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? Presentation Learning Objectives

After participating in this presentation, learners
should be better able to:

Understand microbiome in disease and health

Understand potential for development of novel
diagnostics for assessment of microbiome
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Our goal is to solve the diseases of aging
by changing the way medicine is
practiced.

It’s not just a long life we’re striving
for, but one which is worth living.
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MERGING GENOTYPE WITH PHENOTYPE DATA TO INTERPRET OUR GENETIC CODE
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Microbes
The “Unseen” Majority
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Mucor circinelloides Staphylococcus aureus

http://archives.microbeworld.org/resources/gallery.aspx

Bacteria Archaea Eucaryota

1
Phylogenetic Tree of Life

http://membercentral.aaas.org/files /imagecache/node-
full/images/science_collection/phylogenetic_tree_nasa_0.jpg

*Invisible to the naked eye
*Been around for over 3 billion years
*Account for more than half of earth’s
biomass
*Found almost everywhere

*Extreme environments
*Important players in various biochemical
processes on earth

Taxonomic classification

*Kingdom
*Phylum
*Class
*Order
*Family
*Genus
*Species
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Microbial Taxonomy

Taxonomic Composition
of Microbiome

Human Microbiome

Mouth, Pharynx,
Respiratory System

Skin

‘ Urogenital Tract

“Reference” human (70kg)
Human cells ~ 30 x 1012
Bacterial cells ~ 39 x 1012

Sender et al., 2016
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Human Microbiome:
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e >< Healthy Cohort

Human Microbiome Project Consortium, Nature 2012
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Stool

Anterior nares RC ~ Buccal mucosa  Supragingival plaque ~ Tongue dorsum Posterior fornix

Different microbial communities associated with different body sites

b Metabolic pathways
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Anterior nares RC Buccal mucosa  Supragingival plaque Tongue dorsum Stool Posterior fornix

Firmicutes
Actinobacteria
Bacteroidetes
Proteobacteria
Fusobacteria
Tenericutes
Spirochaetes
Cyanobacteria
Verrucomicrobia
™7

Central carbohydrate metabolism

Cofactor and vitamin biosynthesis
Oligosaccharide and polyol transport system
Purine metabolism

ATP synthesis

Phosphate and amino acid transport system
Aminoacyl tRNA

Pyrimidine metabolism

Ribosome

Aromatic amino acid metabolism
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8It'§cﬁ“£&m,>< Gut Microbiome-Host interaction

Pathways linkingthe Gut-Brain Axis

Pathways linking the microbiome
and central nervous system
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Neurotransmitters
Hormones
Metabolites

Immune signaling

Immune system

MAMPs
Metabolites

Cell Host & Microbe 17, May 13, 2015

Leaky gut: Intestinal permeability

Mucus x' Dendritic cell
@ Stem cell \ ¢ Bacteria
Paneth cell °.% Defensins
@ Enterocyte Y Secretory IgA
g Goblet cell Apoptotic enterocyte

Michielan and D’Inca, 2015
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8 A Few Mechanisms of Probiosis

Substrates from
Oral Intak
a . i Bioactive
* Histidine
* Glutamate Compounds

* Dietaryfiber * Histamine

* GABA
\ : Epithelial Maintenance
stinal ‘
robes 7

* SCFAs
) Yo Vs s A8 lmmunomodulatio‘
“9 (L Pain Perception
2l ||| L g U\ Nutriti

Hemarajata P, Versalovic J.
Therap Adv Gastroenterol. 2013 Jan;6(1):39-51
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Passive/active uptake to gut and CNS Fatty Acid G coupled protein receptor activation
(monocarboxylate transporters Neurotransmitter synthesis (catecholamine, 5HT) and
(fatty acids, ketones) release

Increased intracellular calcium

Gut motility and Neuromflammatlon/neu rodevelopment
inflammation Cortical dysplasia
Malabsorption \
Tight/Gap Junction Gap Junction closure
impairment barrier \> Electrotonic coupling,
dysfunction Neuronal Migration
(immune and enteric Short Chain Fatty Acid Impaired synaptic pruning
nervous system effects) Bacterial Fermentation
Products

Altered gene expression
(Histone deacetylase inhibition)
CREB activation (memory)
Epigenetic effects

(More pronounced at Mifociondnia

" Autism-like behavior Altered TCA cycle
critical n?,%{ggs\\{vil;) pmental Repetitive, Antisocial, Object fixation, Phospholipid alterations
Anxiety-like behavior, Perseveration Oxidative stress
Seizure disorder, Dystonia, Tics, Reduced glutathione,
Sensory processing Carnitine deficiency

Figure from Review: MacFabe D, Microbial Ecology in Health and Disease, 2015




HUMAN
INC

Loweavwv><lnfluences of Microbiome Composition

Diet

Probiotics ) 1 — Antibiotics

Environment
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A flourishing Devastation Left alone, weed-like
gut ecosystem by antibiotics or disease species run wild

Bypass the weeds? { }

U U

Probiotics Prebiotics

apte m pone, et al. Nature 2012 Restored ecosystem



8 PROMISE: Metagenomics

Personalized
therapies
6’ .%
s \‘,‘\ y A“ L
H Y . H
(fﬁ ;) . =  Novel diagnostics
} & SFiy
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z Understandingdisease

patterns
Stomach and Intestines

N
; Understanding
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= emerging infectious

‘ diseases
Urogenital Tract
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Studying microbial communities
using sequencing
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Microbiome and Disease Associations

Pathophysiology

Diabetes Metab ] 2015;39:198-203
http://dx.doi.org/10.4093/dm;j.2015.39.3.198
pISSN 2233-6079 - eISSN 2233-6087

dmj

DIABETES & METABOLISM JOURNAL

@ rossMark
Gut Microbiota and Metabolic Disorders

Kyu Yeon I Nature. 2009 January 22: 457(7228): 480—484. doi:10.1038/nature07540.

A core gut microbiome in obese and lean twins

Peter
Bunc:  (pfioy) The gut microbiota and inflammatory howel disease
Jeffre

Gut—liver axis: The impact of gut microbiota on non
alcoholic fatty liver disease

D. Com

M. Cart

2 Departmen
80131 Naple
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Received 19
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Human oral, gut, and plaque microbiota in patients
with atherosclerosis

omry koren®, Microbiota Modulate Behavioral and maroli®,
Physiological Abnormalities Associated
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e scost and the Immune System

Lora V. Hooper,™* Dan R. Littman,? Andrew J. Macpherson®

solic Research, University of
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1 ®*Howard Hughes Medical Institute,
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16S ribosomal RNA gene

*~1500 bases long

*Found in all bacteria and archaea

*Gene contains both fast and slow evolving
regions

*Taxonomic marker (Woese and Fox, PNAS
1977)

*Some organisms contain multiple copies of
16S rRNA gene

*Current high throughput sequencing
technologies cannot sequence entire gene
and hence target the variable regions on the

gene

Neefs etal,
NAR 1990

Variable regions V1 through V9



E. coli as example

Strains from the same species can have different

metabolic capabilities
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Cellular Overview of Metabolism
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E. coli O157:H7 str. 1044

Image generated by EcoCyc

(Keseler et al. 2013)
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These strains have nearlyidentical 16S rRNA genes
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Great Challenges, Methodologically &
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o Mlicrobiome Data Processing Workflow
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Quality check and trimming

Mapping to Reference Sequence
Microbial Genomes read assembly

Reference annotation db

(for taxa and genes) Taxonomic and functional annotation

Sample comparison, ordination, clustering
Biomarker identification

Reference metagenome db
Healthy/disease cohorts
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Microbiome Pipeline Output

Recrultment from sample size o 10 millon reads
Less than 100
[feesco)
500:1000)

1000 5000)
[sog o000
110000,50000)
80000.100000)
B {19000, 100000)
B More than 1000000

Streptococcus| pseudopneumoniae 157493

Haemophius parainfuenzas T3T1

H

Transcription

Transport and catabolism

Biosynthesis of other secondary metabolites
Cell growth and death

Cell motility

Glycan biosynthesis and metabolism
Folding, sorting and degradation

R = —] _: . L Metabolism of terpenoids and polyketides

¥ noEEEREEEE 5 “ammgmei=m Replication and repair

= H g g g ] Xenobiotics biodegradation and metabolism

H 5 Emw Metabolism of other amino acids

y s et Lipid metabolism
Ha Signal transduction
i jommomE R S Translation
. H 2 Bum Nucleotide metabolism
H I o Metabolism of cofactors and vitamins
TaXOnOmIC Comp05|t|0n . H o Membrane transport

DO00EEECRNCOCOO0OEENOCOENOOEOO

Energy metabolism
Carbohydrate metabolism
Amino acid metabolism

Microbial strain abundance

Functional composition
Gene content

prespte ampona

Genes of interest
Antibiotic resistance

Virulence factor
Pathogenecity factor

Metabolic pathway
reconstruction

Genome assembly
of novel strains

~—==
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Extensive Metadata Database

Health Nucleus/Collaborators

Manual task
Automated (near term)

E:l A
Curator + Phenotype Reports
Ingestion Tools
Read and Parse Data
Phenotype Services ! glgcrognzome
Database [ €

[ ]

Allows dynamic cohort building
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Curator
Approves
Papers

Microbiome Literature Curation

Manual task
Automated (near term)

24M papers
PUblmed 1M per year

PMIDs /OM

O
k—l Literature A
Selector Reports
Machine
Learning
! Tools
Etheratu re Services | Microbiome

Database L —Database
g % E ]

Curated associations between bacteria with disease and Health, as well as annotations of

Probiotics organisms and Enzymatic functions.
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Integrated Microbiome-Host Analysis

Microbiome Host
<€ >
<€ >
0.0 CLlnlcaI and
Phenot
LY on enotype
N I Data
o g ©
H

Taxonomy Pathways ‘ Metabolites Host genotype

Data analytics to mine for associations: Machine learning, Feature selection, Multivariate
statistics, Ordination and Clustering

\ 4

|dentification of:

Microbial biomarkers linked to health and disease
Host genes linked to microbiome changes
Host-microbiome interaction networks
Novel microbial species
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Sample Collection and Preparation at HLI



Standardized Sample Collection

Standardization of Library Preparation
Per Flow-cell Run Controls
Post Sequencing QC assessment

Minimal coverage per sample



? QC Processes: Sample Stabilization

SCIENTIFIC REP{%;}RTS

Arobust ambient temperature
_collection and stabilization
strategy: Enabling worldwide

Received: 22 April 2016

e functional studies of the human

“microbiome

Ericka L. Anderson?, Weizhong Li'?, Niels Klitgord?, Sarah K. Highlander?, Mark Dayrit?,
© Victor Seguritan?, ShibuYooseph'2, William Biggs?, J. Craig Venter?, Karen E. Nelson'? &
¢ Marcus B. Jones?!
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Stabilization of Samples with Reagent Comparable to Freezing

o
-
1

o
-
1

Self collection

Relative Species Abundance

of samples
Cohort Timepoint (days) )
0 1 28 oy
T — :
FO F1 F28 .
16 donors SO S1 S28

7N

F28 F1 FO BO SO S1 S28

Anderson EL et al. A robust ambient temperature collection and stabilization strategy: Enabling worldwide functional studies of the
human microbiome. Sci Rep. 2016 Aug 25
28
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Stabilization Enables Robust and Uniform Sample Collection

| s

02
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1

Relative Species Abundance

-
=
B

Treatments Grouped By Samples

Anderson EL et al. A robust ambient temperature collection and stabilization strategy: Enabling worldwide functional studies
of the human microbiome. Sci Rep. 2016 Aug 25
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genomic and functional predictions in human
microbiome research

Marcus B. Jones®?", Sarah K. Highlander®, Ericka L. Anderson?, Weizhong Li*®, Mark Dayrit?, Niels Klitgord?,
Martin M. Fabani?, Victor Seguritan?, Jessica Green?, David T. Pride“d, Shibu Yooseph®®, William Biggs®,
Karen E. Nelson®?, and J. Craig Venter®®"

®Human Longevity, Inc., San Diego, CA 92121; bGenomic Medicine, J. Craig Venter Institute, La Jolla, CA 92037; “Department of Pathology, University of
California, San Diego, La Jolla, CA 92093; and dDepar'cment of Medicine, University of California, San Diego, La Jolla, CA 92093

TruSeq Kapa PCR Kapa PCR Free Nextera XT

Covaris Shearing Covaris Shearing  Covaris Shearing

Total Time: ~ 5 hours ~ 5 hours ~ 4 hours ~ 2 hours
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Library Preparation Method Impacts Species Composition

0.0 0.04551795 0.059436493
= |3 9 B B -~ w w
><| xl K] 4 e 4 ['" ["‘
< @ < @ < @ « @
» -~ » > > - - -~
] ] ] (] (] © (3] ]
0 0 0 0 o o 0 0
= = = = = = = =

Jones MB et al, Library preparation methodology can influence genomic and functional predictions
in human microbiome research. Proc Natl Acad SciU S A. 2015 Nov 10

Organism
Streptococcus_pneumoniae
Rhodobacter_sphaeroides
Deinococcus_radiodurans
Pseudomonas_aeruginosa
Neisseria meningitidis
Propionibacterium_acnes
Escherichia coli
Actinomyces_odontolyticus
Staphylococcus_epidermidis
Listeria_monocytogenes
Enterococcus_faecalis
Staphylococcus_aureus
Lactobacillus_gasseri
Clostridium_beijerinckii
Helicobacter pylori
Acinetobacter baumannii
Bacteroides vulgatus
Streptococcus_mutans
Streptococcus_agalactiae
Bacillus cereus



0.14

Pearson: r = 1.00
0.12

Reproducibility and Robustness
of HLI Process

Spearman: r = 0.99

0.10

0.08

0.06

0.04

0.02

0.00
0.14

Pearson: r = 1.00 Pearson: r = 1.00
0.12
Spearman: r = 1.00

Spearman: r = 0.99

0.10
0.08
0.06
0.04
0.02

0.00
0.14

Pearson: r = 0.98 Pearson: r = 0.97 Pearson: r = 0.98

0.12
Spearman: r = 0.96

Spearman: r = 0.93 Spearman: r = 0.96

0.10
0.08
0.06
0.04
0.02

0.00
0.14
Pearson: r = 0.98

Pearson: r = 0.99 Pearson: r = 1.00

Pearson: r = 1.00
0.12

Spearman: r = 0.99

Spearman: r = 0.98 Spearman: r = 0.99 Spearman: r = 0.96

0.10
0.08
0.06
0.04
0.02

0.00

0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
0.00
0.02
0.04
0.06
0.08
0.10
0.12
0.14
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Overview of HLI MB Samples

Project______________|sampleType

Liver/Cirrhosis Collaboration Stool
UTI Collaboration Urine
Twin Collaboration Stool
IBD Collaboration Stool
Anti-biotic Usage Colaboration Stool
n of One Studies Stool/Tongue
Internal Studies Stool
Health-Nucleus Stool/Tongue

3000 Microbiome Samples Sequenced
Averaging ~5.5GB/sample




8HUMAN Taxonomical Abundance Visualization
LONGEVITY,
" Principal Component Analysis

— PC1: 13.5% PC2:11.9% PC3: 4.6%

10

&
g o
a
N Cohort
»  Liver Study
10 * nofOne
5 5 +  Tongue Sample
S 0 *  UTI Study
. »  Twin Study
* |BD Study
*  Antibiotic Usage Study
10 »  Health-Nucleus
2 s
e
O o
a

5 0 5 10 5 0 5 10 5 0 5 10
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PC2: 9.6% PC1: 13.6%

PC3: 4.2%

10

-5 0 5

PC1: 13.6%
~————

Principal Component Analysis

HLI| Stool Samples

-5

0 5
PC2: 9.6%

-5

0 5
PC3:4.2%

10

Cohort

Liver Study

n of One

Twin Study

IBD Study

Antibiotic Usage Study
Health-Nucleus
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A Healthy Microbiome is Important for a Healthy Human

MICROBIOME HOST
tRatio obligate/facultative organisms Intact gut mucosal barrier
Diverse, even population Functional immune surveillance
HOMEOSTASIS SCFAs, vitamins, nutrients Balance pro-/anti-inflammatory responses

A

I

1 Facultative organisms (Proteobacteria)
1 Diversity, uneven population
1 Metabolic function

t Inflammation
Loss of barrier function
T Immune dysfunction

DYSBIOSIS

Figure courtesy of Dr. Sarah Highlander, JCVI
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What does a “Healthy” Sample look like?

No clear criteria or definition.

Settled on single samples from individuals
not known to have any disease associated
phenotypes.
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?rngm Species Occurrence in Healthy Samples
Prevalence vs Abundance

10 HLI Healthy >=0.98 prevalence
15 . - ’ R
20 * . :.f’ Healthy Core:
@ B S TV, .
: L A A 46 Organisms
£ 25 L T Y found in > 98% of
= bt $o - L * 2% e ~
< S e e et mtpa s § Healthy Samples
g 30 e — LA
= ..3.. 0.... 3. - o‘.: o..o o. “m. .
g .. AR Y 0 ST ST L 136 Organisms
| " T T T Found in > 80%
o.. O...o cee * °
4.0
45
-0.2 0.0 0.2 04 0.6 08 10 12
Prevalence
HLI Healthy

Prevalence: proportion of samples

*log mean abundance calculated using non-zero valuesonly \yhere the species is detected
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8HUMAN Healthy cohorts: Comparison of HLI data with
A that from the Human Microbiome Project (HMP)

Prevalence has more concordance than abundance between HLI healthy and HMP

Log Mean Abundance Prevalence
100 1.2 -
spearmanr = 0.54; p = 9.3e-91 10 spearmanr = 0.8; p = 3.3e-254
101 » aJ
S . . S 038
@ o )
L) —
"8 o .’ e g 0.6
3 102 o’ %3 . J
< S EX L T 04
: { s
‘e =
% 10_3 :z ': ° T 02
e 0.0
104 ° o . -0.
10-4 10-3 10-2 10-1 -0.2 0.0 0.2 | 04 0.6 70.8 1.0 1.2
Healthy Abundance Healthy Prevalence




?Fé’ﬁ“é‘e“vwv, Several Probiotic Species Identified

Use of a maximization function on the most prevalent species from the HMP and HLI
Healthy Cohorts identifies 49 species found in > 90% of both sample sets.

More then 30% (n=17) of these species have strains that are used or proposed to be
used as probiotics.

More then 30% (n=15) of these species are very poorly characterized.

40
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Reconstructed Microbial pathways and cross-feeding mechanismsin Healthy
Core contribute to SCFA formationin the human gut

e ————————
_ E—

C_ Nondigestible CHO >

Formate cm
or
H2 + CO2
Oxalacetate «— Pyruvate 42
A Acetyl-CoA Acetate
Butyrogenic l
e 9 Butyryl-CoA

v v ¥
Propanediol Succinate / Lactate L
l : Butyryl-P Acetyl-CoA
\ / v

Laciale to propionsls {
cross-feeding

Figure from Rios-Covian et al., Frontiers in Microbiology, 2016



? Many Putative Pathogens Found!

In healthy samples:

23 Putatively pathogenicspecies found at 10% prevalence.

5 Putatively pathogenic species found at 80% prevalence.
* (includingPeptoclostridium difficile and Escherichia coli)

None were free of all putative pathogenic species.

Know virulence factors were rare.
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Maybe the difference between health and
disease is not just who is there, but rather
what they can do and who is not there?
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PC2: 11.3% PCl: 16.4%

PC3: 5.0%

5
0
-5
=10
5 EFOR
0 s‘.’.."‘e!’“%
-5 “?§a%.
10 -
5 e
0 «F%
O %
-5 K]
=10
-10-50 5
PC1: 16.4%

T

Looking for a signal:
IBD (n=83) vs Healthy (n=224)

:-’?‘::-3 S
o..:"o %§ P
B 00‘ . 2"

** 5 .
o.’?

-10-50 5
PC2: 11.3%

Cohort
.::?."-, . IBD
HLI Healthy

-10-5 0 5
PC3: 5.0%
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50 100 150 200 250 300 350 400
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Log Mean Abundance
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10 HLI Healthy
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IBD Pathogens are More Likely to Have Reconstructed
Virulence Factors

Healthy Healthy VF + IBD VF +
Species Species IBD Species Species
Species Name Prevalence Prevalence Prevalance Prevalence
Escherichia coli 0.830 0.179 0.880 0.349
Enterococcus
faecalis 0477 0 0.325 0.012
Clostridium
perfringens 0.062 0 0.144 0.036

In total 34 of 83 IBD samples and 42 of 224 Healthy samples reconstruct any putative
pathogens with any virulence factor.
This is significant using a Chi-Squared contingency test (p-value <= 0.004)



? Summary of Findings

* Healthy samples seem to share a core set of species.

* We reconstruct many putative pathogensin healthy samples, but
few with any detectable virulence factors.

* IBD samples have a smaller and less well defined core set of
species.

* Putative pathogensidentifiedin IBD Samples are more likely to be
reconstructed with a virulence factor than Healthy Samples.
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? Presentation Clinical Actions

After participating in this presentation, clinicians
should be betterable to:

Educate patients on the role of the microbiome in
disease and health



