarchical	clustering	of	the	12	countries	based	on	the	average	
microbial	abundance	

Nishijima	S	et	al.	2016	
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Meal	informaFon	of	the	12	countries	from	FAOSTAT	
Average	food	intake	from	2003	to	2012�

　119	food	items	 Japan	 Russia	 Sweden	 USA	 China	
Milk	-	Excluding	Buler	 203	 481	 979	 700	 82	
Vegetables,	Other	 228	 240	 170	 186	 766	
Wheat	 131	 358	 218	 222	 182	
Milk,	Whole	 127	 350	 193	 310	 75	
Potatoes	 58	 312	 159	 147	 101	
Beer	 73	 211	 113	 229	 71	
Rice	(Paddy	Equivalent)	 222	 21	 23	 34	 314	
Sugar,	Raw	Equivalent	 75	 97	 109	 175	 17	
Maize	 31	 2	 3	 35	 19	
Sugar	(Raw	Equivalent)	 47	 87	 101	 91	 16	
Pig	meat	 54	 54	 99	 82	 101	
Sugar,	Refined	Equiv	 43	 80	 93	 84	 15	
Rice	(Milled	Equivalent)	 148	 14	 16	 23	 209	
Poultry	Meat	 46	 62	 42	 134	 35	
Oranges,	Mandarines	 28	 22	 139	 83	 27	
Fruits,	Other	 28	 60	 62	 62	 79	
Tomatoes	 23	 64	 61	 121	 78	
Bovine	Meat	 24	 48	 68	 109	 13	
Cassava	 0	　	 　0	 0	 5	

Food	and	Agriculture	Organiza3on	of	the	United	Na3ons�

Meal	informaFon	in	FAOSTAT	
(g/capita/day) �

119	food	items	of	245	countries	from	1961	
Three	major	nutrient	

Nishijima	S	et	al.	2016	

RelaFon	based	on	microbiome	data	

Malawi	

Peru	

United	States	

China	

Denmark	

Spain	

Russia	

Sweden	

France	

Austria	

Japan	

RelaFon	based	on	food	intake	data*	

Malawi	

Venezuela	

Peru	

United	States	

China	

Denmark	

Spain	

Russia	

Sweden	

France	

Austria	

Japan	

Food	seems	not	to	be	the	primary	factor	affecFng	the	human	gut	microbiome	

＊Average	of	FAOSTAT	data	in	2003-2012	
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Bifido-rich	

Bacteroides-rich	

Prevotella-rich	

Nishijima	S	et	al.	2016	

20SJ 60HC
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UniFrac Distance Weighted

Effect	of	tradiFonal	vegetable	dishes	(VD;	精進料理)	on	the	human	gut	microbiome	
Comparison	of	gut	microbiomes	between	healthy	monks	of	Sojiji	Temple	(総持寺)	and	ordinary	adults		

＊Sojiji	healthy	monks（SJ20)	with	VD	for	three	months		
＊Ordinary	healthy	adults	(HC60)	with	free	diet	

Daily	intake	 SJ20	 HC60	
Total	energy（kcal）	 1,311	 2,222	
Proteins（g）	 34.4	 78.3	
Lipids（g）	 26.6	 72.0	
Carbohydrates（g）	 232.5	 298.9	
Dietary	fiber（g）	 20.3	 13.1	
Vitamins	A,	B1,	B2,	C（mg）	 42.912	 73.743	

＊Many	had	large	weight	loss.	
＊Some	felt	reduc3on	of	allergic	manifesta3ons.	

*High	stability	and	robustness	of	the	healthy	gut	microbiome	against	change	in	diet?	
*Same	foods	did	not	always	make	the	gut	microbiomes	more	similar	than	different	foods?	
*TradiFonal	Japanese	vegetable	dishes	(精進料理)	are	sufficient	for	health	maintenance	of	Japanese?	
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PCo1	-	Percent	varia3on	explained	17.9%	

UniFrac	PCoA	P1	vs	P2	(Weighted)		

＊But,	no	large	difference	in	the	gut	microbiome	structure	
between	the	two	groups	
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r	

No	staFsFcal	significance	
No	staFsFcal	significance	

SJ:	no	pork,	beef,	and	chicken	
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Dietary	restricFons	changed	the	gut	microbiome	of	obesity	paFents	
In	American	people,	the	ra3o	of	Firmicutes/Bacteroidetes	is	significantly	higher	in	obesity	

pa3ents	than	that	of	leans	

Change	to	lean-type	from	obese-type	gut	microbiome	with	low-calories	
diets	(low	carbohydrates)	for	52	weeks	

Disappearance	of	obesity		

Nature, 2006 �

Reduc3on	of	
obesity	

Obese	gut	
microbiome	

*Diet	largely	affected	the	gut	microbiome	in	obesity	paFents.	
*DysbioFc	(obese）gut	microbiome	is	more	sensiFve	(unstable)	to	change	in	diet	than		
		healthy	gut	microbiome?	 0	

20	

40	

60	

80	

100	

120	

140	

160	

Healthy	 IBD	

0%	 20%	 40%	 60%	 80%	 100%	

Healthy	

IBD	

Firmicutes	 Ac3nobacteria	
Bacteroidetes	 Proteobacteria	
Fusobacteria	 Others	

Change	in	overall	microbial	abundance	

Change	in	species	richness	

AssociaFon	between	dysbiosis	of	gut	microbiome	and	various	diseases	

Dysbiosis	of	gut	
microbiome**	

**including	
mouse	data	

・Obesity*	
・Diabetes*	
・Metabolic	syndrome	
・Renal	insufficiency*	
・Heart	failure*	

・IBD*	
・IBS	(Irritable	bowel	syndrome)*	
・Rheumatoid	arthriFs	
・Arteriosclerosis	
・Allergy	
・Premature	birth	/	premature	
infant	

・AuFsFc	spectrum	
・MulFple	sclerosis*	
・DemenFa	
・Parkinson's	disease	
・Alzheimer's	disease*	

・Colon	cancer	
・Liver	cancer	
・Liver	cirrhosis	

Metabolism	system,	immune	system,	
and	nervous	system	(brain	funcFon)	

Sp
ec
ie
s#

	

*Our	collaboraFve	work	

SchemaFc	view	explaining	“dysbiosis”	of	gut	microbiome	

A	person	

A	cluster	of	
healthy	samples	

A	cluster	of	samples	
with	disease	A	

A	cluster	of	
samples	with	
disease	B	

A	cluster	of	
samples	with	
disease	C	
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Other	genera	

Escherichia	

Butyrivibrio	

Coprococcus	

Roseburia	

Dorea	

@Lachnospiraceae_genus	

Ruminococcus	

Clostridium	

Parabacteroides	

AlisFpes	

Bifidobacterium	

Faecalibacterium	

Prevotella	

Eubacterium	

Bacteroides	

国間の違いは健常-疾患間の違いよりも大きい	

Unpublished	

Clustering	of	gut	microbiomes	of	healthy	subjects	in	12	countries	with	those	of	Swedish	and	
Chinese	T2D,	and	Japanese	and	Spanish	IBD	paFents	

Inter-country	variaFons	in	the	gut	microbiome	are	higher	than	variaFons	
between	disease	and	healthy	gut	microbiomes	in	the	same	country	 H:	Healthy	subject	

T2D:	Type	2	diabetes	(CN	&	SW)	
IGT:	Impaired	Glucose	Tolerance	(SW)	
UC:	Ulcera3ve	coli3s	(SP	&	JP)	
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Country	A	

SchemaFc	view	explaining	“populaFon-level	variaFons	between	different	countries	are	higher	
than	those	between	healthy	individuals	and	paFents	with	diseases	in	the	same	country”	

Evalua3on	of	gut	microbiomes	of	pa3ents	with	diseases	requires	data	of	
healthy	controls	in	the	same	country.	

Country	B	

Country	C	

More	salivary	species	in	fecal	samples	of	paFents	with	various	diseases	than	those	of	healthy	control.	

HC VG CD MS NMO PPI PSC UC ALC ALZ KD CI RI CC LE.GVHD
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HC VG CD MS NMO PPI PSC UC ALC 
ALZ 

KD CI RI CC 
LE-GVHD 
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Healthy	individuals	

PaFents	with	various	diseases	

HC	

Ectopic	colonizaFon	of	oral	bacteria	in	the	intesFne	drives	TH1-cell	inducFon	and	
inflammaFon.	Atarashi	K.	et	al,	Science,	2017	 CollaboraFon	with	K.	Honda,	Keio	Univ.	

GF	

Human	salivary	microbiome-derived	gnotobioFc	mice	(HSM)	
Human	
saliva	

C57BL/6	

6-8	weeks	5	weeks	

Saliva	of	healthy	adults	and	IBD	pa3ents	

6-9	weeks	

Sacrifice	

HSM	mice	 ・Gut	microbiome	analysis	
・Immunological	analysis	

0	

30	

60	

90	

120	

150	

180	

210	

0	 1	 2	 3	 4	 5	 6	 7	 8	

N
um

be
r	o

f	s
pe

ci
es

	

 +Healthy	A	

 +Healthy	M	

 +Healthy07	
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ALL_OTU02137 : Streptococcus parasanguinis : 97.81  : 100.00 

ALL_OTU00285 : Streptococcus parasanguinis : 97.16  : 99.69 

ALL_OTU02442 : Streptococcus parasanguinis : 96.60  : 100.00 

ALL_OTU01976 : Streptococcus parasanguinis : 96.49  : 99.37 

ALL_OTU01891 : Streptococcus parasanguinis : 97.78  : 100.00 

ALL_OTU00858 : Streptococcus parasanguinis : 99.04  : 98.11 

ALL_OTU00136 : Streptococcus parasanguinis : 99.66  : 92.09 

ALL_OTU00199 : Streptococcus mitis : 99.65  : 92.04 

ALL_OTU00001 : Streptococcus gordonii : 99.38  : 100.00 

ALL_OTU00463 : Streptococcus sp. 10aVMg3 : 97.77  : 100.00 

ALL_OTU00606 : Streptococcus salivarius : 98.43  : 100.00 

ALL_OTU00049 : Streptococcus salivarius : 100.00  : 100.00 

ALL_OTU01611 : Klebsiella pneumoniae : 97.40  : 100.00 

ALL_OTU00123 : Enterobacteriaceae bacterium NR58 : 99.68  : 100.00 

ALL_OTU00053 : Lactobacillus rhamnosus : 99.41  : 100.00 

ALL_OTU00241 : Enterococcus faecium : 100.00  : 100.00 

ALL_OTU00061 : Granulicatella adiacens : 99.69  : 100.00 

ALL_OTU00946 : Staphylococcus aureus : 97.47  : 99.68 

ALL_OTU00008 : Staphylococcus aureus : 99.05  : 100.00 

ALL_OTU00160 : Solobacterium moorei : 99.68  : 100.00 

ALL_OTU02070 : Veillonella dispar : 96.96  : 100.00 

ALL_OTU00125 : Veillonella parvula : 100.00  : 100.00 

ALL_OTU02842 : Veillonella dispar : 95.20  : 100.00 

ALL_OTU00016 : Fusobacterium sp. ACB2 : 99.35  : 100.00 

ALL_OTU00003 : Fusobacterium periodonticum : 100.00  : 100.00 

ALL_OTU00034 : Anaerococcus vaginalis : 94.43  : 100.00 

ALL_OTU00009 : Anaerococcus vaginalis : 96.59  : 100.00 

ALL_OTU00039 : Atopobium sp. ICM42b10 : 100.00  : 100.00 

ALL_OTU02789 : Bifidobacterium dentium : 95.16  : 100.00 

ALL_OTU00254 : Bifidobacterium dentium : 95.45  : 100.00 

ALL_OTU02778 : Bifidobacterium sp. MSX5B : 99.00  : 97.72 

ALL_OTU00025 : Bifidobacterium dentium : 99.35  : 100.00 

ALL_OTU00012 : Bifidobacterium longum : 99.34  : 99.03 

ALL_OTU01356 : Actinomyces odontolyticus : 98.06  : 100.00 

ALL_OTU00710 : Actinomyces sp. ICM54 : 99.35  : 99.35 

ALL_OTU01922 : Actinomyces odontolyticus : 97.72  : 99.35 

ALL_OTU01586 : Actinomyces naeslundii : 97.55  : 99.69 

ALL_OTU02378 : Actinomyces naeslundii : 97.54  : 98.19 

ALL_OTU02106 : Actinomyces naeslundii : 96.99  : 99.70 

ALL_OTU00645 : Actinomyces naeslundii : 99.37  : 100.00 

M
O
S
A

M
O
S
M

S
.A
K
O
07

S
.A
K
O
17

S
.A
K
O
24

IB
D
02
9

IB
D
09
6

IB
D
11
8

IB
D
12
1

IB
D
14
5

IB
D
14
7

IB
D
12
1_
5w
ee
ks

IB
D
12
1_
6w
ee
ks

IB
D
14
5_
5w
ee
ks

IB
D
14
5_
6w
ee
ks

IB
D
02
9_
5w
ee
ks

IB
D
02
9_
6w
ee
ks

IB
D
11
8_
5w
ee
ks

IB
D
11
8_
6w
ee
ks

H
ea
lth
y0
7_
5w
ee
ks

H
ea
lth
y0
7_
6w
ee
ks

H
ea
lth
y2
4_
5w
ee
ks

H
ea
lth
y2
4_
6w
ee
ks

H
ea
lth
y1
7_
5w
ee
ks

H
ea
lth
y1
7_
6w
ee
ks

H
ea
lth
yA
_5
w
ee
ks

H
ea
lth
yA
_6
w
ee
ks

IB
D
14
7_
5w
ee
ks

IB
D
14
7_
6w
ee
ks

IB
D
09
6_
5w
ee
ks

IB
D
09
6_
6w
ee
ks

H
ea
lth
yM
_5
w
ee
ks

H
ea
lth
yM
_6
w
ee
ks

ALL_OTU02137 : Streptococcus parasanguinis : 97.81  : 100.00 

ALL_OTU00285 : Streptococcus parasanguinis : 97.16  : 99.69 

ALL_OTU02442 : Streptococcus parasanguinis : 96.60  : 100.00 

ALL_OTU01976 : Streptococcus parasanguinis : 96.49  : 99.37 

ALL_OTU01891 : Streptococcus parasanguinis : 97.78  : 100.00 

ALL_OTU00858 : Streptococcus parasanguinis : 99.04  : 98.11 

ALL_OTU00136 : Streptococcus parasanguinis : 99.66  : 92.09 

ALL_OTU00199 : Streptococcus mitis : 99.65  : 92.04 

ALL_OTU00001 : Streptococcus gordonii : 99.38  : 100.00 

ALL_OTU00463 : Streptococcus sp. 10aVMg3 : 97.77  : 100.00 

ALL_OTU00606 : Streptococcus salivarius : 98.43  : 100.00 

ALL_OTU00049 : Streptococcus salivarius : 100.00  : 100.00 

ALL_OTU01611 : Klebsiella pneumoniae : 97.40  : 100.00 

ALL_OTU00123 : Enterobacteriaceae bacterium NR58 : 99.68  : 100.00 

ALL_OTU00053 : Lactobacillus rhamnosus : 99.41  : 100.00 

ALL_OTU00241 : Enterococcus faecium : 100.00  : 100.00 

ALL_OTU00061 : Granulicatella adiacens : 99.69  : 100.00 

ALL_OTU00946 : Staphylococcus aureus : 97.47  : 99.68 

ALL_OTU00008 : Staphylococcus aureus : 99.05  : 100.00 

ALL_OTU00160 : Solobacterium moorei : 99.68  : 100.00 

ALL_OTU02070 : Veillonella dispar : 96.96  : 100.00 

ALL_OTU00125 : Veillonella parvula : 100.00  : 100.00 

ALL_OTU02842 : Veillonella dispar : 95.20  : 100.00 

ALL_OTU00016 : Fusobacterium sp. ACB2 : 99.35  : 100.00 

ALL_OTU00003 : Fusobacterium periodonticum : 100.00  : 100.00 

ALL_OTU00034 : Anaerococcus vaginalis : 94.43  : 100.00 

ALL_OTU00009 : Anaerococcus vaginalis : 96.59  : 100.00 

ALL_OTU00039 : Atopobium sp. ICM42b10 : 100.00  : 100.00 

ALL_OTU02789 : Bifidobacterium dentium : 95.16  : 100.00 

ALL_OTU00254 : Bifidobacterium dentium : 95.45  : 100.00 

ALL_OTU02778 : Bifidobacterium sp. MSX5B : 99.00  : 97.72 

ALL_OTU00025 : Bifidobacterium dentium : 99.35  : 100.00 

ALL_OTU00012 : Bifidobacterium longum : 99.34  : 99.03 

ALL_OTU01356 : Actinomyces odontolyticus : 98.06  : 100.00 

ALL_OTU00710 : Actinomyces sp. ICM54 : 99.35  : 99.35 

ALL_OTU01922 : Actinomyces odontolyticus : 97.72  : 99.35 

ALL_OTU01586 : Actinomyces naeslundii : 97.55  : 99.69 

ALL_OTU02378 : Actinomyces naeslundii : 97.54  : 98.19 

ALL_OTU02106 : Actinomyces naeslundii : 96.99  : 99.70 

ALL_OTU00645 : Actinomyces naeslundii : 99.37  : 100.00 
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ALL_OTU02137 : Streptococcus parasanguinis : 97.81  : 100.00 
ALL_OTU00285 : Streptococcus parasanguinis : 97.16  : 99.69 
ALL_OTU02442 : Streptococcus parasanguinis : 96.60  : 100.00 
ALL_OTU01976 : Streptococcus parasanguinis : 96.49  : 99.37 
ALL_OTU01891 : Streptococcus parasanguinis : 97.78  : 100.00 
ALL_OTU00858 : Streptococcus parasanguinis : 99.04  : 98.11 
ALL_OTU00136 : Streptococcus parasanguinis : 99.66  : 92.09 
ALL_OTU00199 : Streptococcus mitis : 99.65  : 92.04 
ALL_OTU00001 : Streptococcus gordonii : 99.38  : 100.00 
ALL_OTU00463 : Streptococcus sp. 10aVMg3 : 97.77  : 100.00 
ALL_OTU00606 : Streptococcus salivarius : 98.43  : 100.00 
ALL_OTU00049 : Streptococcus salivarius : 100.00  : 100.00 
ALL_OTU01611 : Klebsiella pneumoniae : 97.40  : 100.00 
ALL_OTU00123 : Enterobacteriaceae bacterium NR58 : 99.68  : 100.00 
ALL_OTU00053 : Lactobacillus rhamnosus : 99.41  : 100.00 
ALL_OTU00241 : Enterococcus faecium : 100.00  : 100.00 
ALL_OTU00061 : Granulicatella adiacens : 99.69  : 100.00 
ALL_OTU00946 : Staphylococcus aureus : 97.47  : 99.68 
ALL_OTU00008 : Staphylococcus aureus : 99.05  : 100.00 
ALL_OTU00160 : Solobacterium moorei : 99.68  : 100.00 
ALL_OTU02070 : Veillonella dispar : 96.96  : 100.00 
ALL_OTU00125 : Veillonella parvula : 100.00  : 100.00 
ALL_OTU02842 : Veillonella dispar : 95.20  : 100.00 
ALL_OTU00016 : Fusobacterium sp. ACB2 : 99.35  : 100.00 
ALL_OTU00003 : Fusobacterium periodonticum : 100.00  : 100.00 
ALL_OTU00034 : Anaerococcus vaginalis : 94.43  : 100.00 
ALL_OTU00009 : Anaerococcus vaginalis : 96.59  : 100.00 
ALL_OTU00039 : Atopobium sp. ICM42b10 : 100.00  : 100.00 
ALL_OTU02789 : Bifidobacterium dentium : 95.16  : 100.00 
ALL_OTU00254 : Bifidobacterium dentium : 95.45  : 100.00 
ALL_OTU02778 : Bifidobacterium sp. MSX5B : 99.00  : 97.72 
ALL_OTU00025 : Bifidobacterium dentium : 99.35  : 100.00 
ALL_OTU00012 : Bifidobacterium longum : 99.34  : 99.03 
ALL_OTU01356 : Actinomyces odontolyticus : 98.06  : 100.00 
ALL_OTU00710 : Actinomyces sp. ICM54 : 99.35  : 99.35 
ALL_OTU01922 : Actinomyces odontolyticus : 97.72  : 99.35 
ALL_OTU01586 : Actinomyces naeslundii : 97.55  : 99.69 
ALL_OTU02378 : Actinomyces naeslundii : 97.54  : 98.19 
ALL_OTU02106 : Actinomyces naeslundii : 96.99  : 99.70 
ALL_OTU00645 : Actinomyces naeslundii : 99.37  : 100.00 ���&�"#��������)7/231:)+6�2'+6082*//������
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AcFnobacteria	

Firmicutes	

Fusobacteria	

Proteobacteria	

Bifidobacterium	

Streptococcus	

Human	salivary	species	that	stably	persist	in	the	mouse	gut	

Ac5nomyces	

Veillonella	

Klebsiella	

Fusobacterium	

Staphylococcus	

Mouse	feces	arer	six	weeks	
Original	human	saliva	

Anaerococcus	
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total_OTU01035 : Klebsiella pneumoniae : 97.4

total_OTU00075 : Klebsiella pneumoniae : 99.68

total_OTU00066 : Veillonella parvula : 99.7

total_OTU01409 : Veillonella dispar : 95.2

total_OTU00111 : Fusobacterium sp. 2_1_31 : 98.31

total_OTU00144 : Fusobacterium sp. 11_3_2 : 97.08

total_OTU00031 : Fusobacterium nucleatum : 100
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total_OTU01035 : Klebsiella pneumoniae : 97.4

total_OTU00075 : Klebsiella pneumoniae : 99.68

total_OTU00066 : Veillonella parvula : 99.7

total_OTU01409 : Veillonella dispar : 95.2

total_OTU00111 : Fusobacterium sp. 2_1_31 : 98.31

total_OTU00144 : Fusobacterium sp. 11_3_2 : 97.08

total_OTU00031 : Fusobacterium nucleatum : 100
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A	

B	

Rela3ve	Abundance	%	

Fusobacterium	

Veillonella	

Klebsiella	

Cultured	strains	
Some	of	isolated	Klebsiella	strains	induced	TH1	cells	
（Other	Klebsiells	strains	did	not.）	

IntesFnal	inflammaFon	in	mice	colonized	by	salivary	species	 	

Species	correlated	with	TH1	inducFon	

Germ-free	mice	

Klebsiella	➡︎	SPF	mice	➡︎	TH1	induc3on	w/o	inflamma3on	
Klebsiella	➡︎	SPF	mice	(IL10-)	➡	
TH1	induc3on	with	inflamma3on	

＋anFbioFcs	

＋anFbioFcs	Klebsiella	➡︎	SPF	mice	➡︎	No	TH1	induc3on	

Klebsiella➡︎MulF-drug	resistance	

Possible	mechanism	for	TH1	inducFon	by	a	Klebsiella	strain	in	SPF	mice	with	or	
without	anFbioFcs	administraFon	

Science,	2017	

<In	oral	cavity>	MulFdrug-resistant	Klebsiella	relaFvely	increases	by	anFbioFcs	
administraFon,	resulFng	in	increase	in	Klebsiella	reaching	the	gut.	
	
<In	the	gut>	AnFbioFcs	administraFon	disturbs	normal	gut	microbiome	to	reduce	
the	ability	of	colonizaFon	resistance,	resulFng	in	increase	in	Klebsiella	in	the	gut.	

Salivary	Klebsiella	
Without	anFbioFcs	

With	anFbioFcs	

PrevenFon	by	normal	gut	microbiome	
from	colonizaFon	of	Klebsiella		

ColonizaFon	and	proliferaFon	
of	Klebsiella	in	the	gut	

InducFon	and	acFvaFon	

InflammaFon	

Disturbed	gut	microbiome	Norma	gut	microbiome	

AnFbioFcs	

TH1	cells	

普通の人	

肥満の人	

移植	 同じ餌	
普通	

肥満	

無菌マウス	

無菌マウス	

疾患の（異常）腸内細菌叢は病気発症の原因	

 (Nature 2009)	

*肥満のヒト及び肥満
マウスの腸内細菌叢
は健康なマウスと大き
く菌種組成が異なる
（Dysbiosis）。	

ノトバイオートマウス	

便微生物移植（FMT）：健常者の（正常）腸内細菌叢は薬になる	

・van Nood E et al: Duodenal infusion of donor feces for recurrent Clostridium difficile. 
 N Engl J Med. 368: 407-415 (2013).	
・Mole B: FDA gets to grips with faeces. Nature 498: 147-148 (2013).	

抗生剤＋腸洗浄:	
治癒率: 20〜30%	

抗生剤＋腸洗浄＋糞便	
治癒率: 94% (15/16)	

Th17	cells（炎症を増長）	

Ivanov,	Honda	et	al:	Cell,	2009	
Prakash,	Halori	et	al:	Cell	Host	Microbe,	2011	
Atarashi	et	al:	Cell,	2015		

マウスSFB、	
ヒト腸内細菌mixture	

Treg	cells（炎症を抑制）	

Atarashi	et	al,	Science,	2011	
Atarashi	et	al:	Nature,	2013		

ヒト•マウス 	
腸内細菌mixture	

本田賢也博士（慶応義塾大）との共同研究	

腸内細菌は腸免疫細胞のTh17とTreg分化誘導を制御する	
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クロロホルム
処理	

健常者の糞便	

無菌マウ
スに投与	

Tregの測定（FACS）	
d

Closest species/strain
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Figure 2 Assessment of microbiota composition and isolation of Treg-inducing strains. a, b, Pyro-
sequencing of 16S rRNA gene was performed on caecal contents from the indicated mice using 454 
sequencer. Relative abundance of OTUs (%) in the caecal bacterial community in each mouse (a), and 
the closest strains in the database and the corresponding isolated strain number for the indicated OTUs 
(b) are shown. c, Electron micrograph showing the proximal colon of +23-mix mice. d, e, The percent-
ages of Foxp3+ cells within the CD4+ cell population (d) and Helios- cells in Foxp3+CD4+ cells (e) in the 
colon of +23-mix, +huChlo, and +Faecali mice. Circles represent individual animals. All experiments were 
performed more than twice with similar results. Error bars, s.d. **P < 0.01, as calculated by Students’ 
t-test. 

腸内細菌叢/盲腸	

２万倍希釈	

17 株	

Tregのフル誘導を確認	

分離・培養	
〜30 株	

制御性T細胞（Treg）を誘導するヒト腸内細菌の同定と分離	

Treg	inducFon	by	a	raFonally	selected	mixture	of	Clostridia	strains	from	the	human	microbiota.	
Atarashi	K,	Honda	K,	et	al:	Nature	500,	232-236	(2013)	 �

Treg:	炎症を抑える機能	
（自己免疫疾患で減少）	

FACS:	
蛍光標示式細胞分取器	

3回繰り返し	

Treg				

ノトバイオートマウス	

投与	

慶應大・本田賢也ラボとの共同研究	 1	 2	 3	 4	
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Clostridium	7	3	54FAA	
Clostridium scindens 

Lachnospiraceae	3_1_57FAA	

Eubacterium		fissicatena	
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１株ではほとんどフル誘導しない。	

３株、５株のmixでもフル誘
導しない。	

常在菌は単独ではフルに機能しない。	
一方、多くの病原菌は単独で機能する。	
	
	
常在菌はチームで最大活性をもつ？	
⇒常在菌の特徴？	

ヒト腸内細菌17株のTreg分化能	

下痢を抑制する	

腸炎を抑制する	 17菌株のカクテルをマウスに投与	

17菌株の特許⇒240億円で導出された	
⇒抗炎症微生物製剤の開発	
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Genome	sequencing	of	17	Treg-inducing	strains	
Strain			 Total	con3g	

length	in	Mb	
Number	of	

predicted	genes	 Most	similar	strain	 Genome	size	of	
similar	strain	in	Mb	

16S	iden3ty	
in	%	

Strain_01		 3.28	 3,171	 Clostridium	ramosum	DSM	1402	 3.23	 96.6	
Strain_03		 5.16	 4,897	 Flavonifractor	plau3i	ATCC	29863	 3.81	 99.8	
Strain_04	 7.40	 6,717	 Clostridium	hathewayi	DSM	13479	 6.63	 95.3	
Strain_06	 6.21	 5,662	 Lachnospiraceae	bacterium	6_1_63FAA	 2.72	 96.5	
Strain_07		 6.06	 5,968	 Clostridium	bolteae	ATCC	BAA-613	 6.56	 99.5	
Strain_08	 3.39	 3,312	 Erysipelotrichaceae	bacterium	2_2_44A	 4.97	 92.9	
Strain_09		 3.51	 3,619	 Anaeros3pes	caccae	DSM	14662	 3.61	 97.7	
Strain_13		 3.56	 3,660	 Anaerotruncus	colihominis	DSM	17241	 3.72	 100.0	
Strain_14	 3.16	 3,251	 Coprococcus	comes	ATCC	27758	 3.24	 93.3	
Strain_15		 6.27	 6,076	 Clostridium	asparagiforme	DSM	15981	 6.22	 99.7	
Strain_16		 5.44	 5,275	 Clostridium	symbiosum	WAL-14163	 5.35	 99.9	
Strain_18		 3.60	 3,692	 Clostridium	ramosum	DSM	1402	 3.23	 100.0	
Strain_21	 5.40	 5,139	 Clostridium	sp.	D5	 5.35	 98.9	
Strain_26		 3.93	 3,935	 Clostridium	scindens	ATCC	35704	 3.62	 99.6	
Strain_27		 7.05	 6,724	 Lachnospiraceae	bacterium	3_1_57FAA_CT1	 7.69	 97.5	
Strain_28		 6.96	 6,736	 Clostridiales	bacterium	1_7_47FAA	 6.51	 99.7	
Strain_29		 7.55	 6,912	 Lachnospiraceae	bacterium	3_1_57FAA_CT1	 7.69	 99.6	

ほとんどがクロストリジウム系のクラスター IV, XIV, VIIIに属する菌	
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*	 *	*	 *	 *	*	 *	

*P<0.05	

日本人炎症性腸疾患（IBD）患者の腸内細菌叢ではTreg誘導菌種が有意に減少	
（15/17株が減少、うち7株が有意に減少）	

Healthy	
IBD	

VE202-01 (Clostridium saccharogumia DSM 17460) 
VE202-06 (Clostridiales bacterium VE202-06) 
VE202-09 (Clostridiales bacterium VE202-09) 
VE202-13 (Anaerotruncus colihominis DSM 17241) 
VE202-14 (Clostridiales bacterium VE202-14) 
VE202-15 (Clostridium asparagiforme DSM 15981) 
VE202-21 (Clostridiales bacterium VE202-21) 
VE202-26 (Clostridium scindens ATCC 35704) 
VE202-27 (Clostridiales bacterium VE202-27) 
VE202-28 (Clostridiales bacterium VE202-28) 
2H6, VE202-18 (Erysipelatoclostridium ramosum DSM 1402) 
2H11, VE202-03 (Flavonifractor plautii ATCC 29863) 
1F8, VE202-04 (Clostridium hathewayi 12489931) 
1F7, VE202-07 (Clostridium bolteae 90B8) 
1C12, VE202-08 (Dielma fastidiosa) 
1A9, VE202-16 (Clostridium symbiosum WAL-14163) 
2G4 (Clostridium innocuum 2959) 
2G11 (Bacteroides dorei CL02T12C06) 
2F7 (Clostridiales bacterium 2F7) 
2E3 (Clostridiales bacterium 2E3) 
2E1 (Anaerostipes caccae DSM 14662) 
2D9 (Ruminococcus gnavus CC55_001C) 
1E3 (Coprobacillus sp. D6) 
1E11 (Clostridiales bacterium 1E11) 
1D4 (Clostridiales bacterium 1D4) 
1D2 (Clostridiales bacterium 1D2) 
1D10 (Clostridiales bacterium 1D1) 
1D1 (Clostridiales bacterium 1D10) 
1C2 (Bifidobacterium breve DSM 20213 = JCM 1192) 
1B11 (Bifidobacterium pseudolongum 1B11) 

Treg-inducing	17	strains	

Th17-inducing	20	strains	

Six	strains	are	overlapping	

Th17	Cell	Induc3on	by	Adhesion	of	
Microbes	to	Intes3nal	Epithelial	Cells.	
Atarashi	K,	et	al.	Cell	163,	367-380	
(2015).		

Treg	induc3on	by	a	ra3onally	selected	
mixture	of	Clostridia	strains	from	the	human	
microbiota.	
Atarashi	K,	et	al:	Nature	500,	232-236	(2013)	 �

＊ほとんどがクロストリジウム系のク
ラスター IV, XIV, VIIIに属する菌	

CANCER IMMUNOTHERAPY

The commensal microbiome is
associated with anti–PD-1 efficacy in
metastatic melanoma patients
Vyara Matson,1* Jessica Fessler,1* Riyue Bao,2,3* Tara Chongsuwat,4 Yuanyuan Zha,4

Maria-Luisa Alegre,4 Jason J. Luke,4 Thomas F. Gajewski1,4†

Anti–PD-1–based immunotherapy has had a major impact on cancer treatment but has
only benefited a subset of patients. Among the variables that could contribute to
interpatient heterogeneity is differential composition of the patients’ microbiome, which
has been shown to affect antitumor immunity and immunotherapy efficacy in preclinical
mouse models. We analyzed baseline stool samples from metastatic melanoma patients
before immunotherapy treatment, through an integration of 16S ribosomal RNA gene
sequencing, metagenomic shotgun sequencing, and quantitative polymerase chain
reaction for selected bacteria. A significant association was observed between commensal
microbial composition and clinical response. Bacterial species more abundant in
responders included Bifidobacterium longum, Collinsella aerofaciens, and Enterococcus
faecium. Reconstitution of germ-free mice with fecal material from responding patients
could lead to improved tumor control, augmented T cell responses, and greater efficacy of
anti–PD-L1 therapy. Our results suggest that the commensal microbiome may have a
mechanistic impact on antitumor immunity in human cancer patients.

T
he therapeutic efficacy of immunothera-
pies targeting the PD-1/PD-L1 interaction is
favored in patients who show evidence of a
T cell–inflamed tumormicroenvironment at
baseline (1, 2). Therefore, host and tumor

factors that regulate themagnitude of endogenous
immune priming and T cell infiltration into the
tumor microenvironment are being sought as an
opportunity to further expand therapeutic efficacy
(3). Preclinical studies have indicated that the
composition of the commensal microbiome could
exert a major influence; mice with favorable mi-
crobiota showed far greater therapeutic activity
of anti–PD-L1 treatment than did mice with an
unfavorable microbiome, and this benefit could
be transferred by cohousing or fecal transplant
(4). These observations prompted an analogous
analysis of the humanmicrobiomewith respect to
therapeutic efficacy of anti–PD-1 in cancer patients.
To evaluatewhether commensal bacterial com-

positionmight be associated with clinical efficacy
of PD-1 blockade immunotherapy, stool samples
were collected from 42 patients before treatment
as part of a multidimensional biomarker analysis
inmetastatic melanoma. Themajority of patients
received an anti–PD-1 regimen; four patients re-
ceivedanti–CTLA-4 treatment, but thedownstream
data conclusions did not change with the removal
of these subjects, so they were retained in the
analysis. Clinical response rate was determined

in a blinded manner from biomarker results by
using Response Evaluation Criteria In Solid
Tumors (RECIST) version 1.1. There were 16
responders (from here on, referred to as R) and
26 nonresponders (NR), yielding a response rate
of 38%, which is in line with published clinical
data of anti–PD-1 therapy in metastatic mela-
noma patients (5, 6). No major differences in
patient characteristics were observed in R versus
NR, except a borderline difference in prior (but
not current) smoking history (table S1).
To determine whether the composition of the

commensal microbiota is associated with clinical
response, we integrated three methods for DNA
sequence–based bacterial identification (fig. S1A).
First, using 16S ribosomal RNA (rRNA) gene
amplicon sequencing, we identified operational
taxonomic units (OTUs) with taxonomic assign-
ment present at different abundance in R versus
NR (table S2). We used a Basic Local Alignment
Search Tool (BLAST) search of the 16S sequences
against the National Center for Biotechnology
Information (NCBI) database to reveal potential
species-level identities (table S3). Further level of
confidence in species identification was gained
by matching the OTUs from the 16S data set to
species-level identities revealed through metage-
nomic shotgun sequencing (table S4). We used
species-specific quantitative polymerase chain
reaction (PCR) for those candidate species having
previously validated primers (table S5). Compared
with the 16S analysis, themetagenomic sequencing
yielded a smaller number of species differentially
represented in R versus NR, which overlapped
with the 16S results (table S6). Treating these
assays as a screen formaximizing the number of
candidate species, we used the 16S sequenc-
ing method as a starting point in our analysis.

After removing OTUs present in less than 10%
of the samples, the 16S sequencing revealed
62OTUs of different abundance in R versus NR
[P < 0.05, unadjusted, permutation test with
Quantitative Insights Into Microbial Ecology
(QIIME)] (table S2). Hierarchical clustering of
samples based on relative abundance of these
OTUs revealed that most patients were accurately
grouped according to clinical response (fig. S2).
Clustering of patients within each clinical group
is depicted in Fig. 1A. Thirty-nine OTUs were
more abundant in R, and 23 were more abun-
dant in NR. One BifidobacteriaceaeOTU was sig-
nificantly more abundant in R, and a second
Bifidobacteriaceae OTU (559527) had borderline
significance (P = 0.058, unadjusted) and was in-
cluded in the analyses (total = 63 OTUs). This
observation recapitulates our previous findings
that associated Bifidobacteriaceae family mem-
berswith improved immune-mediated tumor con-
trol and efficacy of anti–PD-L1 therapy inmice (4).
A principal component analysis (PCA) of the 63
OTUs revealed separation of R fromNR (Fig. 1B).
A BLAST search of the 63 OTUs against the

NCBI database of bacterial sequences returned
for most OTUs multiple species with ≥98% iden-
tity (table S3). To gain more accurate species-
level characterization, the same samples were
subjected to metagenomic shotgun sequencing
(available for 39 of the 42 samples). Illumina
paired-end readswere assigned tomicrobial clades
and analyzed for closest matches to the 63 OTUs
identified with 16S sequencing. Potential species
matches were identified for 43 of the original 63
OTUs (table S4). Species-specific quantitative PCR
assays were performed as an additional approach
to assess the identity of species, for which suffi-
ciently validated quantitative PCR primers were
available (table S5). Thus, integration of the three
methods led to the selection of 10 species differ-
entially enriched in R versus NR. Eight of these
weremore abundant in R—Enterococcus faecium,
Collinsellaaerofaciens,Bifidobacteriumadolescentis,
Klebsiella pneumoniae, Veillonella parvula,
Parabacteroides merdae, Lactobacillus sp., and
Bifidobacterium longum—whereas twoweremore
abundant in NR: Ruminococcus obeum and
Roseburia intestinalis. As an example, the inte-
grative analysis for B. longum (OTU 559627) is
depicted in Fig. 2, A to C. Similar correlation analy-
ses for the remaining nine species are depicted in
figs. S3 and S4. Quantitative PCR results for these
10 specieswere integrated into a summation quan-
titative PCR score for each patient, which was
significantly higher in responders (P = 0.004)
(Fig. 2D).
This list of species is likely an underestimate of

the total number of entities showing differential
abundance in R versus NR because of the strin-
gency of this composite analysis. For example,
Akkermansia muciniphila OTU (185186), in line
with the study of anti–PD-1 efficacy in epithelial
cancers by Routy et al. (7), was detected bymeans
of 16S sequencing in four patients, and all were
responders, but statistical analysis of the entire
cohort is limited by the number of samples above
the detection threshold. As an alternative way to
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CANCER IMMUNOTHERAPY

The commensal microbiome is
associated with anti–PD-1 efficacy in
metastatic melanoma patients
Vyara Matson,1* Jessica Fessler,1* Riyue Bao,2,3* Tara Chongsuwat,4 Yuanyuan Zha,4

Maria-Luisa Alegre,4 Jason J. Luke,4 Thomas F. Gajewski1,4†

Anti–PD-1–based immunotherapy has had a major impact on cancer treatment but has
only benefited a subset of patients. Among the variables that could contribute to
interpatient heterogeneity is differential composition of the patients’ microbiome, which
has been shown to affect antitumor immunity and immunotherapy efficacy in preclinical
mouse models. We analyzed baseline stool samples from metastatic melanoma patients
before immunotherapy treatment, through an integration of 16S ribosomal RNA gene
sequencing, metagenomic shotgun sequencing, and quantitative polymerase chain
reaction for selected bacteria. A significant association was observed between commensal
microbial composition and clinical response. Bacterial species more abundant in
responders included Bifidobacterium longum, Collinsella aerofaciens, and Enterococcus
faecium. Reconstitution of germ-free mice with fecal material from responding patients
could lead to improved tumor control, augmented T cell responses, and greater efficacy of
anti–PD-L1 therapy. Our results suggest that the commensal microbiome may have a
mechanistic impact on antitumor immunity in human cancer patients.

T
he therapeutic efficacy of immunothera-
pies targeting the PD-1/PD-L1 interaction is
favored in patients who show evidence of a
T cell–inflamed tumormicroenvironment at
baseline (1, 2). Therefore, host and tumor

factors that regulate themagnitude of endogenous
immune priming and T cell infiltration into the
tumor microenvironment are being sought as an
opportunity to further expand therapeutic efficacy
(3). Preclinical studies have indicated that the
composition of the commensal microbiome could
exert a major influence; mice with favorable mi-
crobiota showed far greater therapeutic activity
of anti–PD-L1 treatment than did mice with an
unfavorable microbiome, and this benefit could
be transferred by cohousing or fecal transplant
(4). These observations prompted an analogous
analysis of the humanmicrobiomewith respect to
therapeutic efficacy of anti–PD-1 in cancer patients.
To evaluatewhether commensal bacterial com-

positionmight be associated with clinical efficacy
of PD-1 blockade immunotherapy, stool samples
were collected from 42 patients before treatment
as part of a multidimensional biomarker analysis
inmetastatic melanoma. Themajority of patients
received an anti–PD-1 regimen; four patients re-
ceivedanti–CTLA-4 treatment, but thedownstream
data conclusions did not change with the removal
of these subjects, so they were retained in the
analysis. Clinical response rate was determined

in a blinded manner from biomarker results by
using Response Evaluation Criteria In Solid
Tumors (RECIST) version 1.1. There were 16
responders (from here on, referred to as R) and
26 nonresponders (NR), yielding a response rate
of 38%, which is in line with published clinical
data of anti–PD-1 therapy in metastatic mela-
noma patients (5, 6). No major differences in
patient characteristics were observed in R versus
NR, except a borderline difference in prior (but
not current) smoking history (table S1).
To determine whether the composition of the

commensal microbiota is associated with clinical
response, we integrated three methods for DNA
sequence–based bacterial identification (fig. S1A).
First, using 16S ribosomal RNA (rRNA) gene
amplicon sequencing, we identified operational
taxonomic units (OTUs) with taxonomic assign-
ment present at different abundance in R versus
NR (table S2). We used a Basic Local Alignment
Search Tool (BLAST) search of the 16S sequences
against the National Center for Biotechnology
Information (NCBI) database to reveal potential
species-level identities (table S3). Further level of
confidence in species identification was gained
by matching the OTUs from the 16S data set to
species-level identities revealed through metage-
nomic shotgun sequencing (table S4). We used
species-specific quantitative polymerase chain
reaction (PCR) for those candidate species having
previously validated primers (table S5). Compared
with the 16S analysis, themetagenomic sequencing
yielded a smaller number of species differentially
represented in R versus NR, which overlapped
with the 16S results (table S6). Treating these
assays as a screen formaximizing the number of
candidate species, we used the 16S sequenc-
ing method as a starting point in our analysis.

After removing OTUs present in less than 10%
of the samples, the 16S sequencing revealed
62OTUs of different abundance in R versus NR
[P < 0.05, unadjusted, permutation test with
Quantitative Insights Into Microbial Ecology
(QIIME)] (table S2). Hierarchical clustering of
samples based on relative abundance of these
OTUs revealed that most patients were accurately
grouped according to clinical response (fig. S2).
Clustering of patients within each clinical group
is depicted in Fig. 1A. Thirty-nine OTUs were
more abundant in R, and 23 were more abun-
dant in NR. One BifidobacteriaceaeOTU was sig-
nificantly more abundant in R, and a second
Bifidobacteriaceae OTU (559527) had borderline
significance (P = 0.058, unadjusted) and was in-
cluded in the analyses (total = 63 OTUs). This
observation recapitulates our previous findings
that associated Bifidobacteriaceae family mem-
berswith improved immune-mediated tumor con-
trol and efficacy of anti–PD-L1 therapy inmice (4).
A principal component analysis (PCA) of the 63
OTUs revealed separation of R fromNR (Fig. 1B).
A BLAST search of the 63 OTUs against the

NCBI database of bacterial sequences returned
for most OTUs multiple species with ≥98% iden-
tity (table S3). To gain more accurate species-
level characterization, the same samples were
subjected to metagenomic shotgun sequencing
(available for 39 of the 42 samples). Illumina
paired-end readswere assigned tomicrobial clades
and analyzed for closest matches to the 63 OTUs
identified with 16S sequencing. Potential species
matches were identified for 43 of the original 63
OTUs (table S4). Species-specific quantitative PCR
assays were performed as an additional approach
to assess the identity of species, for which suffi-
ciently validated quantitative PCR primers were
available (table S5). Thus, integration of the three
methods led to the selection of 10 species differ-
entially enriched in R versus NR. Eight of these
weremore abundant in R—Enterococcus faecium,
Collinsellaaerofaciens,Bifidobacteriumadolescentis,
Klebsiella pneumoniae, Veillonella parvula,
Parabacteroides merdae, Lactobacillus sp., and
Bifidobacterium longum—whereas twoweremore
abundant in NR: Ruminococcus obeum and
Roseburia intestinalis. As an example, the inte-
grative analysis for B. longum (OTU 559627) is
depicted in Fig. 2, A to C. Similar correlation analy-
ses for the remaining nine species are depicted in
figs. S3 and S4. Quantitative PCR results for these
10 specieswere integrated into a summation quan-
titative PCR score for each patient, which was
significantly higher in responders (P = 0.004)
(Fig. 2D).
This list of species is likely an underestimate of

the total number of entities showing differential
abundance in R versus NR because of the strin-
gency of this composite analysis. For example,
Akkermansia muciniphila OTU (185186), in line
with the study of anti–PD-1 efficacy in epithelial
cancers by Routy et al. (7), was detected bymeans
of 16S sequencing in four patients, and all were
responders, but statistical analysis of the entire
cohort is limited by the number of samples above
the detection threshold. As an alternative way to
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represent the aggregate data toward development
of a candidate predictive biomarker, the total
numbers of potentially “beneficial” and “non-
beneficial” OTUs were scored for each patient
(fig. S5), and a ratiowas calculated.When plotted
against the absolute change in tumor size as
assessed with RECIST, a clean correlation was
observed so that patients with a ratio over 1.5 all
showed clinical response (Fig. 2E). These results
suggest that the commensal microbiota compo-
sition might be useful as a biomarker to predict
response to checkpoint blockade therapy, which
motivated comparison with other candidate pre-
dictive biomarkers. Archived pretreatment tumor
specimens that passed quality control were avail-
able for 15 patients (5 R, 10NR).Microbial compo-
sition remained significantly different in R versus
NR for this subset (P < 0.01) (fig. S6, A and B).
Exome sequencing followed by enumeration of
nonsynonymous somatic mutations showed a
trend of higher frequency in R, as did levels of
PD-L1 and PD-1 mRNA (fig. S6, C to E) and
enumeration of baseline CD8+ T cells by means
of immunohistochemistry (fig. S6F). Although
these trends not reaching statistical significance
level of 0.05 were likely limited by sample size,
themicrobiota parameters stillmarkedly separated
responders and nonresponders.
The strong correlation between commensal

bacteria and clinical response to immunotherapy
suggested a potential causal effect, in light of data
demonstrating an immune-potentiating impact of
the microbiome inmouse tumormodels (4, 8–10).
To investigate the capability of human commensal
microbes to potentiate antitumor T cell responses,
we used germ-free (GF)mice as recipients.We had
previously reported that spontaneous immune-
mediated tumor control in Taconic mice could
be improved by means of fecal microbiota trans-
fer from mice obtained from a different vendor,
the Jackson Laboratories (4). In setting up the
current model, we found that B16.SIY melanoma
tumor growth in GF mice was similar to that in
specific pathogen–free (SPF) mice (both from
Taconic), and colonization of GF mice with feces
fromTaconic SPFmice did not affect this baseline
growth rate (fig. S8). These results suggest a re-
duced spontaneous immune-mediated tumor con-
trol inherent to GF mice, which makes them
suitable recipients for human-derived microbiota,
with an opportunity to detect improved anti-
tumor immunity depending on microbial com-
position. Fecal material was transferred from
three R and three NR into cohorts of GF mice
(Fig. 1A and figs. S2, S5, and S7), followed by
implantation of B16.SIY melanoma cells 2 weeks
later. The human microbiota–colonized mouse
groups segregated into two phenotypes with re-
spect to tumor growth rate: (i) a faster growing
group and (ii) a slower growing group (Fig. 3A).
Two of three mouse cohorts reconstituted with
R fecal material had slower baseline tumor
growth, and two of the three cohorts reconstituted
from NR showed faster baseline tumor growth.
Thus, the ability of the human microbiota to
support improved tumor control in mice usually,
but not always, paralleled the clinical response to

anti–PD-1 seen in the donor patient. Achieving
slower tumor growth with fecal transplant alone
is similar to previous mouse studies, in which
transfer of feces from Jackson into Taconic mice
was sufficient for a partial therapeutic effect owing
to a more favorable microbiome (4).
Composition of bacterial taxa that successfully

reconstituted mice and fidelity to the original
human donor were assessed with 16S rRNA gene
amplicon sequencing. Groups C and D, which
did not show the same pattern of tumor control
as the therapeutic outcome in the original hu-
man donors, showed a large degree of difference
of microbiota composition from the original hu-
man donors (fig. S9). In agreement, a binary Bray-
Curtis dissimilarity index for each donor/recipient

pair was highest, at 0.7, for cohorts C andD versus
0.5 to 0.6 for the rest of the groups. We conclude
that whereas reconstitution of GF mice with hu-
man fecal material often recapitulates the micro-
bial composition and the phenotype of the human
donor, in some cases there is a high degree of drift
so that some bacteria expand and others contract
to a degree that is sufficient to change phenotype.
Nonetheless, for the reconstituted GF mice that
do recapitulate the clinical outcomeof the original
donor, this model system may be useful for the
ultimate isolation of specific bacteria that regulate
antitumor immunity in vivo.
We focused on mouse groups A and B for

further mechanistic studies. There was a high
level of consistency between repeated experiments,

Matson et al., Science 359, 104–108 (2018) 5 January 2018 2 of 5

Fig. 1. Distinct commensal microbial communities
in anti–PD-1 responding patients and nonrespond-
ing patients as assessed with 16S rRNA gene
amplicon sequencing. (A) Relative abundance of
differentially abundant taxa in responders versus non-
responders; 62 OTUs were identified as different with
P < 0.05 (unadjusted, permutation test). An additional
OTU 559527 (arrow) identified as Bifidobacteriaceae
approached significance (P = 0.058). Hierarchical
clustering of the samples was performed within each
clinical group. Individual samples are organized in
columns, labeled with patient identification number.
Asterisks indicate samples used in further in vivo
experiments. The ID of de novo assembled OTUs (new
clean-up reference OTUs picked with QIIME) were
abbreviated to show only the individual identifier digits, and the full OTU IDs are provided in table S4.
(B) PCA of relative abundance of the 63 OTUs shown in Fig. 1A.
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represent the aggregate data toward development
of a candidate predictive biomarker, the total
numbers of potentially “beneficial” and “non-
beneficial” OTUs were scored for each patient
(fig. S5), and a ratiowas calculated.When plotted
against the absolute change in tumor size as
assessed with RECIST, a clean correlation was
observed so that patients with a ratio over 1.5 all
showed clinical response (Fig. 2E). These results
suggest that the commensal microbiota compo-
sition might be useful as a biomarker to predict
response to checkpoint blockade therapy, which
motivated comparison with other candidate pre-
dictive biomarkers. Archived pretreatment tumor
specimens that passed quality control were avail-
able for 15 patients (5 R, 10NR).Microbial compo-
sition remained significantly different in R versus
NR for this subset (P < 0.01) (fig. S6, A and B).
Exome sequencing followed by enumeration of
nonsynonymous somatic mutations showed a
trend of higher frequency in R, as did levels of
PD-L1 and PD-1 mRNA (fig. S6, C to E) and
enumeration of baseline CD8+ T cells by means
of immunohistochemistry (fig. S6F). Although
these trends not reaching statistical significance
level of 0.05 were likely limited by sample size,
themicrobiota parameters stillmarkedly separated
responders and nonresponders.
The strong correlation between commensal

bacteria and clinical response to immunotherapy
suggested a potential causal effect, in light of data
demonstrating an immune-potentiating impact of
the microbiome inmouse tumormodels (4, 8–10).
To investigate the capability of human commensal
microbes to potentiate antitumor T cell responses,
we used germ-free (GF)mice as recipients.We had
previously reported that spontaneous immune-
mediated tumor control in Taconic mice could
be improved by means of fecal microbiota trans-
fer from mice obtained from a different vendor,
the Jackson Laboratories (4). In setting up the
current model, we found that B16.SIY melanoma
tumor growth in GF mice was similar to that in
specific pathogen–free (SPF) mice (both from
Taconic), and colonization of GF mice with feces
fromTaconic SPFmice did not affect this baseline
growth rate (fig. S8). These results suggest a re-
duced spontaneous immune-mediated tumor con-
trol inherent to GF mice, which makes them
suitable recipients for human-derived microbiota,
with an opportunity to detect improved anti-
tumor immunity depending on microbial com-
position. Fecal material was transferred from
three R and three NR into cohorts of GF mice
(Fig. 1A and figs. S2, S5, and S7), followed by
implantation of B16.SIY melanoma cells 2 weeks
later. The human microbiota–colonized mouse
groups segregated into two phenotypes with re-
spect to tumor growth rate: (i) a faster growing
group and (ii) a slower growing group (Fig. 3A).
Two of three mouse cohorts reconstituted with
R fecal material had slower baseline tumor
growth, and two of the three cohorts reconstituted
from NR showed faster baseline tumor growth.
Thus, the ability of the human microbiota to
support improved tumor control in mice usually,
but not always, paralleled the clinical response to

anti–PD-1 seen in the donor patient. Achieving
slower tumor growth with fecal transplant alone
is similar to previous mouse studies, in which
transfer of feces from Jackson into Taconic mice
was sufficient for a partial therapeutic effect owing
to a more favorable microbiome (4).
Composition of bacterial taxa that successfully

reconstituted mice and fidelity to the original
human donor were assessed with 16S rRNA gene
amplicon sequencing. Groups C and D, which
did not show the same pattern of tumor control
as the therapeutic outcome in the original hu-
man donors, showed a large degree of difference
of microbiota composition from the original hu-
man donors (fig. S9). In agreement, a binary Bray-
Curtis dissimilarity index for each donor/recipient

pair was highest, at 0.7, for cohorts C andD versus
0.5 to 0.6 for the rest of the groups. We conclude
that whereas reconstitution of GF mice with hu-
man fecal material often recapitulates the micro-
bial composition and the phenotype of the human
donor, in some cases there is a high degree of drift
so that some bacteria expand and others contract
to a degree that is sufficient to change phenotype.
Nonetheless, for the reconstituted GF mice that
do recapitulate the clinical outcomeof the original
donor, this model system may be useful for the
ultimate isolation of specific bacteria that regulate
antitumor immunity in vivo.
We focused on mouse groups A and B for

further mechanistic studies. There was a high
level of consistency between repeated experiments,
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Fig. 1. Distinct commensal microbial communities
in anti–PD-1 responding patients and nonrespond-
ing patients as assessed with 16S rRNA gene
amplicon sequencing. (A) Relative abundance of
differentially abundant taxa in responders versus non-
responders; 62 OTUs were identified as different with
P < 0.05 (unadjusted, permutation test). An additional
OTU 559527 (arrow) identified as Bifidobacteriaceae
approached significance (P = 0.058). Hierarchical
clustering of the samples was performed within each
clinical group. Individual samples are organized in
columns, labeled with patient identification number.
Asterisks indicate samples used in further in vivo
experiments. The ID of de novo assembled OTUs (new
clean-up reference OTUs picked with QIIME) were
abbreviated to show only the individual identifier digits, and the full OTU IDs are provided in table S4.
(B) PCA of relative abundance of the 63 OTUs shown in Fig. 1A.
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represent the aggregate data toward development
of a candidate predictive biomarker, the total
numbers of potentially “beneficial” and “non-
beneficial” OTUs were scored for each patient
(fig. S5), and a ratiowas calculated.When plotted
against the absolute change in tumor size as
assessed with RECIST, a clean correlation was
observed so that patients with a ratio over 1.5 all
showed clinical response (Fig. 2E). These results
suggest that the commensal microbiota compo-
sition might be useful as a biomarker to predict
response to checkpoint blockade therapy, which
motivated comparison with other candidate pre-
dictive biomarkers. Archived pretreatment tumor
specimens that passed quality control were avail-
able for 15 patients (5 R, 10NR).Microbial compo-
sition remained significantly different in R versus
NR for this subset (P < 0.01) (fig. S6, A and B).
Exome sequencing followed by enumeration of
nonsynonymous somatic mutations showed a
trend of higher frequency in R, as did levels of
PD-L1 and PD-1 mRNA (fig. S6, C to E) and
enumeration of baseline CD8+ T cells by means
of immunohistochemistry (fig. S6F). Although
these trends not reaching statistical significance
level of 0.05 were likely limited by sample size,
themicrobiota parameters stillmarkedly separated
responders and nonresponders.
The strong correlation between commensal

bacteria and clinical response to immunotherapy
suggested a potential causal effect, in light of data
demonstrating an immune-potentiating impact of
the microbiome inmouse tumormodels (4, 8–10).
To investigate the capability of human commensal
microbes to potentiate antitumor T cell responses,
we used germ-free (GF)mice as recipients.We had
previously reported that spontaneous immune-
mediated tumor control in Taconic mice could
be improved by means of fecal microbiota trans-
fer from mice obtained from a different vendor,
the Jackson Laboratories (4). In setting up the
current model, we found that B16.SIY melanoma
tumor growth in GF mice was similar to that in
specific pathogen–free (SPF) mice (both from
Taconic), and colonization of GF mice with feces
fromTaconic SPFmice did not affect this baseline
growth rate (fig. S8). These results suggest a re-
duced spontaneous immune-mediated tumor con-
trol inherent to GF mice, which makes them
suitable recipients for human-derived microbiota,
with an opportunity to detect improved anti-
tumor immunity depending on microbial com-
position. Fecal material was transferred from
three R and three NR into cohorts of GF mice
(Fig. 1A and figs. S2, S5, and S7), followed by
implantation of B16.SIY melanoma cells 2 weeks
later. The human microbiota–colonized mouse
groups segregated into two phenotypes with re-
spect to tumor growth rate: (i) a faster growing
group and (ii) a slower growing group (Fig. 3A).
Two of three mouse cohorts reconstituted with
R fecal material had slower baseline tumor
growth, and two of the three cohorts reconstituted
from NR showed faster baseline tumor growth.
Thus, the ability of the human microbiota to
support improved tumor control in mice usually,
but not always, paralleled the clinical response to

anti–PD-1 seen in the donor patient. Achieving
slower tumor growth with fecal transplant alone
is similar to previous mouse studies, in which
transfer of feces from Jackson into Taconic mice
was sufficient for a partial therapeutic effect owing
to a more favorable microbiome (4).
Composition of bacterial taxa that successfully

reconstituted mice and fidelity to the original
human donor were assessed with 16S rRNA gene
amplicon sequencing. Groups C and D, which
did not show the same pattern of tumor control
as the therapeutic outcome in the original hu-
man donors, showed a large degree of difference
of microbiota composition from the original hu-
man donors (fig. S9). In agreement, a binary Bray-
Curtis dissimilarity index for each donor/recipient

pair was highest, at 0.7, for cohorts C andD versus
0.5 to 0.6 for the rest of the groups. We conclude
that whereas reconstitution of GF mice with hu-
man fecal material often recapitulates the micro-
bial composition and the phenotype of the human
donor, in some cases there is a high degree of drift
so that some bacteria expand and others contract
to a degree that is sufficient to change phenotype.
Nonetheless, for the reconstituted GF mice that
do recapitulate the clinical outcomeof the original
donor, this model system may be useful for the
ultimate isolation of specific bacteria that regulate
antitumor immunity in vivo.
We focused on mouse groups A and B for

further mechanistic studies. There was a high
level of consistency between repeated experiments,
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Fig. 1. Distinct commensal microbial communities
in anti–PD-1 responding patients and nonrespond-
ing patients as assessed with 16S rRNA gene
amplicon sequencing. (A) Relative abundance of
differentially abundant taxa in responders versus non-
responders; 62 OTUs were identified as different with
P < 0.05 (unadjusted, permutation test). An additional
OTU 559527 (arrow) identified as Bifidobacteriaceae
approached significance (P = 0.058). Hierarchical
clustering of the samples was performed within each
clinical group. Individual samples are organized in
columns, labeled with patient identification number.
Asterisks indicate samples used in further in vivo
experiments. The ID of de novo assembled OTUs (new
clean-up reference OTUs picked with QIIME) were
abbreviated to show only the individual identifier digits, and the full OTU IDs are provided in table S4.
(B) PCA of relative abundance of the 63 OTUs shown in Fig. 1A.
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represent the aggregate data toward development
of a candidate predictive biomarker, the total
numbers of potentially “beneficial” and “non-
beneficial” OTUs were scored for each patient
(fig. S5), and a ratiowas calculated.When plotted
against the absolute change in tumor size as
assessed with RECIST, a clean correlation was
observed so that patients with a ratio over 1.5 all
showed clinical response (Fig. 2E). These results
suggest that the commensal microbiota compo-
sition might be useful as a biomarker to predict
response to checkpoint blockade therapy, which
motivated comparison with other candidate pre-
dictive biomarkers. Archived pretreatment tumor
specimens that passed quality control were avail-
able for 15 patients (5 R, 10NR).Microbial compo-
sition remained significantly different in R versus
NR for this subset (P < 0.01) (fig. S6, A and B).
Exome sequencing followed by enumeration of
nonsynonymous somatic mutations showed a
trend of higher frequency in R, as did levels of
PD-L1 and PD-1 mRNA (fig. S6, C to E) and
enumeration of baseline CD8+ T cells by means
of immunohistochemistry (fig. S6F). Although
these trends not reaching statistical significance
level of 0.05 were likely limited by sample size,
themicrobiota parameters stillmarkedly separated
responders and nonresponders.
The strong correlation between commensal

bacteria and clinical response to immunotherapy
suggested a potential causal effect, in light of data
demonstrating an immune-potentiating impact of
the microbiome inmouse tumormodels (4, 8–10).
To investigate the capability of human commensal
microbes to potentiate antitumor T cell responses,
we used germ-free (GF)mice as recipients.We had
previously reported that spontaneous immune-
mediated tumor control in Taconic mice could
be improved by means of fecal microbiota trans-
fer from mice obtained from a different vendor,
the Jackson Laboratories (4). In setting up the
current model, we found that B16.SIY melanoma
tumor growth in GF mice was similar to that in
specific pathogen–free (SPF) mice (both from
Taconic), and colonization of GF mice with feces
fromTaconic SPFmice did not affect this baseline
growth rate (fig. S8). These results suggest a re-
duced spontaneous immune-mediated tumor con-
trol inherent to GF mice, which makes them
suitable recipients for human-derived microbiota,
with an opportunity to detect improved anti-
tumor immunity depending on microbial com-
position. Fecal material was transferred from
three R and three NR into cohorts of GF mice
(Fig. 1A and figs. S2, S5, and S7), followed by
implantation of B16.SIY melanoma cells 2 weeks
later. The human microbiota–colonized mouse
groups segregated into two phenotypes with re-
spect to tumor growth rate: (i) a faster growing
group and (ii) a slower growing group (Fig. 3A).
Two of three mouse cohorts reconstituted with
R fecal material had slower baseline tumor
growth, and two of the three cohorts reconstituted
from NR showed faster baseline tumor growth.
Thus, the ability of the human microbiota to
support improved tumor control in mice usually,
but not always, paralleled the clinical response to

anti–PD-1 seen in the donor patient. Achieving
slower tumor growth with fecal transplant alone
is similar to previous mouse studies, in which
transfer of feces from Jackson into Taconic mice
was sufficient for a partial therapeutic effect owing
to a more favorable microbiome (4).
Composition of bacterial taxa that successfully

reconstituted mice and fidelity to the original
human donor were assessed with 16S rRNA gene
amplicon sequencing. Groups C and D, which
did not show the same pattern of tumor control
as the therapeutic outcome in the original hu-
man donors, showed a large degree of difference
of microbiota composition from the original hu-
man donors (fig. S9). In agreement, a binary Bray-
Curtis dissimilarity index for each donor/recipient

pair was highest, at 0.7, for cohorts C andD versus
0.5 to 0.6 for the rest of the groups. We conclude
that whereas reconstitution of GF mice with hu-
man fecal material often recapitulates the micro-
bial composition and the phenotype of the human
donor, in some cases there is a high degree of drift
so that some bacteria expand and others contract
to a degree that is sufficient to change phenotype.
Nonetheless, for the reconstituted GF mice that
do recapitulate the clinical outcomeof the original
donor, this model system may be useful for the
ultimate isolation of specific bacteria that regulate
antitumor immunity in vivo.
We focused on mouse groups A and B for

further mechanistic studies. There was a high
level of consistency between repeated experiments,
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Fig. 1. Distinct commensal microbial communities
in anti–PD-1 responding patients and nonrespond-
ing patients as assessed with 16S rRNA gene
amplicon sequencing. (A) Relative abundance of
differentially abundant taxa in responders versus non-
responders; 62 OTUs were identified as different with
P < 0.05 (unadjusted, permutation test). An additional
OTU 559527 (arrow) identified as Bifidobacteriaceae
approached significance (P = 0.058). Hierarchical
clustering of the samples was performed within each
clinical group. Individual samples are organized in
columns, labeled with patient identification number.
Asterisks indicate samples used in further in vivo
experiments. The ID of de novo assembled OTUs (new
clean-up reference OTUs picked with QIIME) were
abbreviated to show only the individual identifier digits, and the full OTU IDs are provided in table S4.
(B) PCA of relative abundance of the 63 OTUs shown in Fig. 1A.
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both with respect to tumor growth rate and
microbial colonization (Fig. 3B, group A1 versus
A2 and B1 versus B2 comparisons). To determine
whether the difference in tumor control could be
attributed to host immunity, interferon-g (IFN-g)
enzyme-linked immunosorbent spot (ELISPOT)
of ex vivo SIY-stimulated splenocytes was per-
formed and indicated an increased frequency of
activated T cells fromRmicrobiota-reconstituted
mice 3 weeks after inoculation with B16.SIY mel-
anoma cells (Fig. 3C). Analysis of the tumormicro-

environment also showed a significantly greater
number of SIY-specific CD8+ T cells, but not of
FoxP3+CD4+ regulatory T cells, in these mice (Fig.
3, D and E), which is consistent with increased
priming of tumor antigen–specific CD8+ T cells.
Anti–PD-L1 was markedly efficacious in mice col-
onized with R microbiota yet completely ineffec-
tive in NR-derived mice (Fig. 3F), demonstrating
a profound impact of the commensal microbiota
on immunotherapy efficacy in vivo. Interroga-
tion of fecal DNA from these mice by means of

quantitative PCR recapitulated the results from
our analysis of patients. Of the PCR reactions
validated in patients, six were observed in re-
constituted mice, with the same pattern of en-
richment as was seen in patients (Fig. 2G).
Together, our data suggest that the composi-

tion of the commensal microbiota in patients is
associated with therapeutic efficacy of anti–
PD-1 monoclonal antibody (mAb). Although
B. longum was one commensal identified in the
current study that had also been found in mouse
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Fig. 2. Identification of commensal bacte-
rial species associated with patient clinical
response to anti–PD-1 therapy. (A) Spearman’s
correlation coefficients between the relative
abundances of Bifidobacteriaceae OTU 559527
from the 16S data set and species-level
identities suggested by shotgun sequencing.
The species profiled with shotgun sequencing
were compared with the taxonomy of OTUs
generated from 16S sequencing at the family
level. (B) Spearman’s correlation between
abundance of OTU 559527 from the 16S data
set and B. longum identified by means of
metagenomics shotgun sequencing analysis
(left) and quantitative PCR (right). Shaded
band indicates 95% confidence interval (CI)
of the values fitted by linear regression.
(C) Relative abundance in responders (R)
versus nonresponders (NR) of OTU 559527
(16S sequencing; left), B. longum
(shotgun sequencing; middle), and B. longum
(quantitative PCR; right). LD, limit of
detection. (D) Quantitative PCR score
representing aggregate data for the relative
abundances of 10 species correlated to
OTUs with differential abundance in
R versus NR. Wilcoxon-Mann-Whitney test
(nonparametric) was used to compare
quantitative PCR score between R and
NR groups. (E) Ratio of beneficial to
nonbeneficial OTU numbers for each patient
versus the patient’s RECIST aggregate
tumor measurement change. Dashed lines
label RECIST% = –30 and ratio = 1.5. Only
the 43 16S OTUs confirmed with shotgun
metagenomic sequencing were included.
P < 0.05 was considered statistically
significant; *P < 0.05, **P < 0.01,
***P < 0.001, ****P < 0.0001.
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Abstract
Despite multiple associations between the microbiota and immune diseases, their role in
autoimmunity is poorly understood. We found that translocation of a gut pathobiont,
Enterococcus gallinarum, to the liver and other systemic tissues triggers autoimmune responses
in a genetic background predisposing to autoimmunity. Antibiotic treatment prevented mortality
in this model, suppressed growth of E. gallinarum in tissues, and eliminated pathogenic
autoantibodies and T cells. Hepatocyte-E. gallinarum cocultures induced autoimmune-promoting
factors. Pathobiont translocation in monocolonized and autoimmune-prone mice induced
autoantibodies and caused mortality, which could be prevented by an intramuscular vaccine
targeting the pathobiont. E. gallinarum-specific DNA was recovered from liver biopsies of
autoimmune patients, and cocultures with human hepatocytes replicated the murine findings;
hence, similar processes apparently occur in susceptible humans. These discoveries show that
a gut pathobiont can translocate and promote autoimmunity in genetically predisposed hosts.
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・TranslocaFon	of	Enterococcus	gallinarum	to	the	liver	and	other	systemic	Fssues	triggers	
autoimmune	responses	in	a	geneFc	background	predisposing	to	autoimmunity.	
・E.	gallinarum-specific	DNA	was	recovered	from	liver	biopsies	of	autoimmune	paFents.	

Klebsiella	pneumoniae	strains	enriched	in	primary	sclerosing	cholangiFs	(PSC)	
trigger	bacterial	translocaFon	and	pathologic	Th17	priming	in	the	liver	

CollaboraFon	with	Kanai	lab,	Keio	Univ.	

*PSC	is	a	rare,	chronic	liver	disease	highly	associated	with	ulcera3ve	coli3s	(UC).	

Feces	of	UC	paFents	→	GnotobioFc	mice	→	no	liver	inflammatory	response	
Feces	of	PSC	paFents	→	GnotobioFc	mice	→	liver	inflammatory	response	(Th17↑)	
	
PSC-fecal	gnotobioFc	mice	
→	Cultured	bacterial	in	the	mesenteric	lymph	nodes	(腸間膜リンパ節)	
→	Isolated	Klebsiella	pneumoniae,	Proteus	mirabilis,	and	Enterococcus	gallinarum.	

*The	epithelial-damaging	effect	of	KP	was	strain-specific	and	associated	with	the	
presence	of	Type	VI	secreFon	system.	

Under	revision	

ヒトゲノム	
(先天・遺伝要因)	

ヒトマイクロバイオーム	
（後天・環境要因）	

ヒト＝超生命体
（Superorganism）	

超生命体としての「ヒト」	
ヒトはヒトゲノムとヒトマイクロバイオームからなる(Lederberg J, 2000)	

＊ヒトゲノム研究はヒト遺伝子を解析して『ヒト』を理解する科学	
＊ヒトマイクロバイオーム研究はヒト微生物を解析して『ヒト』を理解する科学	

Precision	Medicine	IniFaFve	(PMI)	

Youtube	video	about	PMI,	including	microbiome		
h)ps://www.youtube.com/watch?v=RIzbg8REzGw		

PMI	announced	by	President	Obama	
January	30,	2015	
h)ps://www.whitehouse.gov/the-press-office/
2015/01/30/fact-sheet-president-obama-s-precision-
medicine-iniFaFve		

米国NIHにおけるPrecision Medicine Initiative 
(PMI)：100万人のコホート。個別化医療におけ
るtoolsの強化。収集データには血液（マーカー、
ゲノム）以外に、マイクロバイオームやメタボ
ロームデータが含まれる。	

日本：AMED-CREST/LEAP/PRIME	
2016.10〜	

宿主データ	
・ゲノム多型	
・血液/尿マーカー等	

環境データ	
・食事	
・生活環境等	

マイクロバイオームデータ	
・メタゲノム	
・メタボローム等	

３つの重要な情報	

疾患関連菌の絞り込み	

ノトバイオートマウス	

疾患関連分離菌株	

マイクロバイオーム研究から医療技術の開発	

細菌分離培養技術	

ノトバイオート技術	

無菌アイソレーター	
（ノトバイオートマウス飼育）	

・疾患発症に関わる菌種の特定	
・疾患発症に関わる代謝物の特定	
・疾患発症機構の解明	

嫌気培養等	

菌叢解析技術	健常リソース	

健常マイクロバイオームDB	

情報・統計解析	

・知財化、論文化	
・微生物カクテル治療法の開発	
・微生物制御食事療法の開発	

疾患菌叢データ	

メタゲノムデータ	
・ゲノム	
・プラスミド	
・ファージ	

比較	

便微生物移植	
（専門施設）	

・症例蓄積	
・ドナー評価	
・技術開発蓄積	

常在菌活用	
診断法開発	

常在菌活用	
治療法開発	

NGS	
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Thank	you	for	your	a)enFon	
All	in	a	day’s	catch	!	

Newton	2013	


