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Microbes are ubiquitous and have beneficial affects

Microbiota: microorganisms (bacteria, archaea, protists,
fungi and viruses) of a particular habitat or period.
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Microbiome: the combined genetic material of the
microorganisms in a particular habitat or period.

Human Microbiota

Nature Special Issue % . _ ‘%“ % % ‘ﬂq\
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Microbiota / microbiome encode unique biological activity to modulate health and disease.
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Microbiota are important for host physiology, disease and therapy

Microbiota
* 4 x 1013 of bacteria/colon ~ 3 x 1013 host red blood cells.

» ~1023 bacterial species per individual.

* microbiome (>500K genes) vs human genome (~20K genes)

A A

Microbiota * unique genes, proteins and metabolites.

Therapeutics ' """""""""" - varies: location, individuals, age, diet and drugs.
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* Immunity ---> Infection, Inflammatory diseases, Cancer
Infection e - Behavior ---> Neurological disorders
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@ S - 3 Drug Metabolism and Immunotherapy

Microbiota (bacteria, fungi, viruses) encodes unique activity, but are complex, heterogenous and dynamic.
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Microbiota in the News and in Museums

Could a Gut Bacteria Supplement
Make Us Run Faster?

Running a marathon ramps up levels of a gut bacteriathat made
micerun faster, but it'sunclear whether it would work in people.

= 4[] @ New York Times 2019

Microbiome Exhibit @
American Natural History Museum 2018

Need to understand the functions of specific microbiota species on human health!
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Microbiota and microbiome studies at Scripps Research

Can Medicines that Alter the
Microbiome Prevent
Cardiovascular Disease?
Speaker:

Reza Ghadiri, PhD

Professor
Department of

THURSDAY, NOVEMBER 12, 2020

00 Scripps Research Register at frontrow.scripps.edu

ARTICLES .

https://doi.org/10.1038/541587-020-0549-5 blOtechnOIOgy

M) Check for updates

Directed remodeling of the mouse gut microbiome
inhibits the development of atherosclerosis

Poshen B. Chen’, Audrey S. Black’, Adam L. Sobel', Yannan Zhao', Purba Mukherjee’,

Bhuvan Molparia?3, Nina E. Moore', German R. Aleman Muench?, Jiejun Wu?#, Weixuan Chen?,
Antonio F. M. Pinto, Bruce E. Maryanoff', Alan Saghatelian ©%, Pejman Soroosh?, Ali Torkamani®?23,
Luke J. Leman®'™ and M. Reza Ghadiri®"6X

Chen PB et al (Ghadiri lab) Nat Biotechnol 2020
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Michael G. Constantinides, Ph.D. Assistant Professor
Department of Inmunology & Microbiology @ Scripps

IMMUNOLOGY

MAIT cdls are imprinted by the microbictain
early life and promote tissue repair

Michael G. Constantinides, Verena M. Link, Samira Tamoutounour, Andrea C. \Abng,

P Juliana Perez-Chaparro, Seong-Ji Han, Y. Ein Chen, Kelin Li, Sepideh Farhat, Antonin Weckel,
Siddharth R Krishnamurthy, lvan Wijkovic-Cvijin, Jonathan L. Linehan, Nicoas Bouladoux,

E Dean Merrill, Sobhan Roy, Daniel J. Cua, Ein J. Adams, Avinash Bhandoda,

Tiffany C. Scharschmidt, Jeffrey Aubé, Michael A. Fischbach, Yasmine Belkaid*

Constantinides MG et al (Belkaid lab) Science 2019




Microbiota affects intestinal barrier, immune responses and therapy

Cancer therapies Microbiome Immune responses

Anticancer treatment Gut-resident commensals interacting The gut microbiota has systemic effects
modalities and co-medications with epithelial, stromal, endocrine, throughout the meta-organism via
(such as antibiotics) affect the neural, immune intestinal cells to secretion of anti-inflammatory

integrity of the epithelial regulate barrier functions and cytokine/chemokines, metabolites,
barrier. whole-body metabolism. antimicrobial and neuropeptides.

Reviewed in: Zitvogel L, Ma Y, Raoult D, Kroemer G, Gajewski TF Science 2018

Microbiota modulation of metabolism and immunity may also modulate efficacy of chemo- and immuno-therapies.
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Cancer immunotherapy is transformative, but not effective in all patients

Several methods are showing promise
in helping immune sentinels called
T cells to attack cancer.

CHECKPOINT INHIBITOR DRUGS

‘Checkpoint’ proteins block T-cell activity. Inhibitor drugs can
release the brakes on T cells at different stages.

Dendritic |

Cancer cell

Inhibitor

The CTLA-4 checkpoint protein
prevents dendritic cells from priming
T cells to recognize tumours. Inhibitor
drugs block the checkpoint.

2018 Nobel Prize in Medicine for James Allison and Tasuku Honjo
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The PD-1 checkpoint protein
prevents T cells from attacking
cancer cells. The inhibitor drug
allows T cells to act.
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Efficacy of cancer immunotherapy is correlated with microbiota composition

CANCER IMMUNOTHERAPY

Gut microbiome modulates response
to anti-PD-1 immunotherapy in
melanoma patients

V. Gopalakrishnan,** C. N. Spencer,””* L. Nezi,”* A. Reuben,' M. C. Andrews,’

T. V. Karpinets,® P. A. Prieto,’t D. Vicente,! K. Hoffman,* S. C. Wei,” A. P. Cogdill,™*
L. Zhao,® C. W. Hudgens,® D. S. Hutchinson,” T. Manzo,” M. Petaccia de Macedo,®t
T. Cotechini,® T. Kumar,” W. S. Chen,’ S. M. Reddy,'” R. Szczepaniak Sloane,’

J. Galloway-Pena,” H. Jiang,” P. L. Chen,®§ E. J. Shpall,'”> K. Rezvani,'> A. M. Alousi,"
R. F. Chemaly,"" S. Shelburne,”" L. M. Vence,” P. C. Okhuysen," V. B. Jensen,'?

A. G. Swennes,” F. McAllister,'* E. Marcelo Riguelme Sanchez,'* Y. Zhang,'*

E. Le Chatelier,"” L. Zitvogel,'® N. Pons," J. L. Austin-Breneman,’|| L. E. Haydu,"

E. M. Burton,' J. M. Gardner, E. Sirmans,"” J. Hu,'® A. J. Lazar,%? T. Tsujikawa,®
A. Diab,"” H. Tawbi,"" L C. Glitza,”” W. J. Hwu,"” S. P. Patel,"” S. E. Woodman,'”

R. N. Amaria,'” M. A. Davies," J. E. Gershenwald,! P. Hwu,'” J. E. Lee,! J. Zhang,*
L. M. Coussens,® Z. A. Cooper,"*7 P. A. Futreal,” C. R. Daniel,** N. J. Ajami,”

J. F. Petrosino,” M. T. Tetzlaff,%° P. Sharma,”® J. P. Allison,”

R. R. Jenq,*# J. A. Wargo?s**

Gopalakrishnan V et al (Wargo lab) Science 2018

CANCER IMMUNOTHERAPY

Gut microbiome influences efficacy of
PD-1-based immunotherapy against
epithelial tumors

Bertrand Routy,"””* Emmanuelle Le Chatelier,* Lisa Derosa,"*”

Connie P. M. Duong,>® Maryam Tidjani Alou,"">® Romain Daillére,"2

Aurélie Fluckiger,*?* Meriem Messaoudene,’? Conrad Rauber,">* Maria P. Roberti,"**
Marine Fidelle,"”>” Caroline Flament,"*” Vichnou Poirier-Colame, "> Paule Opolon,®
Christophe Klein,” Kristina Iribarren,®%'%"2 [ aura Mondragén,®-?:1-11:12

Nicolas Jacquelot,”** Bo Qu,">”* Gladys Ferrere,"** Céline Clémenson,""*

Laura Mezquita,'"'* Jordi Remon Masip,"'* Charles Naltet,'* Solenn Brosseau,'”
Coureche Kaderbhai,'® Corentin Richard,'® Hira Rizvi,"” Florence Levenez,*

Nathalie Galleron,* Benoit Quinquis,* Nicolas Pons,* Bernhard Ryffel,'®

Véronique Minard-Colin,''? Patrick Gonin,"2° Jean-Charles Soria,"'* Eric Deutsch,'*
Yohann Loriot,*'* Francois Ghiringhelli,"® Gérard Zalcman,

Francois Goldwasser,”>"** Bernard Escudier,""*** Matthew D. Hellmann,**>*
Alexander Eggermont,>'* Didier Raoult,2® Laurence Albiges,"**

Guido Kroemer,®%10:1112:27:28% | ayrence Zitvogel™ 2%

Routy B et al (Zitvogel lab) Science 2018

CANCER IMMUNOTHERAPY

The commensal microbiome is
associated with anti-PD-1 efficacy in
metastatic melanoma patients

Vyara Matson,'* Jessica Fessler,”* Riyue Bao,””* Tara Chongsuwat,” Yuanyuan Zha,*
Maria-Luisa Alegre,* Jason J. Luke,* Thomas F. Gajewski*t

Anti—-PD-1-based immunotherapy has had a major impact on cancer treatment but has
only benefited a subset of patients. Among the variables that could contribute to
interpatient heterogeneity is differential composition of the patients’ microbiome, which
has been shown to affect antitumor immunity and immunotherapy efficacy in preclinical
mouse models. We analyzed baseline stool samples from metastatic melanoma patients
before immunotherapy treatment, through an integration of 16S ribosomal RNA gene
sequencing, metagenomic shotgun sequencing, and quantitative polymerase chain
reaction for selected bacteria. A significant association was observed between commensal
microbial composition and clinical response. Bacterial species more abundant in
responders included Bifidobacterium longum, Collinsella aerofaciens, and Enterococcus
faecium. Reconstitution of germ-free mice with fecal material from responding patients
could lead to improved tumor control, augmented T cell responses, and greater efficacy of
anti-PD-L1 therapy. Our results suggest that the commensal microbiome may have a
mechanistic impact on antitumor immunity in human cancer patients.

Matson V et al (Gajewski lab) Science 2018

Immunotherapy-responsive cancer patients have unique microbiota.

Antibiotics impair immunotherapy efficacy in animal models.

Specific microbiota species may be important determinant(s) of immunotherapy efficacy in cancer patients.
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Microbiota transplantation can improve efficacy of cancer immunotherapy

CLINICAL TRIALS

Fecal microbiota transplant overcomes resistance to B . ores
L] ] L] 7’ r 3
anti-PD-1 therapy in melanoma patients -
(1]
@ 80 - 2
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DNA sequencing has also transformed microbiome studies

NR-Microbiota R-Microbiota

Extract DNA Sequence DNA
> >

oy Ty T

Microbiota (bacterial) species
Bioinformatics

“ O 00 = <

DNA sequencing allows comparative genomic analysis of microbiota samples.
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Microbiota studies are exciting, but still challenging to mechanistically dissect

Different microbiota species <---> cancer immunotherapy efficacy Key challenges in microbiota studies

Nonresponders (n = 26) Responders (n = 16)

I T o1, [los « Many microbes are host/disease-specific.
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Complex and highly variable microbiota composition between individuals is a major challenge.

THE FRONT ROW

at Scripps Research




Innovative approaches are need to dissect specific microbiota functions

Microbiota (diverse bacteria, fungi, viruses)

Infection *~—

X N
\\; N
b 1
R
RS \\

e Correlated with health and disease.

A A

Microbiota

Inflémfnion ° 4/ Y = « May functions as endogenous “adjuvants” to
AT A modulate host immunity.

 Need new approaches to dissect the functions
of specific microbiota species and factors.
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Dissection and translation of microbiota mechanisms @ Scripps Research

Chemical biology

Infection ® > Ho= o 0

Do
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Cell and structural biology

Mechanism(s)

. - oo Metabolites
Infl’almmatlon ® i/ M -t of action?
[ TN
JH
Microbiota « Animal models
Cancer —— —— M Q e =
)\ + Bacterial genetics
s *® New diagnostics
+ <

Therapeutic leads

Elucidation of specific metabolite and microbiota mechanism(s) of action may reveal new targets, therapeutic leads and biomarkers.
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Small animal models are useful for exploring specific microbiota species

1mm
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e MNeurons
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— Pseudocoelom

Basolateral surface epithelial cells-

Irazoqui JE, Urbach, JM, Ausubel F Nat Rev Immunol 2010

* Worms (C. elegans) interact with diverse microbes in their natural habitat.

* No adaptive immune system, but have innate immunity and share similar features to mammalian intestine.

* C. elegans can be colonized by different microbiota species and infected by diverse pathogens.
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Worms can be used to explore the activity of specific microbiota species

Pulsed infection assay:

1 day 1 day
e
survival
specific Control bacteria versus
microbiota Salmonella typhimurium (Stm)
Control bacteria; day 3 Control — Stm; day 3 E. faecium — Stm; day 3

Roundworms (C. elegans) provides an inexpensive animal model for exploring complex biology — microbiota mechanisms.
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High-throughput analysis of beneficial microbiota species (infection)

1 day 1 day
— @ —a— @ —
n = 30 Worms specific Control bacteria vs.
/ 96-well plate microbiota S. Typhimurium (Stm)
Score survival
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The Yin and Yang of Enterococcus

Enterococcus species

VANCOMYCIN-RESISTANT Gram-positive bacteria (Firmicutes), discovered in early 1900s
ENTEROCOCCI (VRE)

tHreaT LEVEL semous [, 40

.. 54 500 5 400 v ¢raoM “entero” and “cocci” — intestinal origin and morphology
) e

.y stimated attri t:qta_kzl__e_.
\I healthcare costs in 2017
Enterococci, a type of bacteria, can cause serious infections for patients in healthcare settings, including Ide ntifi ed i n ma ny an i m als an d e nVi ronme nt

bloodstream, surgical site, and urinary tract infections.

P T >60 species, E. faecalis and E. faecium - most prominent
S== " Bioflorin
| peanss || 4 ~1% of the adult human microbiota (16S rRNA sequencing)
PrROPLAN . ‘
M ¥
i cel2?
FortiFlora ﬁ Tolerant to broad pH range, temperature and osmotic conditions

T WIPODE WETPES MW 06 00 g

Antibiotic-resistant and pathogenic Enterococcus are major cause of healthcare associated infections.

However, non-pathogenic Enterococcus can be beneficial and associated with cancer immunotherapy efficacy.
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Worms provided an excellent model system to discover microbiota factors

-, E. faecium (protective)

Activity Genomics Biochemistry E. faecium o

> > =~k — 9

(o3
Assays Proteomics Structure

versus

v

Secreted antigen A
(SagA) Immuno-reactive

U E. faecalis (not active) metabolites

C. elegans (roundworm)
“model of mammalian gut”

Comparative analysis of “good” vs “bad” microbiota species in worms revealed protective activity of E. faecium SagA.

SagA generates immuno-reactive (muropeptides) metabolites that activate and enhance host immunity (worms and mice).

Rangan K et al Science 2016
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Structure and activity of E. faecium SagA and muropeptides

X-ray structure of SagA-NIpC/p60 Biochemical activity of SagA-NIpC/p60 Muropeptides promotes immunity
?J.Crosslinked PG MDP  GMDP
% ‘\ 0 min % %)
GlcNAc-MDP £°38 GIcNAC-M7P ,
') 5 min Nod2
§ 3 A J\ L (l cytosol
©
(= 10 min
é 3 A \ A v
e 30 min TAK1
2 § /\ JLL A < O\
| I
. . Pro-inflammatol
3 A muropeptides N 60 min |_’ genels (I1b, N/r%)
10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40
Solved by molecular replacement with Time (min) nucleus
S. aureus CwIT-NIpC/p60 (35% identity)
CwlIT structure: Xu Q et al ( ) J Mol Biol 2014 Kim B et al eLlife 2019

Griffin M et al Science 2021

SagA-NIpC/p60 cleaves x-linked peptidoglycan substrates and generates immune-active muropeptides.
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Specific Enterococcus species and factors enhance host immunity

M
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Discovery of E. faecium SagA activity: Rangan K et al Science 2016 SagA x-ray structure and biochemical mechanism: Kim B et al eLife 2019
Protection against infection: Pedicord V et al Science Immunology 2016 Impact on cancer immunotherapy: Griffin M et al Science 2021
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E. faecium SagA also prevents C. difficile pathogenesis in mice

' X a--n-;..,’
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Clostridioides difficile (C. difficile) bacteria can cause life-threatening diarrhea. Infections occur most often in
people who have taken antibiotics for other conditions. It is the most common healthcare-associated infection.

Antibiotic-resistant Gram-positive bacterium that damages intestinal barrier.
Major cause of antibiotic-induced infection and inflammation.
C. difficile ~20% relapse/recurrence, ~80% of mortality in elderly patients.

Fecal microbiota transplantation is effective, but problematic.

Abt MC, McKenney PT, Pamer EG Nat Rev Microbiol 2016
Kociolek LK, Gerding DN. Nat Rev Gastroenterol Hepatol 2016

THE FRONT ROW
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SagA-bacteria pre-colonization prevents
C. difficile pathogenesis in mice
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Specific Enterococcus species and factors enhance host immunity
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E. faecium was enriched in immunotherapy responsive cancer patients

Different microbiota species <---> cancer immunotherapy efficacy Microbiota - immunotherapy correlation
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Are E. faecium and SagA also sufficient to enhance immunotherapy against cancer?
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Reprogramming of non-responsive microbiota for immunotherapy?

. Immunotherapy-responsive (R) cancer patient

H immunotherapy
/

SagA-probiotic or metabolite
tumor .. « ® o ¢
< |

Long-term goal: treatment of
non-responsive patients

THE FRONT ROW
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Immunotherapy non-responsive (NR) cancer patient

Tumor mouse models

SagA-probiotic or metabolite =

' §

Immunotherapy

Evaluate tumor progress and immune responses




SagA-bacteria can reprogram immunotherapy non-responsive microbiota

OO 20 ug (aPD-L1) i.p. injection
NR-microbiota mice ‘ o ® Yy 9,11,13, 15
'Y 4
. [} l l l l « Tumor growth
Enterococcus strain (3 days) 0 7t0 17
> > > > * Immune profile
108 CFU/mL 105 B16/F10 melanoma Immunotherapy
in drinking water subQ inj. treatments * Microbiota analysis
n = 8/group
16S rRNA analysis of microbiota composition Immunotherapy activity
Before Day 2 Day 14 20007 o 10
Efs | Efs Efs | EfssagA | 16004 * =° :I”'S'

n
F < 0.0001

P < 0.0001

8
T

Tumor Volume (mm?)

=Y
o
?

Composition (%)
&8

th

. Em Efm

‘00 : : sagA - : : : | =+ Efs-sagA
Erysipslofrichaceae - Efm
Lachnospiraceae 1200+ -

T Lactobacillaceas 4

Porphyromonadaceae
Ruminococcaceae
Other 4
Uncl. class Bacteroidia -
Uncl. class Closiridia -
Uncl. order Clostridiales 1

5 Uncl. phylum Firmicutes 0 . T - T r 1

5 7 9 "1 13 15
Day Post-Injection
o

THE FRON T ROW Matthew Griffin

o

at Scripps Research




SagA is sufficient to improve efficacy of immune checkpoint inhibitors

®) 20 ug (aPD-L1 or aCTLA4) i.p. injection
e 9,11,13,15
) l l l l « Tumor growth
-14 days Enterococcus strain (3 days) 0 71017
> > > > » + Immune profile
Abx cocktail in water 108 CFU/mL commensal 10% tumor cell line Immunotherapy _ _ _
(ampicillin, colistin, streptomycin) in drinking water subQ inj. treatments * Microbiota analysis
n = 8/group
aCTLAA4 activity on colon adenocarcinoma oPD-L1 activity on melanoma
Other mechanistic studies 8007 control 5007 e~ control
700 aCTLA4 1= aPD-L1 ns.
. . a 14 «CTLA4, Efs —~ 400 = -
. 600 @ —4- aPD-L1, Efs
Activates myeloid cells : 1= acTiag Efm E ] oo Es
o 5001 CTLA4, Efs-sagA = 3004 - 5
I =29 =ns. @ 3009 4 aPD-L1, Efs-sagA -z
3 4097 e = HE
* Increases tumor-specific CD8 T cells = 200 S |8 > 5004 7
5 o 5 a
= h o £
P 2007 F 100 N
. . 100 .
* Requires immune receptor NOD2 ]
0 | I LA L R RN B 0- T T T T T 1
5 7 9 11 13 15 7 9 11 13 15 17 19
Days Post-Injection Days Post-Injection
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Specific Enterococcus species and factors enhance host immunity

//,’Q\ % \ O% %) Priming cele
. J
@ Muropeptides
88 O%o% OQ OQ’ % \ T cell Direct
S
8\ —_—

Enterococcus spp. (S) Q) g ,J Innate immune Myeloid
Nod2
O 0o

j activation clearance?

SagA Peptidoglycan 7 m;?
Can SagA*-Enterococcus be used to enhance immunotherapy in humans?

— |
paiat:;:ns ;‘Q N o i %goiz \ - >\=/ CD8* T cell J &Qmmor

‘70 AMPs
7&

Discovery of E. faecium SagA activity: Rangan K et al Science 2016 SagA x-ray structure and biochemical mechanism: Kim B et al eLife 2019
Protection against infection: Pedicord V et al Science Immunology 2016 Impact on cancer immunotherapy: Griffin M et al Science 2021

Gut lumen
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Antibiotic-resistant Enterococcus are problematic and restricted in humans

VRE exacerbates graft vs host disease (GVHD) in transplantation

E. faecium other E. spp.
1.00- .
® E. faecium
0601 = E. cecorum
0.30- % E. durans
& i Ll E. mundtii
2 g ® L rivorum
B 001- - s oo E. moraviensis
_ W N P 3 = E = E. gallinarum
THREAT LEVEL e e e g 100 £l g— E. lactis
e 3 % 0.60- S E. malodoratus
. e e 9 ® [ ureasiticus
0.30- : " § E. faecalis
010- 4 3 g_ - Other rare E. spp.
laaki 4
0.01- } T et \‘9 -*:I'l".‘.-'ﬂ PP S
20 0 20 40 60 B0 -20 O 20 40 60 80
day relative to HCT
10 P s Overall survival GVHD-related mortality
[ ! — Enterococcus = 0.3 (n=53)
i [ === Enterococcus < 0.3 (n=111)
8 = . J 02+
g . : i 0.8 o HR, 5.8; p = 0.002
£ L] c [}
5 " Z § 015+
J53 £ 0.6 =
£ ©“ jTj 3 2
g . = Y
= % £ g 014
g £ 047 g8
8 2 3 i
2 o =] — Enterococeus = 0.3 (n=54) E
’ _:E & 024 =~ Enterococeus < 0.3 (n=113) L I -
- _I 2
o HR, 1.95; p = 0.03 o4 LV
HD uc cD 0
n=13  n=16 n=8 0 5 10 15 20 0 5 10 15 20
months after HCT months after HCT
E. faecium from ulcerative colitis patients promotes colitis in IL10-/- mice:
Seishima J et al Genome Biol. 2019, Barnett M et al BMC Immunol. 2019 Stein-Thoeringer CK et al (Pamer & van den Brink labs) Science 2019
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Probiotics can be genetically engineered for potential therapeutics

Many probiotics have been explored for human health Lactococcus lactis + IL-10

MEET YOUR PROBIOTICS

i LACTOBACILLUS ACIDOPHILUS
This strain is beneficial b yaur small irtesting, where it helps digest faed, praducs vitamins, and facil-

tate sy digestion, Lactobacillus acidaphilus has been shown to produes [actass (break coan milk)
afdl help prevent diarrhea in adults, making it a great additian to this supplemnent

>
BIFIDOBACTERIUM LACTIS
Great far bieaking down lactic 3¢ and boastng the general Baalth of your immure systein, Bif do-
|
—
|
|

bacterium lactis has baen shown to support healthy chalestaral kevals, and helps in the averall di-
gestion of sugars, fibers, and ather macrenuirients.

LACTOBACILLUS BREVIS

A natural anti-irflammatory, the henefits of Lactobacilius Erevis are wast Specifically, this poserful
probictic benefits tha human digestive system, supporing digestive haalth in a number of ways.
Same resaarch indicates its ability te combat ykers. 1t can ke ba ysed bo traat urinary tract infec-
tiens, a5 well 35 vadinitis.

Genetic engineering

LACTOBACILLUS CASEI | | >
This litile probiotic pacts a powerful punch agairst harmful bacteria. it has been show nbo Lower pH

lewels in the f igestive system and impedes the growth of harmful bacteria, while improving and |

prameting digestion

[ LACTO-BACILLUS PLANTARUM

| IL-10 (anti-inflammatory cytokine)

a(ivj Faund naturally in pickles, kimeh and ccher fenmented vegetables, Lacto-bacillus plantarum is cne
f5 | of MiEture’s Most versatile probiotics, and has been used 1o real IBS, and 2ase the spmptanms of |
3 Crohrs diseass U5 alse ane of the most antibiotic resistant prabiatics, which i key ifyau're |

[ recovering fiam the use of antibiotics. Some researnch has shown it may be highly-efective in

| S b ] Developed for inflammatory bowel diseases

LACTOBACILLUS RHAMNOSUS | Steidler L et al Nat Biotechnol. 2003
D g e vt o | Steidler L et al Science. 2000

dran This powerful probictic is perfect for those laoking far belp with 165 According ta the British

rtavirus diarrtvea in chikdren, aleng with ether varicus types af diarrhea in beth adults and chil-
Journal of MUtrition in 2013 it may even help increase weight-1082 in woman

Rise Therapeutics: SagA-probiotics?
Efficacy and actual health benefits are unclear.

Probiotics can be engineered to confer novel activity.
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SagA-probiotics can also enhance immune checkpoint inhibitor efficacy

Engineering SagA expression into L. lactis oPD-L1 activity on B16/F10 melanoma
12004 & aPD-L1, Ls
1 - aPD-L1, LisWT [
< 10009 = @PD-L1, LIs CA Jns
E 400 ] aPD-L1, Lls delSS
2 -~ oPD-L1, Efm s |z
7 o
eev =) Z |2 +SagA
g = BDD- o =)
THIS IS — )
o N 2 400- _
E -
2004 Jd
B R 0 | —— T T T
Google Search for “Probiotic Beer” S 7 9 11 13 15
SagA-engineered L. lactis Day Post-Injection

SagA expression confers anti-tumor activity to probiotics and requires hydrolase activity (C443A).
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Specific Enterococcus species and factors enhance host immunity

Enterococcus spp. @ Q)

Muropeptldes
Ce iy w

e | Ppntldoalvran

Are there other bacteria that may function like Sa

Enteric (

pathogens ;Q) A LA

Nod2

®e

O

AMPs

g
/
\

Gut lumen

LLCSLVES) VLRI )

i
\

IECs J

Discovery of E. faecium SagA activity: Rangan K et al Science 2016
Protection against infection: Pedicord V et al Science Immunology 2016

THE FRONT ROW

at Scripps Research

Innate immune Myeloid
%;. priming Nod2 cells
& B g O
T cell Direct
activation clearance?

At-Enterococcus in human microbiomes?

/ CD8* T cell j \ Tumor

ICls >\= . Q
\93@3{3@

SagA x-ray structure and biochemical mechanism: Kim B et al eLife 2019

Impact on cancer immunotherapy: Griffin M et al Science 2021




Human microbiome project (HMP) has profiled many individuals and diseases

HMP1 t-— ('\)‘f:lal Community Microbial Host genome Microbial isolate
composition pathways sequences genomes
Vagina Siin . . g P U A
I ¥ ¢ | ]
- ° ‘ ® ', g\ /
< 4
Healthy cohort study & S " e N\
i < * Characterize microbiomes
... - o e Correlate with phenotype
Demonstration projects
HMP DCC
HMP2 Commu.n'ity Microbial Virome Antib.ody Data, tools,
composition pathways profiles profiles

protocols
“ 7 g
z oS ‘ ® X

ZINSIDE

Host genomes Epigenome profiles Cytokine profiles
Longitudinal PRI f@& '@J ‘5 ¢ ¢ ¢ —/
L4 L2
% Results from the lnt;‘:gratlve Human Mlcroblome PrOJect |nf|amm;t6ry (Metajtranscriptomics (Meta)proteomics Metabolomics
s PAGES 508,623 632,64 635 4,661 7 bowel diseases o @
% 7 @) D o)
ELECTRONICS D NATURE.COM = O
HUMAN
TOUCH

- _)
e Characterize the host and microbiome
Pre-diabetes e Follow dynamics over time

HMP has analyzed >30,000 samples from different individuals, tissues and diseases (IBD, pre-T2D and others)

THE FRONT ROW

at Scripps Research



Human microbiome contains other SagA-like peptidoglycan hydrolases

Secreted antigen A (SagA) — NIpC/p60 hydrolase

=~

Human Microbiome Genome Assemblies from HMP (2,216)

l

Lactobacillus spp.
(45-65%)

.......

= ""1, E. faecium and other
2~ / SagA* enterococci
(90-100%)

N Aerococcus spp.

: (65-70%)
Queried for orthologs of E. faecium COM15 SagA NIpC/p60 =
Other microbiota species may contain SagA-like enzymes!
\ N\ "'§
Mapped onto 16S rRNA Phylogenetic Tree Corynebacterium spp. Y
(45-50%) & _
N T Facklamia spp.
(55-65%)
Sequence ldentity (%) Mobiluncus spp. “& Va7 4l 4 4 i A Clo.(sigc_ié%fgo )spp-
(45_500/0) IR R,
| Stackia spp.—
40 70 100 (45-50%)
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Enterococcus peptidoglycan remodeling promotes cancer immunotherapy

RESEARCH

MICROBIOME

Enteroocoocus peptidogycan remodeling promotes
checkpaint inhibitor cancer immunctherapy

Matthew E. Griffin*?, Juliel Espinosa’, Jessica L. Becker’, Ji-Dung Luo®, Thomas S. Carroll®,
Jyoti K Jha*, Gary R Fanger®, Howard C. Hang™2*

Science 2021 in press

Available online August 26, 2021

Funded by

NIH - National Cancer Institute Matthew Griffin — Hope Funds for Cancer Postdoctoral Fellow

Melanoma Research Foundation
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The SagA continues: implications for infection, inflammation and immunotherapy

Screen for SagA-Enterococcus

SagA-Enterococcus

+

SagA-based probiotics (Rise Therapeutics)

Microbiome therapy
Fecal microbial transplantation

Precision medicine
Computational biologist

Biomarkers

; Microbiota: SagA-Enterococcus
Sequencing stool samples

Host genes: NOD2 alleles

L]

Therapy optimization

Immunotherapeutic effects g@ N (9 8?
\ Q%Eﬁ o&
oY
Toxicity || el : 0 0%¢

Drug discovery
Microbiome-derived compounds or
microbiome -targeted drugs

New therapeutics?
Muropeptides?

Repurpose existing drugs?

Reviewed in: Zitvogel L, Ma Y, Raoult D, Kroemer G, Gajewski TF Science 2018
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MDP co-injection restores immune checkpoint inhibitor efficacy in vivo

-14 days

Immunotherapy + muropeptide

R

7to 17

»
>

Abx cocktail in
drinking water

MDP-LD
NOD2-active

MDP-LL
NOD2-inactive

In cells: Girardin SE et al J Biol Chem 2003
In in vitro: Grimes CL et al J Am Chem Soc 2012

THE FRONT ROW

at Scripps Research

B B
» >

10°B16 melanoma
subQ inj.

Tumor Volume (mm3)

MDP-LD inhibits tumor growth

700:
600:
500:
400:
300:
200:
100:

0

-~ Confrol
-= aoPD-L1
-+ oPD-L1, MDP-LL
-+ oPD-L1, MDP-LD

ek

17
Days Post-Injection

v

* Tumor growth

* Immune profiling

MDP-LD activates myeloid cells

n=11,076 ;2 Mig. DCs

_Mac

cDCH1

!

MDSC

UMAP2

Becels ' ..
Mono

Tcells .-

Griffin M et al Science 2021 in press




Discovery and therapeutic development of muramyl-dipeptide (MDP)
Mepact (Takeda)

Mifamurtide (MTP-PE)
aml

Freund’s adjuvant
HO

HO
HOB%OH
AcHN
s >
HN HoN >
0:2< \/:0
o NH HN .dm A
Yo ( ——
HoN > o:g—
}o TH —_— s
HO PE-phospholipid
muramyl-dipeptide (MDP) Better delivery into cells FDA orphan drug in 2001
Better half-life in mouse models Approved in Europe 2009 to prevent
recurrence of osteosarcoma
Meyers PA, Chou AJ. Adv Exp Med Biol 2014

Adam A, Ciorbaru R, Ellouz F, Petit JF, Lederer E.
Biochem Biophys Res Commun 1974
Active against different cancer types

NOD1 sensing of DAP
Girardin SE et al Science 2003

Chamaillard M et al Nat Immunol 2003
Prevent tumor growth, but not effective

for treatment as single agent

Fidler IJ et al J Immunol 1987

NOD2 sensing of MDP
Girardin SE et al J Biol Chem 2003

Inohara N et al J Biol Chem 2003
MDP-based drugs / NOD2 agonists are effective adjuvants, safe in humans and should be employed for immunotherapy
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In silico screen for novel MDP-analogs / NOD2 agonists

3 i~
@t
0 =
0”oR

Carboxylic acids Dipeptide

(catalogue, ~ 30 k)
g
o Desmuramyl-dipeptides (dAMDPs)

Property filter Total: ~ 30,000 compounds
= Docking Hits: 1683 compounds
(=
:_g
% Clustering Top 10% unique: ~100 compounds
w
Synthesis Representatives: ~30 compounds

Biological testing Actives: ~15 compounds

Based on NOD2 X-ray structure and mutagenesis: Maekawa et al Nat Commun 2016
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Validation and optimization of novel NOD2 agonists

Selective activation of NOD2 versus NOD"1 Dose-response activity

8 n L ]
100% 1
: & L

6 - . »
|

-
<
B

4

AN AR

Fold Activation

50% 1

NOD?2 activation

O A P OB VAL VA0 D AN AD (D@ a) Db O N DA DD AD LXCI g 25% 1
B O R S O S
&’Mg@“%éé%e%éé<~<~°§:\~°é%°<«°<«°<«°<«°<«°<«%%°g@°&s%%%“ .
Compound 107 10° 16'8[(:0:;3;0“ r:g]'G/Mﬂ')'s 104 10°

Several novel dMDP / NOD2 agonists have comparable or better activity than original microbiota metabolite - MDP.
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Calibr - Scripps Research provides new opportunities for drug discovery

Article

Discovery of SARS-CoV-2 antiviral drugs
throughlarge-scale compound repurposing

https://doi.org/10.1038/s41586-020-2577-1 Laura Riva'?, Shuofeng Yuan?*#23, Xin Yin', Laura Martin-Sancho', Naoko Matsunaga’,
Lars Pache', Sebastian Burgstaller-Muehlbacher®, Paul D. De Jesus', Peter Teriete',
Mitchell V. Hull®, Max W. Chang’, Jasper Fuk-Woo Chan??*#, Jianli Cao***,
Accepted: 17 July 2020 Vincent Kwok-Man Poon?®#, Kristina M. Herbert', Kuoyuan Cheng®®, Tu-Trinh H. Nguyen®,
Andrey Rubanov', Yuan Pu', Courtney Nguyen', Angela Choi'"'?, Raveen Rathnasinghe'"'?,
Michael Schotsaert'®", Lisa Miorin'", Marion Dejosez'®, Thomas P. Zwaka', Ko-Yung Sit",
@ Check for updates Luis Martinez-Sobrido'®, Wen-Chun Liu'™", Kris M. White'*", Mackenzie E. Chapman'®,
Emma K. Lendy”, Richard J. Glynne'®, Randy Albrecht'®", Eytan Ruppin®,
Andrew D. Mesecar'®", Jeffrey R. Johnson', Christopher Benner’, Ren Sun'®,
Peter G. Schultz®, Andrew I. Su?®, Adolfo Garcia-Sastre'®"*"?2, Arnab K. Chatterjee®™,
Kwok-Yung Yuen**4™ & Sumit K. Chanda'™

Received: 20 April 2020

Published online: 24 July 2020

Repurposing of existing drugs for COVID-19:
Riva L et al (Calibr) Nature 2020
Bakowski MA et al (Calibr) Nat Commun 2021

Robotic technology for high-throughput screening facilitates the discovery and development of new therapeutics.
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Exploration of novel NOD2 agonists with Calibr - Scripps Research

i
5 NOD2 agonists?
5
2
©
©
AN
o
2 .
o 2]
S -
o]
_5_
Well location
Robotic HT screen of > 130,000 compounds “Hits” from NOD2 activity screening

HTS at Calibr has revealed synergistic activity of existing drugs and other potential NOD2 agonists for immunotherapy.
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Summary and Future Directions on Microbiota Studies @ Scripps Research

Bacillus Calmette Guerin (BCG) SagA-Enterococcus SagA-probiotics or novel NOD2 agonists?
vaccine - NOD2 activation - NOD2 activation

Respiratory infections?

€] Influenza virus

~M. tuberculosis R
® : RSV, SARS-CoV-2

RSV, SARS-CoV-2?

Intestinal infections

o L
W 2 Vaccine 4%
3
NOD2 agonist? §

) H
" = L @ g é '
° o ® -

Cancer and Viral
Immunotherapy?

Bladder Cancer Cancer Immunotherapy

BCG vaccine turns 100: Singh AK, Netea MG, Bishai WR JCI 2021 Rangan K et al Science 2016
COVID-19 clinical trails: Gong W et al Expert Rev Vaccines 2021 Pedicord V et al Science Immunology 2016
Bladder cancer therapy: Steinberg GD et al Nat Rev Urol 2021 Griffin M et al Science 2021

NOD?2 activation: Kleinnijenhuis J et al (Netea lab) PNAS 2012

Mechanistic analysis of specific microbiota mechanisms can inspire new therapeutic approaches.
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Thank you all for joining us!

Take Home Messages

* Microbiota are important for host physiology,
disease and response to therapy.

 New innovative approaches are need to dissect
microbiota functions.

* Understanding fundamental microbiota
mechanisms can reveal unique opportunities
for new diagnostics and therapeutics.
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