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A PARTIAL LIST OF DISEASES AND THEIR LINKS TO THE MICROBIOME

Disease

Description and microbiome link

Discase

Description and microbiome link

Acne vulgaris

This skin disorder is mediated by specific Propionibacterium acnes strains, together with
the vitamin By, pathway in addition to other pathways.

Acute anorexia

Anorexia patients have lower gut alpha diversity. Molecular mimicry of microbial
metabolites may contribute to autoantbody production.

Addiction

In a mouse model of addition, antibiotic treatment increased addictive behavior in
animals receiving low-dose opioids.

Alcoholic liver

Alcoholic liver disease is characterized by intestinal dysbiosis, bacterial overgrowth, and

disease increased gut permeability.
Asthma and Dust on traditional farms sumulates the immune response and protects against asthma
allergies and allergies.

Atherosclerosis

There are suggested links with the translocation of oral microbes into atherosclerotic
plaques. Microbially mediated lipid metabolism in the gut may affect the formaton of
plaques as well.

Artopic dermaritis

Skin inflammation is driven by Staphylococcus aurens dominance (with genetic
predisposition).

Autism

Differences in gut microbial communities have been observed between children with
autsm and neurotypical controls; however, there are some inconsistencies. Maternally
produced microbial metabolites lead to an autism phenotype in mice.

Bacterial vaginosis

Bacterial vaginosis is characterized by deviation from a low-pH, Lacrobacilius-dominated
community to a higher-pH, more diverse microbial community.

Cardiovascular
discase

Diet and the gut microbiome are linked with timethylamine-N-oxide levels in plasma
and cardiovascular discase risk (with genetic predisposition).

Chronic skin

Stapbylococcus aureus, Psendomonas aeruginosa, and other bacteria play a role in

wounds pathogenesis in chronic wounds.

Clostridim difficile— | C. difficile-associated diarrhea is a typical example of a change in the gut microbiome
associated leading to an enduring disease state.
diarrhea

Colorectal cancer

Pathogenic microorganisms can potentially ininate and facilitate the development of
colorectal cancer.

Cystic fibrosis

Cystic fibrosis is characterized by chronic lung infections, commonly with hypermutable
Prseudomonas aeruginesa strains.

Dental caries

Dental caries are associated with increased phylogenetic diversity and overabundance of
Prevotella taxa.

Depression Transplantation of microbiota from individuals suffering from major depressive disorder
into germ-free mice induced depression symptoms in the mice. These symptoms are
associated with alterations in carbohydrate metabolism in the microbiome and
hippocampus.

Diabetes, type 1 In mouse models, the microbiome is required for the development of diabetes, although

low-dose antibiotics increase susceptibility. Changes in microbial development mark
the progression to disease but predate the clinical presentation.

Diabetes, type 2

The blood of type 2 diabetes patients has reduced levels of bactenial lipopolysaccharide.

Inflammatory Gut inflammation disease is driven by genetic, environmental, and altered microbial
bowel disease factors. Adherent enterobacteria may promote initial ulceration events.
Irnitable bowel Patients with irritable bowel syndrome show mucosal and luminal gut microbial changes,

syndrome

although the causal effect is unproven.

Malnutriton

An altered gut microbiome is strongly linked with childhood malnutrition.

Muluple sclerosis

Gut microbiota changes may be related to autoimmunity and the pathology of muluple
sclerosis.

Obesity (metabolic
discase)

The gut microbiomes of obese individuals show an increased capacity to harvest energy
from the diet.

Osteoporosis

The gut microbiome has both direct and indirect effects on deregulated bone remodeling.

Parkinson's disease

The microbiome can promote Parkinson's disease progression in genetically susceptible
individuals.

Rheumatoid
arthrias

Rheumatoid arthritis patients show altered gut and oral microbiomes. They also have

increased translocation of oral bacteria in the gut, which treatment parnally corrects.

Knight et al., Annu Rev Genomics Hum Genet. 2017
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THE CHICKEN OR THE EGG:
A “COMMON GROUND” HYPOTHESIS

Lynch and Pedersen, N Engl J Med. 2016
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META-ANALYSIS OF GUT MICROBIOME STUDIES
IDENTIFIES DISEASE-SPECIFIC AND SHARED

RESPONSES

Duvallet et al., Nat Commun. 2017
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faecal microbiota transplantation
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Modulation of the gut microbiota dysbiosis in
T2D patients by a macrobiotic diet

| Candela M, Biagi E, Soverini M, Consolandi C, Quercia S, Severgnini M, Peano C, Turroni S, et al., Br J Nutr
" 2016;116:80-93.

40 overweight/obese subjects affected by T2D,
randomized, controlled, open-label 21-day trial
(BMI: 27-45; Age: 40-77)

TO Tf

21 subjects Macrobiotic diet @- @
72% carbohydrate, 18% fat, 10% protein, 30 g/1000 kcal fiber

. TO Tf

19 subjects CTR ® @

standard Italian diet for T2D

according to AMD-SID
50% carbohydrate, 30% fat, 20% protein, 220 g/1000 kcal fiber

13 NORMAL WEIGHT HEALTHY CONTROLS |
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Primary outcomes

Fasting Capillary Glucose

Post prandial Capillary Glucose
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Significantly greater reduction
in the PRIMARY OUTCOMES
FBG and PPBG, as well as in
the SECONDARY
OUTCOMES HbA1c, insulin
resistance, total cholesteral,
LDL cholesterol and LDL/HDL
ratio, BMI, body weight, waist
and hip circumference in
patients receiving macrobiotic
vs control diet

BOTH DIETS: reduced
plasma TNF-a levels

MACROBIOTIC DIET:
significant reduction in plasma
levels of CRP and IL-6
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DYSBIOTIC MICROBIAL COMMUNITY IN T2D

Candela et al., Br J Nutr. 2016
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IMPACT OF NUTRITIONAL INTERVENTIONS ON THE
MICROBIOTA OF T2D PATIENTS

Candela et al., Br J Nutr. 2016

Roseburia
Lachnospiraceae:Ruminococcus

BOTH DIETS: increased diversity, recovery of a
balanced health-promoting community of fibrolytic
SCFA producers (Bacteroides, Dorea,
Faecalibacterium), and

Akkermansia

T2D patients T1

L

Sphingolipd metabolism
T2D patients TO
Arachidoric acid metabolism|
PC:

ONLY MACROBIOTIC DIET:

reduction of pro-inflammatory components (Collinsella,
Streptococcus) and decrease of markers of functional
dysbioses (oxidative phosphorylation,
glycosphingolipid biosynthesis), increase of functions
involved in the biosynthesis of metabolites, including
unsaturated fatty acids

RECOVERY OF METABOLIC CONTROL
I
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Gut bacteria selectively promoted by dietary
fibers alleviate type 2 diabetes,
the open-label, parallel-group GUT2D study

Zhao et al., Science. 2018
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Gut bacteria selectively promoted by dietary
fibers alleviate type 2 diabetes

Zhao et al., Science. 2018
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A high-fiber diet improves glucose homeostasis (HbA1c, % pts with
adequate glycemic control, FBG, MTT glucose AUC, oral glucose tolerance
test) and alters the gut microbiota (gene richness, structure) in T2DM
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Gut bacteria selectively promoted by dietary
fibers alleviate type 2 diabetes

Zhao et al., Science. 2018
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A high-fiber diet alters gut bacterial fermentation of carbohydrates (CAZy
family genes, genes encoding key enzymes for acetic/butyric acid
production, fecal level of metabolites, pH, GLP-1, PYY) in T2DM
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Gut bacteria selectively promoted by dietary
fibers alleviate type 2 diabetes
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Zhao et al., Science. 2018
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Gut bacteria selectively promoted by dietary
fibers alleviate type 2 diabetes

Zhao et al., Science. 2018
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TARGETED PROMOTION OF ACTIVE SCFA PRODUCERS AS “ECOSYSTEM SERVICE”
PROVIDERS VIA PERSONALIZED NUTRITION, AS ANOVEL ECOLOGICAL APPROACH
FOR MANIPULATING THE GUT MICROBIOTA TO MANAGE T2DM AND POTENTIALLY
OTHER DYSBIOSIS-RELATED DISEASES
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SCFA, MICROBIAL METABOLITES WITH A KEY
MULTIFACTORIAL ROLE IN HOST PHYSIOLOGY

Koh et al., Cell. 2016
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SCFA-INDEPENDENT EFFECT OF DIETARY

FIBERS

Makki et al., Cell Host Microbe. 2018
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Microbial metabolism of fibers has
additional effects:

FERULIC ACID (antioxidant and anti-
inflammatory properties, anti-diabetic effects)

MICRO- AND MACRO-NUTRIENTS (anti-
microbial action, improved metabolic health
parameters)

REGULATION OF BILE ACID LEVELS (by
preventing the accumulation of toxic bile acids or
increasing the disposal of bile acids that can
activate TGRS to increase GLP-1 secretion)
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5T0 ENVIRONMENT DOMINATES OVER HOST GENETICS
(> Qo IN SHAPING HUMAN GUT MICROBIOTA

Rothschild et al., Nature. 2018
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Glutamate, gamma-methyl ester
Formiminoglutamate
Serine

e
N-acetyltyrosine
N-acetylhistidine -

N-acetylglutamine -
N-acetylasparagin

N® N® NC-trimethyllysine

lycine

Phenyllactate

THE FECAL METABOLOME AS A FUNCTIONAL
READOUT OF THE GUT MICROBIOME -
VISCERAL-FAT MASS

Zierer et al., Nat Genet. 2018

The fecal metabolome is strongly
associated with visceral-fat mass

102 associations including 43 amino acids,
but also fatty acids — arachidonate -,
nucleotides, sugars and vitamins (all
positive)

BMI: association with 5 fecal lipids
(arachidonate), the hemoglobin metabolite
bilirubin and two unknown metabolites

THE FECAL METABOLOME AS AN

INTERMEDIATE PHENOTYPE PROMOTING
MICROBIAL EFFECTS ON THE HOST
AND VICE VERSA

I
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THE MICROBIAL PHARMACISTS WITHIN US: A
METAGENOMIC VIEW OF XENOBIOTIC
METABOLISM

Spanogiannopoulos et al., Nat Rev Microbiol. 2016

a
Direct mechanisms Indirect mechanisms
Prodrug Active Drug or metabolite Gut microbiota Host metabolites
metabolite
[} g 2
@ = Yo%
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e
@ @ ’ @ Microbial metabolites Microbiota-modified

: ; ; S ; ; host metabolites
Active Inactive Toxic  Antimicrobial Selective L |

metabolite metabolite metabolite bacterial ‘
growth Altered host xenobiotic metabolism
b Decreasing drug concentration

®
Sites of first-pass metabolism
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’ Al
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x 4
Intestinal epithelium Yenae’

Oral drugs and
dietary compounds

; ; . Systemic circulation
Gut microbiota Liver

T 4 Efflux |

Biliary excretion |

Nature Reviews | Microbiology
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MICROBIOTA: A KEY ORCHESTRATOR OF CANCER
CHEMO, RADIO AND IMMUNOTHERAPY

Roy and Trinchieri, Nat Rev Cancer. 2017

a Enteral drug metabolism

€

Enteraldrug <O 5
@ administration

€

Approximately 10% of the drug

enters the circulation via the

hepatic veins, and reaches
l_target tumours and other tissues

100% of the drug reaches the
Gl tract and is absorbed into

b Parenteral drug metabolism

Shortly after administration
>90% of the drug is
available in the circulation
for the target tumour

| .

the liver via the portal circulation - —
Haast Systemic toxicity
First pass metabolism Lung
@ in the liver Hepatic vein \\ =
Phase | Li Each minute, 29% of
Altered gene ver the circulating blood
expression Gall bladder \ and drugs reach the
(CYP450 enzymes) Portal vein liver via the splanchnic
v . Parenteral drug circulation
Activation | Bile duct administration
2 . <) Stomach
Pe@ R AT Smallintestine / AL,
Pha*se Il ¥ Large intestine Ty
Deconjugation / “@
Al | |

~90% of the drug metabolites

Gut microbiota
from the liver are excreted

* Biotransformation of xenobiotics

with bile into the intestinal affecting absorption and bioavailability
tract where they are excreted * Reactivation of liver-detoxified xenobiotics
in stools or reabsorbed v

through the portal circulation Drug elimination by kidney

excretion and via the biliary tract

Gut microbiota
Reactivation of liver detoxified xenobiotics

|

Drug elimination by kidney
excretion and via the biliary tract

Nature Reviews | Cancer
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CHEMO RADIO AND IMMUNOTHERAPY

Roy and Trinchieri, Nat Rev Cancer. 2017

IRINOTECAN (intravenous chemotherapeutic drug used for CRC treatment)

- is transformed into its active form SN-38 by liver and small intestine
tissue carboxylesterase and detoxified in the liver by host UDP-
glucuronosyltransferases into inactive SN-38-G before being secreted
into the gut

- in the gut can be reconverted by bacterial beta-glucuronidases into
active SN-38, with significant intestinal toxicity and diarrhoea

Antibiotic treatment and/or use of an inhibitor specific for
bacterial beta-glucuronidases effectively treat intestinal
inflammation in animal models
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BACTERIAL SPECIES AFFECTING MECHANISMS OF
GUT-ASSOCIATED TOXICITY AND TUMOUR
CLEARANCE

Roy and Trinchieri, Nat Rev Cancer. 2017
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IMMUNE CHECKPOINT INHIBITORS AND THE GUT

O\ MICROBIOTA: ANTI-CTLA4 AND ANTI-PD-1/PD-L1
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il Sivan et al., Science. 2015; Vétizou et al., Science. 2015
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THE GUT MICROBIOME STRUCTURE IS
PREDICTIVE OF RESPONSE TO
IMMUNOTHERAPY

Gopalakrishnan et al., Cancer Cell. 2018

@ Chaputetal., 2017
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GUT MICROBIOTA TRAJECTORY IN PEDIATRIC
PATIENTS UNDERGOING HSCT

Biagi E, Zama D, Nastasi C, Consolandi C, Fiori J, Rampelli S, Turroni S, Centanni M, Severgnini M, Peano C, de Bellis G,
Basaglia G, Gotti R, Masetti R, Pession A, Brigidi P, Candela M. Bone Marrow Transplant. 2015 Jul;50(7):992-8.

e - Disruption of the existing
Sl .D I : state of equilibrium of the gut
| i+ . T | ﬂ microbiota post-HSCT (loss of

biodiversity and stability)
ol i - GVHD is associated with gut
. o D microbiota signatures prior to
3 HSCT
el
;. I i

Faecalibacterium PCo2 Enterococcus
ruminococcus unclassified clostridiales

., =S MANIPULATING THE GUT
MICROBIAL ECOSYSTEM TOWARDS
- A MORE “FAVOURABLE” GUT
e . B MICROBIOME CONFIGURATION
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MANIPULATING THE GUT MICROBIAL ECOSYSTEM
TO CIRCUMVENT PRIMARY RESISTANCE

Routy et al., Science. 2018

D == Axermansi

B Exthed N Cope repires PO 0 ) C o et e e e B No Akkarmansia - . = »
1.Akkermansia muciniphila

Frmautes

CAGOAIOT. 3187, Akkermanss mucrphds I— CAGO1308. 666, unclassfied
CAGOO4S3, e — CAGO0459, 1928, Evdactenum sp CAG 146 I———
CAGO1245. 780, Frmcutes I CAGONSY 1042 unciassted IE————
CAG00469, 1928, Evbacterm sp. CAG 146 I CA 1668, Astpes I p=0007
CAGOGST1. 1362, Lacarosprscese I CAGONI01. 3187, Akkeomanis mucinphis B ] ] ]
CAGO1050. 1026. unclassfied Frmucutes I CAGO006). 2046, Infestnemonss I
CAGOO274, 2209, Eryspelotnchacese Dacterum S 2 S4FAA IEE—— CAGOX064 3310, unclassded I 100
CAGOD134. 2690, Cloaceciius porcorum IR CAGEO116. 2783, Bactercwies rorse I
CAGOOM?. 2087, Enterococcys faecem I CAGO1090, 1026, unciassiied Frmicutes —
CAGO2IE). 2056, intestinimones IR CAGOIES. 2321, Bacteroides rylancovess I
CAGO1227, 815, unclassied I CAG01262, 750, Slevte I
CAGO021, 1481, unciassified Clostricioies IR CAGOI22T, 15, unciassitied I 2 L] u
CAGOOE46. 1668, Asstpes = CAGOOST1. 1362, Lachnospracese I
CAGO122, 819, unclassiied Froncotes I CAGOCS10, 1860, Akstipes I i
58, 2067. s 5p. CAG 661 I CAGOO6T0. 1648 uncisssfied Frmcytes I
CAGOOI8, 2113, [ CAGO0862. 1390, Firmicutes Dacteriom CAG.129 I 3
CAGOO9ES, 1209, A CAG 552 I CAGO1245, 780, Femcutes I
CAGO092, 1324, Frmicutes I CAGOO676, 1643, vees I— n -
1821, Prevoteds I CAGOOGOM. 1714, Furmicetes Dactere CAG 110 I
CAGO0391. 2019, unclassifed _ . 1776, unclassifed s
CAGOO676, 1643, unciassied Frmicutes IR CAGO1200, 863, Clostriases IN— s
CA Frocutes I CAGOMINS, 1291, unclassified IR
CAGO1112. 1000, unciassified Clostrckales CAGO0S4, 2572, el
I CAGO1004. 1161, Prevotels CAGOO0E29, 1684, Firmicutes bacterium CAG:124 INE—
I CAGO0060. 1213, Clostnum 3p. CAG 921 CAGO03N?, 2130, Chostrdiom sp. CAG 230 I
I CAGO0S5S, 1641, unclassifed Fimicetes CAGOOSSS, 1782, Fievondracior I )
I CAGOO4T3. 1920, Prevotels sp. CAG 617 CAGR0I91, 2019, Chostrigaies IR PR $0 )
N CAGO0308, 2153, unclassified CAGO0049, 3361, Bacterodes coccoe I NG 2M40 1544
S CAGO1161. 934, CAGOOHS, 1618 uncisssfied Frmcutes I
I CAG00137. 2673, Clostidales CAGOO¥S4, 1171, unclassfied Frmcutes IR
S CAGOO048 1. 1403 Closthales CAGO1342 613, unciassfied _
I CAGO0008_ 6646, Clostdium botese CAGOD290, 2262, Ruminococcus sp. CAG-353 I
I CAGO0211. 2389, Frmicutes bacterum CAG 227 N CACOCEU0. 1629, unciassted Costnmates
I CAG00168. 2634, Clostndiales Dacternm VE202.14 S CAGO0141. 2049, Parabacterodes distasons
I CAGO1214 832 Bt I CAGO0211. 2389, Frmucutes dactersum CAG 227 -
N CAGO01TS 2009, Bacterodes ciarvs N CAGO0048_1. 140) Choardeles
I CAGO0835, 1444, Protecdactens I CAGO0168. 2534, Clostnciales VE202-14
I CAGO006S 1272 Bivte N CAGOOTI0 1450, Anserciruncus coMOmes. "
I CAGO0116. 2783 Bacteroxdes nordd N CAC01401. 522. Lachmospracese
N CAGO0141. 2649 Paradacieroces distasons I CAGOIS1. 1189, Eryspelichacese
r P T T T T T ™ 1 r ] T T T T T L) 1 u - - -
= - o - o~ = = = = o - o~ = P
BIEENRERIE § 8% 83 - % 3% 3 Wi muciniphila post-
s ° s b4 s ° Signed pvalue s s ]

FMT with NR faeces in

aPD-1&

7= el il s pE mice restored the
8] LT ] wa Bz i efficacy of PD-1 blockade
ER S I M . in an IL-12-dependent
JETTTEE ey “241 manner

ALMA MATER STUDIORUM ~ UNIVERSITA DI BOLOGNA

PERSONALE DELL'UNIVERSITA DI BOLOGNA E NON PUO ESSERE UTILIZZATO Al TERMINI DI LEGGE DA ALTRE PERSONE O PER FINI NON ISTITUZIONALI

IL PRESENTE MATERIALE E RISERVATO AL




MANIPULATING THE GUT MICROBIAL ECOSYSTEM
TO CIRCUMVENT RECURRENCE OF CRC

Yu et al., Cell. 2017

O Non-recurrence colorectal cancer patients

Oiecirancs civecil cancareten  Fusobacterium nucleatum is
abundant in CRC tissues in
patients with recurrence post
chemotherapy

* F. nucleatum promotes CRC
resistance to chemotherapy
by modulating autophagy

 Measuring and targeting F.
nucleatum (antibiotic or

I miRNA-18a*
4 7 miRNA-4802 J_

@i autophagy inhibitor) may be

hemo-resistance - * . .

€D / Pl useful for patient prognosis
Autophagy ___{ Apoptosis and management
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MODULATION OF THE GUT MICROBIOTA AS AN

IMPORTANT ADJUNCT TO CURRENT ANTI-CANCER

THERAPIES

Gopalakrishnan et al., Cancer Cell. 2018

Table 1. Manipulation of the Gut Microbiome to Enhance Responses to Cancer Immunotherapy

Trial Number Patient Population Intervention Outcome(s) Status
NCT02843425 all cancer patients addition of %2 cup beans per day to primary: change in fecal open and
treated at MDACC regular diet in a crossover design microbiome profile from baseline recruiting
(via 16S profiling) (MDACC)
NCT02079662 stages Il and Il breast randomized intensive lifestyle primary: disease-free survival (DFS) open and
cancer patients treated change (diet, exercise, secondary: change in fecal and oral recruiting
at MDACC ages 18+ psychosocial) microbiome (via 16S profiling) (MDACC)
NCT01895530  CRC patients ages 18+ randomized probiotic (S. Boulardii) primary: cytokine expression in completed
undergoing elective administration colonic mucosa (via gPCR) (Consoli
CRC resection secondary: post-operative etal., 2016)
complications
NCT03072641 CRC patients ages 18+ randomized probiotic (ProBion primary: change in fecal and tumor completed
ClinicaB. lactis BI-04, L. acidophilus microbiota from baseline (Hibberd
NCFM + Inulin) administration secondary: changes in epigenetic etal., 2017)
patterns of tumor tissue from
baseline
NCT03358511 post-menopausal single-arm probiotic (Primal Defense  primary: change in mean numberof  open and
breast cancer patients Ultra multi-strain probiotic formula) CD8+ cells from baseline recruiting
stages I-lI administration (Mayo Clinic)
NCT02928523  acute myeloid leukemia single-arm autologous FMT (frozen primary: diversity of the gut ongoing, closed
patients ages 18-65 inoculum) microbiome, multi-drug-resistant to recruiting
treated with intensive bacteria eradication (France)
chemo and antibiotics secondary: signature of dysbiosis
of gut microbiome
NCT03353402 metastatic melanoma single-arm FMT (colonoscopy or primary: safety (AEs associated open and
patients ages 18+ who gastroscopy) from patient donors with FMT), engraftment of FMT recruiting
previously failed who responded to immunotherapy secondary: changes in immune cell (Israel)
standard therapies populations and activity, objective

response rate
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MODULATION OF THE GUT MICROBIOTA AS AN
IMPORTANT ADJUNCT TO CURRENT ANTI-CANCER

THERAPIES

Gopalakrishnan et al., Cancer Cell. 2018

Several ongoing and planned clinical trials will investigate the therapeutic
potential of manipulation of the gut microbiota directly in cancer patients,

by:

« DIET: favourable safety profile, cost and accessibility of dietary
interventions, a simple and safe opportunity for assessing the
implications of microbiota and downstream immune manipulation in
cancer patients

« ADMINISTRATION OF BACTERIAL CONSORTIA OR “DESIGNER
PROBIOTICS”: a more feasible method of microbial manipulation in
the clinical setting

 FMT: the most direct means to manipulate the microbiota
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GUT MICROBIOTA-DERIVED MOLECULES
IN ANTI-CANCER THERAPY

NITROGENOUS AND SULFUR METABOLITES, pro-inflammatory and
pro-carcinogenic (Windey et al., Mol Nutr Food Res. 2012)

SECONDARY BILE ACIDS, with DNA-damaging and hence carcinogenic
effects, regulating liver cancer via NKT cells (Ma et al., Science. 2018)

UNFAVOURABLE

SCFAs, anti-tumor activity in inflammation-driven cancers (but the butyrate
paradox remains) (Koh et al., Cell. 2016)

POLYAMINES, especially spermidine that augments anticancer
Immunosurveillance (Pietrocola et al., Cancer Cell. 2016)

MYROSINASE, to transform host-ingested glucosinolates to
sulphoraphane (Ho et al., Nat Biomed Eng. 2018)

FAVOURABLE
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TUMOUR BACTERIA: INTRINSIC AND ESSENTIAL
COMPONENTS OF THE CANCER
MICROENVIRONMENT

Bullman et al., Science. 2017; Geller et al., Science. 2017
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