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1683: First observation of commensal microbes (the microbiota)

On September 17, 1683 Antonie van Leeuwenhoek wrote to the Royal Society in
London about observations on the plaque between his own teeth with his
homemade microscope:

“I then most always saw, with great wonder, that in the said matter there
were many very little living animalcules, very prettily a-moving”.



Leeuwenhoek
Microscope
(circa late 1600s)
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We can culture only a fraction of the
bacterial species that live in our body

Noture Reviews | Microbialogy

High throughput DNA sequencing



Humans have co-evolved with microbial partners
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We are a composite of species: bacteria, archea,
protozoa, fungi, viruses, bacteriophages

Commensal microorganisms

inhabit all barrier surfaces of our organism
are at least as numerous as human cells

their DNA (the microbiome) contains 100 times
more genes than our ‘own’ human genome




Humans are metaorganisms
composed of the large host
(human) cells and commensal
microbial cells

The commensal microbiota is
indispensable for the survival of
the metaorganism and the cross-
talk between the host and its
microbiota regulates many
physiological functions.

Nature Magazine - 14 June 2012



Changes in our microbiota...
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(genetics accounts
for between 1 to
8% of microbiota
diversity)

Dysbiosis: a microbiota
imbalance that may be
associated with illnesses
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Immune response to Behavior and Development of

respiratory viruses, cognitive the immune
Allergy functions system

'STEMIC
FFECTS

Innate and
adaptive skin
immunity

Metabolism

(Obesity, metabolic Autoimmunity

Naik S, ...., Trinchieri G, Segre JA, Belkaid Y. . . .
. . . sderome insulin re5|stance|)s
Compartmentalized control of skin immunity’by resilent cominiensa

Science. 2012;337:1115-9



Cancer as a disease of the human metaorganism
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Cancer, Inflammation & the Microbiota
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Rous Sarcoma Virus

Rous Sarcoma Virus induces tumors in adult birds
at the site of injection or injury but not in sterile
embryos even if the cells in the embryo express
the Src viral oncogene and show a transformed
phenotype when cultured in vitro.

Bissell MJ, Hines WC (2011) Why don't we get more cancer?
A proposed role of the microenvironment in restraining
cancer progression. Nat Med 17: 320-9

Dolberg DS, Bissell MJ (1984) Inability of Rous sarcoma virus
to cause sarcomas in the avian embryo. Nature 309: 552-6

Dolberg DS, Hollingsworth R, Hertle M, Bissell MJ (1985)
Wounding and its role in RSV-mediated tumor formation.
Science 230: 676-8
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The microbiota affects cancer cell genetic stability and proliferative pathways as

well as inflammation and immunity in the tumor microenvironment
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Fusobacterium nucleatum is present at higher frequency in the colon of CRC patients
and particularly in the tumor area where it may form microfilms.

activation of E-cadherin—B-catenin signalling via the adhesion protein FadA

>
» establishment of a pro-tumorigenic inflammatory microenvironment
» inhibition of antitumour immunity via the Fap2-TIGIT (T-cell immunoreceptor with Ig and

ITIM domains)
> upregulation of microRNA-21 to enhance cancer cell proliferation and invasion
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Colorectal carcinoma are enriched for biofilms harboring symbionts

with capacity for tumorigenesis
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Drewes JL, White JR, Dejea CM, Fathi P, Iyadorai T, Vadivelu J, Roslani AC, Wick EC,
Mongodin EF, Loke MF, Thulasi K, Gan HM, Goh KL, Chong HY, Kumar S, Wanyiri
JW, Sears CL. 2017. High-resolution bacterial 16S rRNA gene profile meta-analysis
and biofilm status reveal common colorectal cancer consortia. NPJ Biofilms
Microbiomes 3: 34



Colorectal carcinoma are enriched for biofilms harboring symbionts
with capacity for tumorigenesis

Biofilm-positive samples were stained with DAPI (blue) and probes against four bacterial membership groups:
Fusobacterium ( ), Bacteroidetes (green), Lachnospiraceae (red), and Proteobacteria (magenta).

Drewes JL, White JR, Dejea CM, Fathi P, Iyadorai T, Vadivelu J, Roslani AC, Wick EC, Mongodin EF, Loke MF,
Thulasi K, Gan HM, Goh KL, Chong HY, Kumar S, Wanyiri JW, Sears CL. 2017. High-resolution bacterial 16S
rRNA gene profile meta-analysis and biofilm status reveal common colorectal cancer consortia. NPJ Biofilms

Microbiomes 3: 34



Intratumoral bacteria: Pancreatic Ductal Adenocarcinoma (PDA)

Intratumor bacteria, primarily
Gammaproteobacteria, inactivate the

chemotherapeutic drug gemcitabine by

expressing the enzyme cytidine
deaminase.

NH->
B
N @)
O
F
OH F
Geller, L. T., ... R. Straussman. 2017.
Potential role of intratumor bacteria in
mediating tumor resistance to the

chemotherapeutic drug gemcitabine.
Science 357: 1156-1160.
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PDAC long-term survivors display high tumor
microbial diversity and immunoactivation

A PDAC tumoral microbiome signature predicts
PDAC long-term survival

The gut microbiome modulates the PDAC
tumor microbiome landscape

Fecal microbial transplants can modulate
tumors immunosuppression and growth

Riquelme, ... F. McAllister. 2019.

Tumor Microbiome Diversity and Composition
Influence Pancreatic Cancer Outcomes.

Cell 178: 795-806.e712.

Pushalkar, S., M. ..... G. Miller. 2018.

The Pancreatic Cancer Microbiome Promotes Oncogenesis
by Induction of Innate and Adaptive Immune Suppression.
Cancer discovery 8: 403-416.

Intratumor microbiome drives suppressive monocytic cellular differentiation in
pancreatic cancer via selective Toll-like receptor ligation leading to T-cell anergy
Targeting the microbiome protects against oncogenesis, reverses intratumoral
immune tolerance, and enables efficacy for checkpoint-based immunotherapy



Intratumoral bacteria: Lung Microbiota and Cancer

= Shannon index [3.35,3.81) =~ [3.81,4.13) * * [4.13,5.20]
toof - — * Higher microbiome a-diversity in normal lung tissue (but not tumor tissue) of
: Lower alpha-diversity NSCLC patients was associated with reduce disease-free survival
fg_’oﬁ ¥ | * The presence of Koribacteraceae was associated with increased survival,
8 L whereas greater abundance of families Bacteroidaceae, Lachnospiraceae, and
goso 'l k Ruminococcaceae were associated with reduced survival
g 0501 i
g i;:-_-:;:-_; _______ — Peters, B. A., ...J. Ahn.2019. .
o] . The Microbiome in Lung Cancer Tissue and Recurrence-Free Survival.
o s Il P T 51 B - : Cancer Epidemiol Biomarkers Prev 28: 731-740.
Higher alpha-diversity
0.004
0 1,000 2,000 3,000 4,000
iy e Lngcancer | © Depletion of commensal microbiota
suppresses lung adenocarcinoma
* This study of 142 lung cancer patients and 33 healthy development induced in mice by Kras
control showed both microbiome-gene and L mutation and p53 loss
microbiome-exposure interactions in lung cancer g _,"_‘\. . * Lung cancer development is associated
tissue. - ‘ﬁt;w with local dysbiosis and inflammation
* Specifically, squamous cell carcinoma harboring TP53 & i 2 e * Microbiota drive proliferation and
mutations, which can impair epithelial function, have - @ Y die activation of Vy6+Vd1+ T cells in lung
a unique bacterial consortium that in smoking- 4 o "}._‘;-'-ti’é cancer
associated tumors shows higher relative abundance -l . 10 T cells promote neutrophil
of certain species such as Acidovorax. infiltration and tumor cell proliferation

Jin, C., ...T. Jacks. 2019.
Commensal Microbiota Promote Lung Cancer Development via gammadelta T Cells. Cell 176: 998-
1013.e1016.

Greathouse, K. L., ...C. C. Harris. 2018.
Interaction between the microbiome and TP53 in human lung cancer.
Genome biology 19: 123.
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Lack of IL-18R signaling in CD11b* myeloid cells induces a transmissible

dysbiosis that affects both tumor initiation and promotion

Myd88 or IL18r deficiency
in myeloid cells
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Host genetics may affect the mouse phenotype by modifying the

composition of the microbiota

Genetically altered
mouse ‘
(e.g. MyD88-/-,

TLR5-/-, IL-18-/-)

Phenotype
(e.g. spontaneous colitis,
susceptibility to inducer of
colitis and carcinogenesis,
tumor growth, response to anti-
cancer therapy, response to
vaccination)

Bacterial
Dysbiosis

Virus infection
(e.g. norovirus)

Reactivation of endogenous
retroviruses (ERVs) (lymphomas,
mouse)
or
Pro-inflammatory
ERV transcript
(humans)

Mycosis = Oral and esophageal
carcinogenesis
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Protozoan parasites
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Is the response to cancer therapy regulated by

the commensal bacteria?
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Is the response to cancer therapy regulated by commensal bacteria?

Systemic anti-IL-10R + Intratumor CpG-OGN immunotherapy
Platinum compound (oxaliplatin, cisplatin) chemotherapy
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Noriho lida, Amiran Dzutsev, C. Andrew Stewart, ......... Giorgio
Trinchieri, Romina S. Goldszmid

Commensal bacteria control cancer response to therapy by
modulating the tumor microenvironment

Science, 2013; 342:967-70



Antibiotics (ABX) suppress the anti-tumor effect of immune and chemo therapy
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Antibiotics (ABX) suppress TNF-mediated early necrosis of the tumor and

decrease inflammatory cytokine production following anti-IL-10R/CpG

ABX decrease TNF and IL-12 production by tumor-
infiltrating myeloid cells following alL-10R/CpG
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alL-10R EER H,O0all-10R/CpG
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BB H,O untreated
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ABX impair oxaliplatin therapy by preventing production of ROS from NOX2 + myeloid

cells that is required for DNA damage after formation of platinum DNA adducts

Platinum
compounds

N
DNA DAMAGE
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Microbiota taxonomic identification in cancer patients may be affected

by geography, disease and sequencing technology
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Melanoma patients have different microbiota composition than healthy donors

and both alpha and beta diversity change with disease progression
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Associations of OTC probiotic use with features of the gut microbiome

and response to melanoma therapy
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NCT03341143: Fecal Microbiota Transplant (FMT) in Melanoma Patients.

University of Pittsburgh

12 anti-PD1 refractory patients have been transplanted with i i ] ] ]

the fecal microbiome from responsive patients and treated We are w.oTkmg with the Ufuver:sny ?f P|ttsburgh. b-y ]
again with pembrolizumab®: characterizing the ch.anges in microbiota <.:omp05|F|on in
the transplanted patients by metagenomic analysis and
testing the transplanted microbiomes in gnotobiotic
mice in conventional conditions or following diet
alterations.

Enrolled: 12; Evaluable: 8
Best Response: 1 PR,1CR,5SD, 1PD
Current Response: 1 PR, 1 CR, 2SD, 4 PD

NCT03353402: Fecal Microbiota Transplantation (FMT) in Metastatic Melanoma Patients
Who Failed Immunotherapy. Sheba Medical Center Tel HaShomer, Israel

NCT03341143: Fecal Microbiota Transplant (FMT) in Melanoma Patients. University of
Pittsburgh

NCT03772899: Fecal Microbial Transplantation in Combination With Immunotherapy in
Melanoma Patients (MIMic). Lawson Health Research Institute, London, CA

AACR April 2019 General Meeting

Patient 1: PR (7 months)
Patient 2: PD
Patient 3: PR (2 months), PD

P4

Fecal transplants could helb patients on cancer
immunotherapy drugs
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Sheba Medical Center in Ramat Gan, Israel



NCT03341143: Fecal Microbiota Transplant (FMT) in Melanoma Patients.

University of Pittsburgh

Phase Il Feasibility Study of FMT in PD-1 Resistant Melanoma
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NCT03341143: Fecal Microbiota Transplant (FMT)

in anti-PD1 refractory Melanoma Patients. University of Pittsburgh
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Enrolled: 12; Evaluable: 8
Best Response: 1 PR,1CR,5SD,1PD
Current Response: 1 PR, 1CR, 2SD, 4 PD



NCT03341143: Fecal Microbiota Transplant (FMT) in Melanoma Patients.

Metagenomic analysis of microbiome in donors and recipients
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NCT03341143: Fecal Microbiota Transplant (FMT) in Melanoma Patients.

Testing FMT donors in gnotobiotic mice

Responder patients as FMT donors

Donor 1 Donor 3 Donor 6
2000+ PT-18-0002 2000 PT-18-0005 2000+ PT-18-0008
& 4500/ = 'so Cir 7 “ 1500 - Isa Ctrl “ 1500 -== Iso Ctr
Germ_free m|Ce E - Anti-PD1 £ -+ Anti-PD1 - £ -+ Anti-PD1
£ 1000, 1000+ & 1000
5 500-] E 500-] E 500
O T T 1 O T T 1 O i T T 1
0 5 10 15 0 5 10 15 0 5 10 15
Days after freatment Days after treatment Days after treatment
2 recipients: 2 recipients: 4 recipients:
-PD (PT-18-0017) -SD to PR (PT-18-0007) -SD to PD (PT-18-0033)
-SD to PD (PT-18-0018) -PD (PT-19-0001) -SD to SD (PT-18-0034)
-pending (PT-18-0009)
-pending (PT-18-0010)
Non-responder patient as FMT donors
Donor 5
Humanized gnotobiotic mice 4000 TPF-18-195
% 30004 - Iso Ctrl
E -+ Anti-PD1
& 2000-
5 1000
0

0 5 10 15 20 ] .
Days after treatment Marie Vetizou



Effect of dietary fiber intake on anti-PD1 Response

Effect of high/low fiber diet on anti-
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Effect of dietary fiber intake on anti-PD1 Response
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4 \ Scene from Federico Fellini’s “E la nave va” (1983)

\\! Response to anti-PD1 L2
\\ cancer immunotherapy ///

IT IS LIKE WATCHING A FELLINI’'S MOVIE:
. . . . . . SOMETHING CLEARLY IMPORTANT IS HAPPENING
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Previous treatments _J - €TPoSon diversity prediction of response and stratification of patients

v Identification of favorable microbiomes for fecal transfer
Unfavorable from responder patients or healthy donors

gut microbiome

Favorable
gut microbiome

v' Identification of consortia of commensal bacteria that
favor a clinical response

v Identification of perturbations (diet, prebiotics, etc.) able
to induce or maintain a favorable microbiome
composition

v’ Identification and therapeutic use of bacterial
metabolites enhancing anti-tumor immunity

cancer immunotherapy

§\\/‘,\</ Response to anti-PD1 \\/I\e//é

v’ Targeting molecular pathways by which the host-

Mouse and, in part, clinical studies have established an microbiome cross-talk enhance the anti-cancer response

important modulating role of the gut microbiome composition
on the immune-checkpoint inhibition cancer therapy
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