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The Human Microbiome
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A Glimpse of the Next 100 Years in Medicine
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Over the past year, the Journal has commemorated 200 years of publication and the astonishing
progress made since 1812 in the science and practice of medicine. Thanks to digital technology,
our anniversary celebration has had a wide reach, with more than 1 million visits to the
NEJM200.NEJM.org site; many viewers of our documentary video, Getting Better; and large
numbers of viewers of our simulcast symposium, Dialogues in Medicine. As the Journal's 200th
year comes to a close, we want to think about the changes and challenges that medicine faces in
the decades ahead. Although it is foolish to attempt specific predictions about the future, it would
be unwise not to think about the emerging trends, new opportunities, and the principles that should
guide the medicine of the future.

In the decades ahead, the pace of biomedical discovery will accelerate. The state of an individual
person will be characterized with increasing precision from the molecular level to the genomic level
to the organ level and by interactions with medications, nutrients, the _, therapeutic
devices, and the environment. This precision medicine! will become possible because of huge data






Little Friends

e More microbial cells than

human cells on the human
body

 Majority in large intestine

* Provide enhanced
nutrition and protection
against pathogens




Dysbiosis - Shifts in the Microbiome
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[ Whole genome shotgun sequencing ]
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Each body site has a unique microbiota

A HMP only

Gastrointestinal

PC2 (9.4%)

PC1 (17%)
Koren et al, 2013, PLoS Comp Biol



A healthy adult microbiota at the
phylum level

HMP, 2012, Nature



Do we all have the same bacteria

Burkina Faso Florence, Italy

De Filippo, 2010



Do we all have the same bacteria
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Malawians e
Amerindians

US

Yatsunenko, 2012



Antibiotics Lifestyle Hygiene

Hyperimmunity y Immunodeficiency
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Our diet is changing
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OBESITY IN THE US
BRSFF, 1985

(*BMI =30, or ~ 30 Ibs. overweight for 5’ 4” person)
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OBESITY IN THE US
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OBESITY IN THE US
BRSFF, 1987

(*BMI =30, or ~ 30 Ibs. overweight for 5’ 4”
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OBESITY IN THE US
BRSFF, 1988

(*BMI =30, or ~ 30 Ibs. overweight for 5’ 4” person)
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OBESITY IN THE US
BRSFF, 1989

(*BMI =30, or ~ 30 Ibs. overweight for 5’ 4” person)
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OBESITY IN THE US
BRSFF, 1990
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OBESITY IN THE US
BRSFF, 1991
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OBESITY IN THE US
BRSFF, 1992

(*BMI =30, or ~ 30 Ibs. overweight for 5’ 4” person)
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OBESITY IN THE US
BRSFF, 1993

(*BMI =30, or ~ 30 Ibs. overweight for 5’ 4” person)
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OBESITY IN THE US
BRSFF, 1994
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OBESITY IN THE US
BRSFF, 1995

(*BMI =30, or ~ 30 Ibs. overweight for 5’ 4” person)
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OBESITY IN THE US
BRSFF, 1996

(*BMI =30, or ~ 30 Ibs. overweight for 5’ 4” person)
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BRSFF, 1997

(*BMI =30, or ~ 30 Ibs. overweight for 5’ 4” person)

[ ]No Data [ ] <10% [[] 10%-14 [ 15%-19%[_] 220%




N°27 NXIRA "W
BRSFF, 1998

(*BMI =30, or ~ 30 Ibs. overweight for 5’ 4” person)
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OBESITY IN THE US
BRSFF, 1999
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[ ]No Data [ ] <10% [[] 10%-14 [ 15%-19%[_] 220%




OBESITY IN THE US
BRSFF, 2000
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OBESITY IN THE US
BRSFF, 2001

(*BMI =30, or ~ 30 Ibs. overweight for 5’ 4” person)
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OBESITY IN THE US
BRSFF, 2002

(*BMI =30, or ~ 30 Ibs. overweight for 5’ 4” person)
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OBESITY IN THE US
BRSFF, 2003

(*BMI =30, or ~ 30 Ibs. overweight for 5’ 4” person)
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OBESITY IN THE US
BRSFF, 2004

(*BMI =30, or ~ 30 Ibs. overweight for 5’ 4” person)
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OBESITY IN THE US
BRSFF, 2005

(*BMI =30, or ~ 30 Ibs. overweight for 5’ 4” person)
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OBESITY IN THE US
BRSFF, 2006

(*BMI =30, or ~ 30 Ibs. overweight for 5’ 4” person)
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OBESITY IN THE US
BRSFF, 2007

(*BMI =30, or ~ 30 Ibs. overweight for 5’ 4” person)
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OBESITY IN THE US
BRSFF, 2008

(*BMI =30, or ~ 30 Ibs. overweight for 5’ 4” person)
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Obesity Trends™ Among U.S. Adults
BRFSS, 2009

(*BMI =30, or ~ 30 Ibs. overweight for 5’ 4” person)
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Obesity Trends™ Among U.S. Adults
BRFSS, 2010

(*BMI =30, or ~ 30 Ibs. overweight for 5’ 4” person)
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BRFSS, 1990, 1999, 2008
(*BMI >30, or about 30 Ibs. overweight for 5’ 4” person)
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Mouse Models Help Us Learn More

Leptin: A hormone, produced by adipose tissue, that
plays a key role in regulating appetite and metabolism

normal mutant
(with leptin) (without leptin)
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Altered gut microbiome in leptin-deficient mice
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Ley et al., PNAS 102: 11070-5 (2005)



Microbiome Transplants —a Powerful Tool




Microbiota transplantation experiments

Conventionally raised
donors

Germ-
free
normal
recipients

% increase in body fat

Turnbaugh et al., Nature 444: 1027-1031 (2006
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Vijay-Kumar et al. Science



An altered microbiome in obesity
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Bacteria may help keep you lean

Monozygotic (MZ) Dizygotic (DZ)

@ @ @

MZ twins have a more similar
microbiota than DZ twins l

Plus
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minuta amended stool gain
Lean individuals have higher levels less weight

of the highly heritable taxon
Christensenellaceae

Goodrich et al. Cell, 2014



Changes in the gut microbiome throughout life
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Phenotype Effect: Microbiota Transfer
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Phenotype Effect: Microbiota Transfer
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trimester trimester
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What about the kids?

Bifidobactena
Lactobacillus

C. coccoides
Bacteroides

C. difticile

Adapted from Fischer et al. 2012
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We are inoculated at birth




Mother's body habitat:
@ Oral cavity
Vagina
Skin
Baby’s delivery mode:
® Vaginal
®Cesarean
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Restoring the Newborn Microbiota

Mouth first...

1. Sample mom.

2. Incubate gauze in vagina for Th.

3. Extract gauze before C-section.

4, Expose newborn to the vaginal gauze.
5. Swab- sample newborn,

then face... and rest of the bady
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PC2 (12%)

1 month old
® 6 months old
e 4yearsold

PC1 (33%)

Koren, 2012



UniFrac Distance between children and adults
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UniFrac distances between children and adults decrease with increasing age of
children in each population. Each point shows an average distance between a child

and all adults unrelated to that child but from the same country.

Yatsunenko et al., 2012



Timeline of gut colonization by microbes

Breast milk start Fever Rice!

M Actinobacteria [ Bacteroidetes
I Firmicutes [ ] Proteobacteria Spor*’ Ko ren* and Ley 2011. NRM




Timeline of gut colonization by microbes

Rice cereal
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Timeline of gut colonization by microbes

Rice cereal Table foods
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Timeline of gut colonization by microbes

Breast milk start

B Actinobacteria [ Bacteroidetes
I Firmicutes [ ] Proteobacteria

Rice cereal
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Yellow represents

Baby gut

The sphere is the current
community while the path
shows the change of the
community over time



Dr. Henry Cotton

lllustration of a mouth with teeth &
removed from Cotton's book The
defective delinquent and insane: the
relation of focal infections to their
causation, treatment and prevention.




The microbiome alters behavior
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Lactobacillus
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Microbes could drive
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preferences

Skin microbes of humans
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Differential attraction
could impact disease
spread

The probiotic L. rhamnosus

Suggests bacteria
decreases anxiety in mice

can alter mood

Science, 2012
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a Lunging b Tussling G Wing threat d Copulation

Side
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 §

e Wing extension and circling
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Figure 3 | Detectable actions. (a-d) Single images of side and top views
showing lunging (a), tussling (b), wing threat (c) and copulation (d).
(e,f) Sequential images showing wing extension and circling (e) and
chasing (f). Scale bars, 1 mm. Times shown are relative to the first frame
in each movie.

0 0.30s 0.75s



Psychobiotics and the gut—brain axis:
in the pursuit of happiness

Table 1. Psychobiotic Studies

Findings

Preclinical 1 behavioral but T endocrine response to
Germ Free Studies stress (62)
Altered serotonergic development (63),
BODNF, and glutamate expression (62)
Partial reversal by B. Infantis (64) or fecal
ingestion (62)
Maternal Separation 8. Infantis normalizes behavior (68)

Model of Depression
Contradictory findings for psychobiotic

effects on corticosterone (68-70)

Restraint Stress and Altered microbiota and T proinflammatory
Social Stress cytokines (66,67)

Acute Stressors (eg. L. Rhamnosus is anxiolytic and acts via the
Elevated Plus Maze) vagus nerve 1o produce changes in GABAA

and GABAB expression (75)
Human Studies

Irritable Bowel 8. Infantis effective and alters plasma pro-
Syndrome inflammatory to anti-inflammatory cytokine
ratio (77)
Chronic Fatigue 1 anxiety in those given L. casei relative to
Syndrome placebo (80)
Healthy Volunteer L. Helveticus together with B longum |
Studies psychological distress relative to placebo

and | urinary free cortisol output (71)

BDNF, brain-derived neurotrophic factor; GABAA, gamma-aminobuty-
ric acid type A; GABAB, gamma-aminobutyric acid type B. Dinan et a|, BPS 2013
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MEDICAL DISPATCH |

THE EXCREMENT EXPERIMENT

Treating disease with fecal tmnsplants.




Early History of FMT

« 4t Century:

— Oral human fecal suspension (“yellow soup™) for
severe diarrheal ilinesses

« 17t Century: Veterinary medicine
— Fecal transfer for horses with diarrhea

e 1958: FMT enema

— Eismann, et al. 4 patients with pseudomembranous colitis
— “Dramatic” response within 48 hours



Coprophagy

 Many vertebrates have specific behaviors that direct
the assembly of the gut microbiota. For instance, the
juveniles of some animals (such as horses and iguanas)
consume the feces of the adults, ensuring that the guts
of the young are colonized by appropriate
microorganismes.

* |n other animals, mothers deliberately feed feces to
their offspring: koalas inoculate their young directly
with a special faecal pellet (a pap) to colonize the
infant gut with bacteria that can detoxify secondary
compounds of eucalyptus



Gut Ecosystem Restoration
via
Fecal Transplantation

@ University of Colorado Boulder
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