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Disclosure

» | am co-founder and CSO of NuBiyota LLC, a company that
aims to create ‘microbial ecosystem therapeutics’ to treat a
range of indications with gut microbial imbalance as a root
cause.

* | will mention the work of this company (at a high level) in my
talk today

BETTER ECOSYSTEM, BETTER HEALTH
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How can we study something as complex
as the gut microbiota?

As a complex
microbial ecosystem,

its function and
behaviour is best
studied as a whole

Gut microbes digesting a kernel of corn. SEM credit: Dr. Amber Park, U of G



Microbes in a microbiology lab...

*Almost always exist on their own as part of a pure
culture

*Usually have to adapt to survive this way

*Are often grown logarithmically

*Are usually given access to rich nutrient sources

Microbes in nature...

*Almost always exist as part of microbial
communities

*Benefit from their microbial friends (& host)
*Rarely grow logarithmically

*Rarely have access to rich nutrient sources




24 h retention time
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Medium Feed Waste Qutput

pH Probe (7.0) —

Temperature Probe (37°C)1T—

C Pressure Release

(closed during operation)

— Stirrer (50 rpm)

- N, Gas Bubbler

The human colon is a
sophisticated bioreactor...

...thus,
chemostat
bioreactors can
be used to
approximate the
human colonic
environment



“But most gut microbial species are unculturable,
aren’t they?”

*Seeded with fresh feces, this
system supports broad ecosystem

growth for several weeks
*Bacteria, fungi, archaea, viruses

*Host-free system
*But can add host components

*Can test effects of stressors on the

ecosystem
*No one gets hurt!

«Can easily measure metabolic
Output “Roboguts”

J. McDonald et al., 2013, 2015
Brown and Allen-Vercoe, SURG 2011



Creating model ecosystems

* It’s not always easy to get fresh poop for experiments!
* It can be more reproducible to do experiments with defined ecosystems

x60 Media Types

New additions:
FACS

Fecal Sample _s i
\ Aerobic Anaerobic } + '
! =
Curation and l Unique surface antigen prediction
cryopreservation
e Identification from MAGs
é: .!
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Model ecosystems aren’t necessarily simple - some have >100 strains

u\ Dilution & Plating :—'i,

Robogut



Working with microbial
ecosystems

Some vignettes from my lab

-
' 4 -
»
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. g BEDSIDE: Moving defined microbial ecosystems to the clinic

sas=7 BEYOND: Hunting for ‘missing microbes’ in the Amazon Jungle




How do human milk oligosaccharides modify the microbiome?

Human milk oligosaccharides (HMOs)

nutrients

other HMOs

stoddler
g o drink.2,
grOW 123
vy Similac®

. IMMUNE b, BRAIN &EYE
. SUPPORT ), DEVELOPMENT

2’-fucosyllactose (2°FL)

Human milk Macro- and
micronutrients

Bode 2015. Early Human Dev.

Berger et al. 2020 mBio. . .
Goehring et al. 2016 J. Nutr. Dr. Simone Renwick



Diabimmune Microbiome project

Microbial Taxonomies

Non-Type 1
Diabetes

Diversity

age (years)

Seroconversion: production of autoantibodies

0 1 2
diagnosis*

3

* 4 controls (NS) and 3 cases (S) Dr. Jayne Danska,
* Age-, sex-, and HLA-haplotype matched Sick Kids

Donor characteristics

NS 0 Control Pilot 18 M Negative 9

NS 1 Control 1 24 F Negative 9

S 2 Case 1 24 F Negative 16

S 3 Case 2 18 M Negative 7

NS 4 Control 2 24 M Negative 10

S5 Case 3 23 M IAA and ICA 12

NS 6 Control 3 24 M Negative 2

Kostic et al. 2015

Kostic et al. 2015. Cell Host Microbe.

AIM: Investigate impact of HMOs on T1D-gut derived microbiota



. . . HMO gl fili Bode lab, UCSD
How do infant gut microbial ecosystems olvcoprofiing (Bode 1, T659)

respond to HMOs?

For 7 infant donors
(4 controls & 3 cases):

etabonomics using 1D 'H NMR Ju—
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Stool pHMOs 2’FL  treatment
samples Bioreactors Study changes in taxonomic composition
<1g Anaerobic batch fermentation conditions

Treated, and sampled every 12 h for 72 h
Metaproteomic analysis of secretome using LC-MS/MS

E

Study changes in protein expression
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Time=0h

Treatment with pHMOs results in metabolically distinct patterns

Scores Plot

PC2(23.4%)

o 2%
© No Treatment
© pHMOs

o 2FL

© No Treatment

o0 pHMOs

Scores Plot

I—]—I

Time=72h

PC 2(19.3%)

o 2FL
© No Treatment
© pHMOs

00

PC1(27.2%)

class

4 ZFL
No Treatment
2 pHMOs

0
-2

-4

Z-score



Effect of pHMOs on individual bacterial isolates

330 isolates (spanning 7 donors):

Anaerobic gas
48 h, 37°C

Diluted growth medium 0D,,, every 30 min

Treated with 15 g/L pHMOs
or No Treatment

... Rep2
. Repd

Rep$

Rep2

12

24
Time (hrs)

36

48

Treatment

No Treatment
pHMOs

T=0h and T=48h
Glycoprofiling by:

Dr. Lars Bode, UCSD



A variety of growth curve patterns observed...
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Glycoprofiling

Species - Isolate

[Eubacterium] hallii S_5 88 YPD AN
[Ruminococcus] gnavus S_3 2 FAA(EtOH) AN
[Ruminococcus] torques NS_6 104 FMU AN

p 7 c CqrC Tcp AN
6b

) o

Akkermansia muciniphila G37020 FAA 68 AN
Akkermansia muciniphila NS_6 137 NB AN
Akkermansia muciniphila S_2 8 FMU AN
Akkermansia muciniphila S_3 3 FMU AN

[Alistipes onderdonkii NS_0 3 GC AN
Anaerococcus vaginalis S_3 3 GAM AN
Anaerotruncus colihominis S_2 5 BHI AN
Bacteroides fragilis S_2 2 FMU AN
Bacteroides vulgatus G37020 32 TSA AN
Bacteroides vulgatus NS_4 50 TSA AN
Bacteroides vulgatus S_2 1 YPD AN
Clostridium perfringens NS_4 1 FAA(EtOH) AN
Eisenbergiella massiliensis NS_6 104 NB AN
Eisenbergiella massiliensis S_5 61 MRS AN
Eisenbergiella tayi G37020C EtOH 29 AN
Eisenbergiella tayi NS_6 101 FMU AN
Eisenbergiella tayi S_3 2 BHI AN

Faecalibacterium prausnitzii S_2 2 FAA-NB AN

Flavonifractor plautii G37020 23 EtOH AN
Flavonifractor plautii NS_0 2 FAA-NB AN
Flavonifractor plautii NS_4 40 FAA-NB AN

clgyanit NS 620 GAM 2

=

Parabacteroides merdae G37020 41 FAA AN
Parabacteroides merdae NS_0 5 TSA AN
Tyzzerella nexilis NS_4 41 FMU AN
Tyzzerella nexilis S_2 1 BHI AN

Varibaculum anthropi G37020 26 CNA AN
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Strain behaviour in
communities vs. monocultures
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pHMOs significantly alter the metabolic profile of microbial communities

Communities treated with 2’FL did not significantly differ from control

SUMMARY™

A wider variety of bacterial strains are able to degrade HMOs than was
previously known

Some strains demonstrate differing growth properties when treated with
HMOs in monocultures compared to microbial communities

*Based on preliminary findings



Bedside: moving defined microbial ecosystems to the clinic

£ Can we develop ‘microbial ecosystem therapeutics’ to

? .
enhance health” NUlY@TA




Creating model ecosystems

* It’s not always easy to get fresh poop for experiments!
* It can be more reproducible to do experiments with defined ecosystems

x60 Media Types

New additions:
FACS

Fecal Sample _s i
\ Aerobic Anaerobic } + '
! =
Curation and l Unique surface antigen prediction
cryopreservation
e Identification from MAGs
é: .!

‘(’\ f\ ( |
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Some defined ecosystems may be therapeutically useful

u\ Dilution & Plating :—'i,

Robogut



The journey to therapeutically useful
ecosystems

How can we translate
derived defined ecosystems

oy - to the clinic?
%; /k/f'/'oé ;
/é‘% /V@O’/ﬁo/)7 6!5‘ /A%’/
Doy > X7 Start with the Robogut to build

Gy

- ecosystems and test their
¢ dynamics under perturbational
| stress

“RePOOQOPulate”
prototype 33 strain ecosystem

Petrof et al. Microbiome 2013



What are the commercial and patient
considerations?

Needs of the patient:
oral delivery preferred!

Cost
Stability Safety
Diversity Reproducibility
Functionality Integrative ability
Strain interactivity Culturability and purity

Needs related to

commercialization
N

Needs of the

ecosystem
—

Sweet spot: 30-40 species, as long as phylogenetic diversity is upheld



How do we select which microbial species to include?

Does the selected ecosystem show stability in the Robogut?
(suggests metabolic diversity)

Is it free from known virulence genes?
(incl. antibiotic resistance genes of concern)

What does the literature tell us about the gut microbiome for a given disease
indication
(is something missing? Over-abundant?)

How does the predicted function/metabolic network look? How does the
actual metabolic output compare?

What can we glean from actual patient data from our trials? (sorry, can't discuss!)



THE LANCET
Gastroenterology & Hepatology

Volume 6, Issue 4, April 2021, Pages 282-291

Articles

The effect of a microbial ecosystem therapeutic
(MET-2) on recurrent Clostridioides difficile
infection: a phase 1, open-label, single-group trial

Dina Kao MD * & &, Karen Wong MD ?, Rose Franz RN 2, Kyla Cochrane PhD €, Keith Sherriff MSc ¢, Prof Linda Chui
PhD b, Colin Lloyd BSc®, Brandi Roach RN 2, Anthony D Bai MD ¢, Elaine O Petrof MD f, Prof Emma Allen-Vercoe
PhD d
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MET-2 — improvement on RePOOPulate
* 40 strains, 40 species
Signatures associated with MET-2 microbes
appeared to increase with treatment and persist
after treatment
Patient QoL scores consistently improved
Data is helping us to define keystone members of

MET communities




NuBiyota's current drug portfolio

Drug formulation Indication (s) Trial phase Clinical Trial Numbers

MET-1 C. difficile infection 1 (pilot) NCT01372943
MET-2 C. difficile infection; 1,2 NCT04052451
ulcerative colitis; NCT04602715
Depression & anxiety NCT03832400
NCT02865616
MET-3 Metabolic syndrome, 1, 2 (3 starting in US) NCT04507971
obesity NCT03660748
MET-4 Checkpoint inhibitor 1,2 NCT03838601
potency booster in cancer NCT03686202

chemotherapy
MET-5 Metabolic syndrome 1 NCT04507971

MET-6 Under development - -



These are biologic drug products, not probiotics
Much higher barrier to approval

Each individual isolated component is considered a drug product
So, we do QC on 40 different drugs to make our end-product

WHERE WE ARE

Growth rates for unpredictable microbes need to be predicted
Lots of work on understanding microbial physiology!

Currently trying to implement novel molecular approaches to QC
 Difficult, because Health Canada and FDA have set protocols
» Our products do not “fit the box’
« Lots and LOTS of reporting and evidence presented to review panels!



Beyond: hunting for missing microbes in
the Amazon jungle




Has ‘industrialized’ microbiome diversity

Vertical acquisition
Potential horizontal aquisition = = = = = = =

100 e
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Representation of a
conserved microbiota (%)
3

0 20 40 60 80
Time (years)

Nature Reviews | Microbiology

been eroded?

» Missing microbiota hypothesis
» (Blaser &Falkow, Nature Rev Microbiol 2009)
» Loss of microbiota generally compounds

over generations, and recent changes in
lifestyle have greatly exacerbated this loss




How do we know that industrialized
people have low gut microbial diversity?

 We can’t go back in time to look at
microbiomes pre-antibiotics/refined foods

 We can look at indigenous peoples who have
not had exposure to these things

¥
N L
1/

Their gut microbiomes are much more diverse than ours!

Schnorr et al. Nat Commun. 2014 Apr 15;5:3654; Obregon-Tito et al. Nat Commun. 2015 Mar 25;6:6505.



Typical findings

Western

Firmicutes

Bacteroidetes

Actinobacteria

Traditional

Spirochaetes

Similar across traditional
populations in Africa and S.
America

— suggests the Western
microbiome overall lost
species rather than the
traditional microbiome
overall gained them



S0, why not just culture microbes from
these indigenous peoples?

* That way, we can better understand what we are missing
« Unfortunately, that’s actually very difficult to do!

Remoteness and difficult access
Dangerous terrain/endemic disease
Culture and language barriers
Political turmoil

Ethical challenges

Preservation of samples
* Need to keep gut microbial samples cool and free of oxygen




The Good Project

Photo with permission from David Good

.
FINRIS MY WOTRER

I :\xg‘

ANBuE TRE TARENAN]

David Good — a biologist with a unique family
heritage

Yanomami — a group of indigenous South
Americans, many of whom still live as nomadic
hunter-gatherers

The Good Project — non-profit organization
founded by David and dedicated to help support
the future of the Yanomami people



Photos with permission from David Good

Remoteness and difficult access
Culture and Ianguaga barriers
Ethical challenges

Preservation of samples

Political turmoil
Dangerous terrain/endemic disease

e



Isolations performed using a /ot of
specialist media (and many ‘tricks’)!

p T f V‘*'f“'"' ;

‘liquid gold’

Sarah Vancuren



What should we find?

« Shotgun metagenomics
* (just bacteria shown)

 Western microbiome is different
from the Yanomami microbiome

* The Yanomami gut microbiome is
far more diverse, as expected

« DNA profiling gives us a
snapshot of species present that
we can target

« But does not distinguish dead
microbes from live ones

Relative Abundance

Phylum

Firmicutes
Proteobacteria
Actinobacteria

Bacteroidetes

Euryarchaeota

Bacteria_u_p
Acidobacteria
Synergistetes
Chloroflexi
Fusobacteria
Dictyoglomi

Thermodesulfobacteria

Candidatus_Saccharibacteria
Others

Gemmatimonadetes
Planctomycetes

Tenericutes




So far, what have we been able to grow?

« 5 samples so far: yield of >1000 unique strains, >200 unique species.
Phyla cultivated:

Firmicutes
Lentisphaera
Proteobacteria
Spirochaetes
Actinobacteria
Bacteroidetes
Verrucomicrobia

For comparison: Clemente et al., 2015:
27 unique species from 12 fecal
samples using 7 media types.




From just 5 samples, >60 suspected novel
bacterial species, and several novel genera

* Including several novel species of Treponema from the human
gut

« So far, Treponema spp. have only ever been seen in hunter-gatherer
people from around the globe, and only by looking at DNA samples

* Never seen in Westerners :
» Representative of a ‘missing microbe’?




GH1

Yanomami ecosystems
represent a microbiome
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Dr. Alex Kostic, Joslin Diabetes Centre

CAZyme meta-analysis



Far more diversity of bacterial species in Yanomami gut
microbiomes than those of typical healthy Westerners

Many novel species cultivated (in the process of

characterization)
SUMMARY

Yanomami ecosystems may represent a time capsule,
a window to the ancient human microbiome

Can we use these ecosystems to better understand the roles of
‘missing microbes’?
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