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Interaction o
between genetics,

immune system
and environment
underlies multiple
diseases

Ananthakrishnan, A. N. (2015) Epidemiology and risk factors for IBD
Nat. Rev. Gastroenterol. Hepatol. doi:10.1038/nrgastro.2015.34



Microbiota (all the microbes)/Microbiome (all the
genomes) are implicated in human disease

Behaviour

Synaptic connectivity |
Anxiety 1
Pain perception 1

o~

\
Antibiotics : Lifestyle

Intestinal function \ \ / /

Metabolism
Energy expenditure |
Nutrient accessibility 1

Hygiene

Short-chain fatty acids 1 GALT maturation 1 l’:’ge'i""““""y ( Immunodeficiency
Adiposity 0 Tissue regeneration 1 1L12 T [Alumd’ inal microbi ] S = lr:glgz
Gut motility 1 \_TNF ) . o E
Permeability | / \
Intestinal vessel %; Chronic +———  Metabolic b4
formation & e =

% inflammation dysfunction /

Bone homeostasis & (| \
T,17 cells i h 7 i/‘
TNF in colon and bone ! ] (
Osteoclastogenesis 1 f k- P
Bone mass ! Il J

TF glycosylation
L-Thrombin cleavage
L>PAR1 activation
L-TF phosphorylation
LANG1 expression
L-Vascularization

Sommer & Backhed (2013) The gut microbiota — masters of host development
and physiology, Nature Reviews Microbiology PMID: 23435359




Microbiota, Health, and Cancer

How to measure the microbiota

Describe key examples of microbiota regulation of health: colonization resistance,
immune system development, hematopoiesis, vaccines, barrier repair, breakdown of
dietary components and drugs

Describe microbial metabolites (eg SCFA) that regulate host functions

Describe contribution to disease states: alteration in community abundance in
inflammatory disease

Microbiota and tumors: drivers, dysbiosis, therapies, outcomes
Keeping the microbiota in mind (more work to be done)



In the average adult are
100 trillion human cells
and 1,500 trillion
microbes.

At best you are little
more than 10% you.

We're all just

petri dishes
with shoes.
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Bacteroidetes and Firmicutes Dominate Intestinal Microbiome

Phylum Class-Order Family-Genus % Cecum | ProximalLl| DistalLl Stool % | Luminal | Mucosal

Unknown-Unknown
Ruminococcaceae-Unknown
Ruminococcaceae-Faecalibacterium
Clostridia-Clostridialesd Ruminococcace.ae»Anaerotruncus
——Lachnospiraceae-Unknown 80

o - Lachnospiraceae -Lachnospiraceae Incertae Sedis
Firmicutes- — Lachnospiraceae-Coprococcus
Lachnospiraceae-Butyrivibrio
Bacilli-Lactobacillales —————————— Lactobacillaceae-Lactobacillus
Deferribacteres - Deferribacteres-Deferribacterales ———————— Deferribacteraceae-Mucispirillum
Unknown-Unknown —————— Unknown-Unknown
Unknown-Unknown
Rikenellaceae-Unknown
Bacteroidetes- - Rikenellaceae-Marinilabilia
Rikenellaceae-Alistipes
Prevotellaceae-Xylanibacter
Prevotellaceae-Unknown
Prevotellaceae-Prevotella
Porphyromonadaceae-Unknown
Porphyromonadaceae-Parabacteroides
Bacteroidaceae-Bacteroides

Unknown ———— Unknown-Unknown Unknown-Unknown

80

60 60

40 40

L— Bacteroidetes-Bacteroidales

20 20

0
Hill DA, Artis D. 2010. Annu. Rev. Immune. 28:623-67



Cultural/Geographic Region Affects Microbiome
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Significant Interpersonal Variation in Microbiota
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Microbiota

p Compete with pathogens

0o
% ——3 Metabolism - Space
- Break down of indigestible carbohydrates - Nutrients
- Provide essential nutrients - Secrete anti-microbial factors
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Colonization Resistance

Microbiota protect through nutrient competition
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Microbiota Segmented Clostridia Bacteroides fragilis
filamentous o
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- Immune system
development
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- Anti-Inflammatory




Microbiota Regulation of Immune System Development and Function

Mesenteric lymph node
in conventional mice:

Numerous B cell follicles

Mesenteric lymph node
in germ free mice:

No B cell follicles

BAUER H, HOROWITZ
RE, LEVENSON SM,
POPPER H. 1963.The
response of the lymphatic
tissue to the microbial
flora. Studies on germfree
mice. Am J Pathol.
42:471-83.



Immune

Defects in

germfree
Animals
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Immunological defect

Development of small
intestine

Development of mesenteric
lymph nodes

CD8' T cells
CD4' T cells
CD4'CD25' Tcells

Expression of angiogenin 4
Expression of REG3y
Production of secretory IgA
Levels of ATP

Expression of MHC class I
molecules

Expression of TLR9
Levelsof IL-25

Site

Peyer’s patches

Lamina propria

Germinal centres

Isolated lymphoid follicles

Germinal centres

Intestinal epithelial
lymphocytes

Lamina propria
Mesenteric lymph nodes

Paneth cells
Paneth cells
B cells
Intestine

Intestinal epithelial cells

Intestinal epithelial cells
Intestinal epithelial cells

Phenotype in germ-free mice compared with
conventionally housed mice

Fewer and less cellular
Thinner and less cellular
Fewer plasma cells
Smaller and less cellular

Smaller. less cellular and with fewer plasma cells
Fewer cells and with reduced cytotoxicity

Fewer cells: decreased T, 17 cellsin the smallintestine
butincreased T, 17 cells in the colon

Reduqed expression of FOXP3 and reduced suppressive
capacity
Reduced
Reduced
Reduced
Reduced
Reduced

Reduced
Reduced

FOXP3, forkhead box P3; 1L-25, interleukin 25; REG3y: regenerating islet-derived 3y; T 17, T helper 17; TLRY, Toll-like receptor 9.

Round & Mazmanian.
The gut microbiota
shapes intestinal
immune responses
during health and
disease. Nature
Reviews Immunology
9, 313-323 (May 2009)
| doi:10.1038/nri2515



Microbiota Regulation of Hematopoiesis

NOD2L

SPF GF

Iwamura (2017) Blood,
PMCID: PMC5234217

common
hematopoietic =~ multipotential lymphoid NOD1L
stem cell progenitors progenitors 804 . 60 1
8 . 8 - 08 _ 60- 45 -
o & c
2 ° D 40- 30
o _ 061 o 2
EQ ‘lee ¢
g% o . 04 %. 204 15
T 24 e % 2{ e@
o L~ P % 0 0-
® ) SPF GF
Oty T 0-— T 0.0 = T Peptidoglycan (G+ cell wall component)
SPF  GF SPF  GF SPF  GF
LT-HSC ST-HSC MPP cLp cmp
1.5 8 104 _+ 1.5 4 80 - .
. - ~ e
6 = 8 6] — =B
Cell 1.01 ° 3 ® B 10- )
Og 1e o E‘El
number » & 4 1 40 -
(x10%) o.s-; =] 4'5. 0.5-* % -
eT I 3 :{¥ ¥ o¥ =
0 T T L) 0 T T T 0 T L} L) 0'0 L) T T 0 T T T
N2 RPN RPN O & SN
X X RO KRS KRS KR
&< & < & < & < &<
© L L L ®
GF mice GF mice GF mice GF mice GF mice



Microbiota as a Vaccine Adjuvant

- Trivalent inactivated influenza vaccine (TI1V): subunit - Loss of responses in antibiotic
vaccine, HA from 3 flu strains, unadjuvanted treated in inactivated polio but
not adjuvanted vaccines or live-

- Earlier work: in humans found correlation between higher
attenuated yellow fever

TLR5 expression and flu vaccine responsiveness
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Microbiota as a Vaccine Adjuvant

- Cholera toxin: mucosal adjuvant (responsible for diarrhea associated with cholera)
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Microbiota Improves Barrier Repair After Intestinal Injury

Dextran sodium sulfate (DSS):
- chemical model of colitis
- causes epithelial damage

100 B8 S-$-¢-§ 100 To0
80 80 80
© ©
2 2 ©
S 60 S 60 Z 60
S ] b
w (] =]
X 40 X 40| _o-NoAbx+DSS "3 40
—=-ANNM + DSS > SEEBES
20 —e—MyD88-/- 20 —-o—-N/M + DSS 20| —«—Comm.depl. +DSS
——TLR4-/- VM + DSS ——Comm. depl. + DSS + LPS
—-TLR2-/- 0 —o—Comm. depl. + DSS + LTA
0
3 6 9 12 15 18 21 3 6 9 12 15 18 21 0 3 6 9 12 15 18 21
Day Day Day

Rakoff-Nahoum (2004)
Cell PMID: 15260992



Microbiota Directly Impacts Health of Epithelial Cells

- Short-chain fatty acids (SCFAs), primarily acetate, propionate and butyrate:
product of bacterial fermentation by obligate anaerobes (Firmicutes, Bacteroidetes,
and Clostridium)
- Energy salvage: primarily
breakdown of undigested dietary carbohydrates (fiber),
mucus, and sloughed epithelial cells.
contribute 5-15% of human total caloric requirements
- Energy source
Butyrate: epithelial cells,
Acetate: muscle and adipose tissue
-Signal through receptors: GPR109 (butyrate), GPR43 (acetate/proprionate)
Butyrate can activate transcription as a HDAC inhibitor
*Multiple beneficial effects: anti-inflammatory, epithelial barrier, Tregs, macrophage microbial
killing, satiety (regulates GLP-1), and oxidative stress**



SCFA Butyrate is an Energy Source for Colonic Epithelial Cells
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Donohoe et al. (2011) Cell Metabolism. PMID: 21531334



SCFA Protect from Inflammatory Disease
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Microbiota Metabolize Xenobiotics
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Microbiota Metabolize Xenobiotics: Meat-metabolizing bacteria in atherosclerosis

Gut microbiota

Peptostreptococcaceae
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. ?@'3-? — 7 A
(&; TMA TMAO Atherosclerosis
T —— ’ \J ‘ \ / :“: ’:?'.,\
\ A )
Omnivorous humans produced ,’ ~ - “ proatherogenic
more TMAO than vegans/ " —3
vegetarians following ingestion of " g
L-carnitine y 7 [- B
Lol 'j |
- , . £ 7 -,
Specific bacterial taxa in human ; /X
feces associate with plasma ™ /"'

TMAO concentration and dietary
status. Koeth, Nature Med (2013) PMID: 23563705



Changes in
Microbiota
Composition are
Associated with
Human disease

Baptista et al (2020)
Frontiers in Nutrition.
https://doi.org/10.3389/f
nut.2020.00017



Changes in Microbiota Composition are Associated with Disease

Health/Homeostasis




Dysbiosis Is
Associated

With Human
Disease: IBD

Percentage of bacteria in gut habitat
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Other
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Peterson Cell Host
Microbe 2008



Dysbiosis is Associated With Human Disease: RA

Prevotella dominates the intestinal microbiota in Rheumatoid Arthritis (RA)

Healthy New Onset RA
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L 80 L 80
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5 20 S 20
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. Prevotella . Bacteroides

Scher*, Sczesnak*,
Longman* et al eLife 2013
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Dysbiosis in disease: v Animal models support both:
- Increased mucosal-associated bacteria Does dysbiosis support Inflammatory environment
disease or does disease supports microbiota shift

- Outgrowth of pathobionts eg proteobacteria

. . support dysbiosis? Microbial shifts can cause disease
- Loss of anti-inflammatory microbes

(Bacteroidetes, Lachnospiraceae and
Faecalibacterium prausnitzii)



Diagnosis

Prognosis

What About
Cancer?

Relative abundanc

Recurrence

No detectable /|
disease

Micro- ﬁ
metastases 7

Sepich-Poore (2121)
Science. PMID: 33766858




Microbiota
Association
with Multiple
Types of
Human
Cancers
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Microbiota Associated with Colorectal Cancer

a Loss of barrier function

Bacterium
o
="

— Epithelial cell

pAflin

Elinav (2013)
Nat Rev Cancer
PMID: 24154716



Microbial Drivers of Cancer

11 microbes are identified by the International Association for Cancer Registries as

human carcinogens

Epstein Barr virus
Hepatitis B virus
Hepatitis C virus

Kaposi Sarcoma
herpesvirus

HIV-1

Human Papillomaviruses
Human T-cell Lymphotrophic virus type 1

Opisthorchis viverrini and Clonorchis
sinensis (flatworms)

Schistosoma haematobium
Helicobacter pylori

These account for ~13% of global cancer cases

IARC Monogr Eval Carcinog Risks
Hum. (2012) PMID: 23189750
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Intra-Tumoral
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Microbial Signatures in Blood May Reveal Cancer Presence

18,116 total samples
10,481 total patients
33 cancer types

No FFPE indicator No ICD10 codes

No race or ethnicity

No known DNA/
RNA analyte yields

17,625 remaining samples
10,183 remaining patients —l

32 cancer types (LAML removed)

/

SNM pipeline

ML microbial
signatures

Poore (2020). Nature. PMID: 32214244

Decontamination
pipeline

Host Microbial Cancer-associated
DNA DNA microbial DNA

|
Tissue/tumour 1 f’f
sample

Healthy Cancer

Blood
sample

\/

Al models detect cancer-assoclated
microbial signatures

Ajami (2020) Nature. PMID: 32161344



Intratumoral microbes

* (Genotoxins increase mutations

Activate pro-tumor survival or proliferation

Suppress anti-tumor immunity

Drug resistance through microbial metabolism

As therapies:

- Can we selectively target intratumor specific microbes?

- if there are specific tumor homing microbes, can we target them to tumors to
deliver drugs (anti-cd47) to avoid systemic toxicity?



Better Outcomes: Microbiota Diversity Supports HSCT

8767 fecal samples obtained from 1362 patients, 4 sites

B Overall Survival — Cohort 1

C Overall Survival — Cohort 2
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Better Outcomes: Microbiota Diversity Supports HSCT
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How does a diverse microbiota help?

Immune stimulatory (including mylo/lymphopoiesis)
Nutritional benefits
Radiation resistance

etc... Schluter (2020) Nature
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Predicting Outcomes: Microbiota and Checkpoint Therapy

c all cancer 100, all cancer (overall mouse
197\ (progression free) wedian prs i survival)  wmedianos
2. 1 NOATB: 4.1 mo NoATB: 20.6 mo
PD-1blockade PD-1blockade &S 80— AlR3Bma S| BIE LS 000 sarcoma
= =0. B X
NONRESPONDER RESPONDER = 2=
Qa O S 60~ <
O O > £ 200
To x5 v ET
= P 40 X8
S S= <N
] [ oz
OG5 (&} bl — S 5 100
2P 22, £
29 Z 3 204 2
f=
o - o n=10
[ E o 5 10 15 20 25
) . T T T T T T 1 f T T T T T T T 1 Days after tumor inoculation
1 Bifidobacterium 0 6 12 18 24 30 36 0 6 12 18 24 30 36 42 48
T Akkermansia 180 66 27 16 7 6 4 180 135 68 41 18 14 11 6 4
? Faecalibacterium 69 16 6 2 0 0 0 % Wor e N.% o 9 » 100+
. Months Months
= 80+
Tumor %Y &2 ,,
0E
SERE
o o) <5
v - o@ ]
=%
2
S 20
PD-1 blockade
n=14-15
T 0 2'0 4'0 6'0 BIO
mié‘g‘g;"/‘mg‘\#‘:m Days after tumor inoculation

Wat | -O- Iso Ctrl
€| o oPD-1

- Iso Ctrl
1 CD4* T, cells T CD8* Tcells ATB |

Antitumor response Antitumor response -4 oPD-1
POOR EFFECTIVE

Routy 2018 Science PMID: 29097494
Jobin (2018) Science, PMID: 29302001 —No ABX =——No ABX



Predicting Outcomes: Microbiota and Checkpoint Therapy

I Enriched in R: Objective response (PR and SD)
N Enriched in NR: Objective response (PD or death)

CAG00301, 3187 Akkermansia muciniphila I

CAGO0453, 1942, unclassified INE———
CAG01245, 780, Firmicutes N

CAG00469, 1928, Eubacterium sp. CAG:146

CAGO0871, 1362, Lachnospiraceae I
CAG01090, 1026, unclassified Firmicutes I
09, Erysipelotrichaceae bacterium 5_2_54FAA .

CAGO0134, 2690, Cloacibaciflus porcorum IEE——
CAG00347, 2087, Enterococcus faecium I
CAG00363, 2056, Intestinimonas N
CAGO01227, 815, unclassified N
CAGO0821, us| unclassified Clostridiales N
CAG00646, 1668, Alistipes N
CAG01223, 819, unclassified Firmicutos N
CAGO00355, 2067, Bacteroides sp. CAG:661 I
CAG00328, 2113, Alistipes indistinctus I
G00966, 1209, Firmicutes bacterium CAG:552 N
CAGO0892, 1324, Firmicutes I
CAG00530, 1821, Prevotelia IS
19, I

2019,
CAGO0676, 1643, unclassified Firmicutes I
CAG01308, 666, unclassified Firmicutes

CAG01112, 1003, unclassified Clostridiales
I C/G01004, 1161, Prevotella
I CAGO0960, 1213, Clostridium sp. CAG:921
I CAGO0658, 1661, unclassified Firmicutes
I CAG00473, 1920, Prevotella sp. CAG:617

I CAG00308, 2153, unclassified
I CAGO1161, 934, unclassified

N CAGO00137, 2673, Clostridiales
I CAGO0048_1, 1403, Clostridiales

I CAG00008, 6646, Clostridium bolteae

N CAG00211, 2389, Fimicutos bacterium CAG:227
N CAG00168, 2534, Clostridiales bacterium VE202-14
I CAGO01214, 832, Blautia
I CAGO00175, 2509, Bacteroides clarus
I CAG00835, 1444, Proteobacteria

I CAG00065, 3272, Blautia

I CAGO00116, 2783, Bacteroides nordii
I  CAG00141, 2649, Parabacteroides distasonis
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Predicting Outcomes: Microbiota and Checkpoint Therapy

metastatic melanoma
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Predicting Outcomes: Microbiota and Checkpoint Therapy
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Fecal Microbiota Transplant Improves Outcomes in Anti-PD1
Resistant Melanoma Patients

Best Response Recipient 9-12 24 weeks
Donor Study ID  to Prior Anti-PD-1 Study ID Weeks (6 months)
PT-18-0014 PD PT-19-0026 i
PT-18-0014 PD PT-19-0024 ©® Progressive Disease
PT-18-0002 PD PT-19-0023 u Stable Disease
PT-18-0031 PD PT-19-0013 A Response (Complete or Partial)
PT-18-0008 PD PT-19-0010
PT-18-0008 PD PT-19-0009
PT-18-0014 PD PT-19-0007
PT-19-0011 PD PT-19-0006
PT-18-0006 PD PT-19-0002 —
PT-18-0005 PD PT-19-0001 '
PT-18-0008 PD PT-18-0034 3
PT-18-0008 PD PT-18-0033 H
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Months Post FMT

Davar, Dzutsev (2021) Science PMID: 33542131

A

Native microbiota depletion phase
(Days -3 to -1)
PO Vancomycin 500mg + Neomycin 100mg géh;
During last 15 hours - PO PEG-based diarrhea
solution

l

Colonoscopy FMT (Day 0)

Orally ingested Capsulized FMT (Day 1)

|

Maintenance Capsulized FMT
(Day 12)

l

Anti-PD-1 therapy (Day 14)

After completion of combined cycles - treatment
continues as anti-PD-1 monotherapy (Day 90)

Repeated
combined
cycles of
maintenance
FMT and anti-
PD-1every 14
days for total of
6 cycles
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How Do Microbes Improve Checkpoint Blockade?

5004 -0~ Untreated 1400 =&~ aPD-L1, Efs, Nod2" Intestinal lumen Tumor
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crosslinked fragments %Inosme —~ CDE'T cell

- |dentified conserved hydrolase (SagA) J g Lo

- Overexpress SagA, bacteria now improves outcome “muciniphita ) TA
(nod2/MDP) APC, antigen presenting cell; CTLA-4, cytotoxic Tlymphocyte protein 4 IFR-y, interferon-y; | L-12, inerleukin-12:

PD-1, programmed cell death protein 1; SagA, secreted antigen A
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So How Do We Use the Microbiota to Improve Outcomes?

-

Longitudinal cancer cohorts
(pre- and post-therapy)

|

(@+]+8)]

Multiregion sampling with
microbiological controls
(longitudinal when possible)
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