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Historic Context

1796: Edward Jenner

1860: Louis Pasteur

1928: Sir Alexander Fleming discovers Penicillium.

1942: Manufacturing process for Penicillin

The University of Vermont
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The Age of Antibiotics: Killing Bad Bugs is Good

The top 10 causes of death in low-income The top 10 causes of death in high-income

3.1 million —
2 million  se—)

1.5 MillioN )
—

Lower respira...

Diarrhoeal di...

Stroke

Ischaemic he...

HIV/AIDS

Tuberculosis

economies 2015

l

Ischaemic he...

Stroke

Alzheimer dis...

Trachea, bro...

Chronic obstr...

Lower respira...

economies 2015

&l

""iiii"

— Malaria Colon and re...
Preterm birth... Diabetes mell...

Birth asphyxi... Kidney disea...

Road injury Breast cancer

0 18 36 54 72 90 0 30 60 20 120 150
Deaths per 100 000 population Deaths per 100 000 population
WHO, 2015
The University of Vermont

LARMER COLLEGE OF MEDICINE 4




The Human Microbiome: an Innocent Bystander?

* Antibiotics are generally broad spectrum
 Americans receive, on average, —18 rounds of antibiotics by age 20.

* Regional variation in antibiotic usage suggest cultural practices as

opposed to medical necessity

~ Community Antibiotic Prescriptions per 1,000 Population by State - 2015 &

Each year 269.4 million antibiotic prescriptions are written in the United States;

enough to give 4 out of every 5 people one prescription.

The University of Vermont ' | BE
Vi@l LARNER COLLEGE OF MEDICINE e ot @ ANTIBIOTICS

aware . CDC, 2015




Unintended Consequences?
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Figure 1. Inverse Relation between the Incidence of Prototypical Infectious Diseases {Panel A) and the Incidence of
Immune Disorders (Panel B) from 1950 to 2000,

In Panel A, data concerning infectious diseases are derived from reports of the Centers for Disease Control and Pre-
vention, except for the data on hepatitis A, which are derived from Joussemet et al.”? In Panel B, data on immune dis-
orders are derived from Swarbrick et al.,’ Dubois et al.,® Tuomilehto et al.,** and Pugliatti et al.s

The University of Vermont Bach. New England J. Of
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Ancient Relationships

é The University of Vermont
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The Human Microbiome

Human body is composed of 30 trillion cells

It harbors 2-10 x as many microorganisms

e 3 Ib of bacteria
» Genetic material outnumbers that of human genome 150:1
« “Second Genome” - One that we can shape and cultivate

The Human as an Ecosystem

Microbiota — community of microorganisms
Metagenome — collection of genes contained by
entire microbiota

Microbiome — microbiota + host i viruses
i‘

E
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é The University of Vermont
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wWhy Now?.....
Modern Genomic Technology

The University of Vermont
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Normal Development of the Human Microbiome

 Neonatal period is generally sterile*

 Birth and colonization

. Mode of delivery
. Breast Feeding

« Volatility and increasing diversity (0-2 yrs)
o Stability and resilience (2 yrs-adulthood)
e Decreasing diversity and return of volatility (elderly)

e Each individual is unique
. *personalized medicine

Early life, gut microbiota & immune development

é The University of Vermont .
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The Rhythms and Environmental Niches of the
Human Microbiome
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Host Physiology and the Microbiome
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Disruption of the Human Microbiome: Dysbiosis

Factors affecting the microbiome
Microbiome ' -
and stability
: >

Perturbation

Healthy

* Protect against pathogens

s, * Train/stimulate immune
‘.‘ function
kY + Supply nutrients, energy,
V vitamins, SCFA

Infectious diseases, metabolic diseases,
and inflammatory disorders * Inflammation (local > systemic)
» Oxidative stress
* Increase in Gram negative
bacteria

Disease w" :::;: > E . |;;¢teﬁ;t)ig: n(il:':l)JPortunistic/
« Altered metabolite production
| | | |
| | | | >
Birth 3 years Adult Elderly
Kostic, et al. Gastro. 2014; 146(5): 1489-1499
The University of Vermont
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Dysbiosis: Cause or Effect?

Oncotarget. 2017 Jan 31; 8(5): 8890-8599. PMCID: PMC5352451
Nat Rev Rheumatol. Author manuscript; available in PMC 2012 Feb 8. PMCID: PMC3275+ | |blished online 2016 Oct 28. doi: 10.18632/oncotarget. 12985
Published in final edited form as: NIHMSID: NIHMS352!
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Interactions between Gut Microbiota, Host Genetics and Diet Modulate
the Predisposition to Obesity and Metabolic Syndrome
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Cross Talk: The Microbiota and Neurodevelopmental Disorders
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Correlation Causation

N e A 1 cabe

"Do you think all these film crews
brought on global warming or did global
warming bring on all these film crews?"

% The University of Vermont
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The Human Microbiome: What i1s Normal?

a Phyla

L
:

b Metabolic pathways

Central carbohydeate metabolism

Cofactor and vitamin biosynthesis
Ofigosaccharicde and polyol transport system
Purine metabolism

ATP synthesis

Phosphate and amino acid transport system
Aminoacyl IRNA

Pyrimedine metabokam

Ribosome

Aromatic aming acid melaboksm
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Evolution of the Human Gut Microbiome
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The Modern Gut Microbiome

Urbanization, housing

Sanitation

Modern Medicine
e Antibiotics

Diet
o Easy access to historically rare foods (sweet, salty)

* Processed Foods
« Dietary fiber: average American 15 g/ ADA 30 g/ Hadza 300 g

% The University of Vermont
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Diet: Major Influence Shaping the Gut Microbiome

é The University of Vermont
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Diet and the Gut Microbiome

“Enterotypes”

e Meat vs Plant-based diet

Controlled feeding interventions
« Shift within days of dietary change

Immigration studies

Japanese and seaweed

The University of Vermont

0, LARMER COLLEGE OF MEDICINE
B

standardized PC2 (19.2% explained var.)

-2 o 2

standardized PC1 (34.8% explained var.)

Vegan
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i

345

Vegetarian

Losasso, et al. Front. Microbiol., 05 March 2018
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Prebiotics vs Probiotics

Prebiotics: Food for your gut bacteria
Microbiota-accessible carbohydrates (MACs)
Dietary: Fermentable fiber
Host-derived: mucosal glycans

Probiotic: Live organisms consumed for a health benefit.

% The University of Vermont
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Dietary Fiber

SIMPLE . , - COMPLEX
CARBS \/ ), CARBS

HyOh
20 simple "2U" Complex Carbohydrates
0 Carbohydrates
O HeOH HaOH HoOH HaOH
OH
monosaccharkie (glucose) HOCH;, -;,0 OH >\0 OH >\o OH ¥ OH
| |
OH OH OH OH

disaccharide (sucrose)

é The University of Vermont solysaccharide
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Breast Milk: The First Probiotic + Prebiotii

*Breast Milk

o Cytokines, Immunoglobulins, Growth factors, Lysozymes, Lactoferrin,
and...

Microbiota

» Bacteria, archaea, viruses, fungi, and protozoa

«21%: Oligosaccharides (complex carbohydrates)

- Selects for bacteria (i.e. Bifidobacterium longum) to
begin cultivation of the baby’s gut.

The University of Vermont - :
VilQf |ARNER COLLEGE OF MEDICINE Raul Cabrera-Rubio et al. 2012
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Probiotics: Challenges

 The bug

* Aerobic manufacturing (vs anaerobic gut)

« Storage and preservation (heat killed, temperature)

* FDA regulation Doty

10! - 103
101 - 103

109 - 107

e The host

Bacteroides
Eubacterium
Clostridium

e “Drop in the bucket” et

e Colonization niches (pass on through vs. fill an unfilled niche and last)

é The University of Vermont
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Effects of the Modern Western Diet on the Gut
Microbiome

Decreased complex fiber

* “Hungry” bugs metabolize host glycans (mucus layer) instead

e Thinning of the protective mucus layer => Microbes closer to the epithelium => Immune
activation

Artificial Sweeteners (sucralose and saccharin)

HCI
° . . . HO

Metabolized by microbes instead of host Pepsin LSRR pH 2.0
. Results in microbial shifts flie HCOy oH 7.0
o Associated with metabolic changes in mice -~ Mucus T it A e
Emulsifiers % ‘ Qo s’ _~
. Thin host mucus layer in mouse models ‘."\'.' AR ) v’

\ ] (a8 AT

% The University of Vermont
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Is the Modern Gut Microbiome the (or Part of the)
Link?
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The University of Vermont
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The Gut Microbiome and Immune Education

The University of Vermont

LARNER COLLEGE OF MEDICINE 27




The Gut Microbiome and Immune Education

Prospective, birth cohort

Primary outcomes: Multi-sensitized atopy at 2 yo; Asthma at 4 yo

RECTODIEA Stane
a.
Neonatal Gut Microbiome (NGM) States 10T = B O
i e Atopy (2Y): 2.95 (1.42-6.09) P=0.004 Qi ;
PC2 (5%)  Asthma (4Y): 2.95 (1.75-7.98) P=0.033 | 2 75+ B Taxa
T oNGM1 c . O Malassezia
.l N g ek
3 g .{:‘: 1"',.'" e 9 3X = [ Rhodotorula
RICRe N I .' é 50 4 B Other Saccharomycetales
° i '...T: U10Other
. ..3::.,‘. de -' ¢ “ NGM3 b4 W Unassigned
(4%) N £ 2 g
NGM1 _
PC1(9%)
Neonates are divisible into three gut microbiome (NGM) states ol
that predict allergic sensitization and asthma in childhood NG"‘_‘” NGW NGM3
' : Microbial State

% The University of Vermont R. Valladares. Mol. TriCon. 2018 Fujimura 2016
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The Gut Microbiome and Immune Education

» Exposure of immune cells to sterile fecal water of “high risk” neonates ==

o T cell activation (increased 1l-4) and
o Decreased immune regulatory cells.

NGM3 Fecal Metabolites Induce Expansion of Th2 Cells

T42 Cells
P < 0.001
L ]
or 1.5
. [
2 o33
o -
07 3 e BB
{:): =3 '-'-_:-:_fi'. - , 3 'E' ok, W
g 0.5 aes ﬁ“ ...‘...m
Las il &

Immune Phenotyping ‘ v
PBS NGM1 NGM3

% The University of Vermont uiimura et al. Nat Med 2016;22-1187-1191
ol AT Cottrer e mEpIenE R. Valladares. Mol. TriCon. 2018  2°




Using the Gut Microbiome to Prevent Disease:

Asthma

BSiolta
Therapeutics

IMMUNE ACTIVATION

A”EI"gIC ALLERGEN EXPOSURE ANTIBODY PRODUCTION IgE IMMUNE CELL ANTIVATION INFLAMMATION

Inflammation
...... )' .

Current
Standard
Of Care

Siolta PREVENTION

Therapeutics * Reduces IgE levels
* Reduces Th2-associated response
* Reduces airway inflammation

é The University of Vermont
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Using the Gut Microbiome to Treat Disease:
Fecal Microbiota Transplant

S e /

The University of Vermont
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Clostridium difficile Colitis

o C. difficile colitis is characterized by profuse, watery diarrhea, abd pain, fever
* Incidence ~ 500,000

)
* Mortality ~ 14,000 S~ \Dg-—' \$

* Morbidity includes drug toxicity 2Abx use, toxic megacolon, total colectomy ﬁ'},

o Deaths linked to C. diff increased fivefold between 1999 and 2007. g —aD -

* Risks for developing colitis include antibiotic use, increasing age, long term care
facility

* Recurrent C. difficile colitis (rCDI)

» 1st reoccurrence: ~25% of patients,
o Of those, 35-65% will suffer multiple episodes

The University of Vermont
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Fecal Microbiota Transplant: C. difficile Colitis

/ga The NEW ENGLAND
Y’ JOURNALof MEDICINE

*Prospective, randomized, controlled trial

1) FMT: Short-course of vancomycin (500 mg orally g6 x 4d) =>FMT
2) Standard vancomycin: 500 mg orally g6 x 14 days

3) Vancomycin with bowel lavage: Bowel lavage performed on d 4

The University of Vermont
J7iiQll LARNER COLLEGE OF MEDICINE van Nood, et al N Engl J 201333




Fecal Microbiota Transplant: C. difficile colitis

e The study was stopped after an interim analysis.
e 13/16 (81%) resolved with 1 FMT, 2 of 3 remaining patients resolved after 2" FMT.

e Recurrence rate 5 weeks following treatment:

e 62% in vancomycin alone
* 54% in vancomycin + bowel lavage
1 patient (6%) in FMT

e Average cure rate: 93%

* No serious adverse events to date have been reported.

34



Fecal Microbiota Transplant: Delivery

The Human Digestive System

@ Mayo Foundation for Medical Education and Research. All rights reserved.



Fecal Microbiota Transplant: Donor \\Wi‘fOPENBIOME

Psychiatric conditions ——

Microbiome Characterization
— 165 rRENA microbiome characteriza-
tion to evaluate diversity & represen-
tation from critical phylogenetic L B N
groups |H| |H| |H| IHI
Serologic Testing
HIV antibody, type 1 and 2 o 0o 00O
Hepatitis A |I| |I| |l| |H| IHI
Hepatitis B

Hepatitis C

Atopic and autoimmune conditions —
Chronic pain syndromes

Medications, including
antibiotics, antivirals,
antifungals

HIV or viral hepatitis exposures ——

Gastrointestinal conditions ——
Metabolic conditions

o Treponema pallidum 0 00
BMI & waist circumference — HTLV 1 and 2 | || | | | | |
CBC with differential
Hepatic function panel
ravel history to regions
Travel history to regi 00 00
with hr::fgh mqsk ofa:rt]]mrlng Stool Testing |H| |n| |H| |n| |n|
INfectious pathogens Common enteric pathogens (e.g., Salmonella,

Shigella, Campylobacter; Vibrio,
E. coli Shiga toxin)

[ 3 B M
Clostridium difficile | (N (W (W [
Helicobacter pylori

Owa and parasites
o o000 00
IHI Inl Inl Inl Inl

Cryptosporidium
36

Current communicable
diseases

High risk sexual behaviors, use of illicit
drugs, incarceration,
or recent tattoos
Giardia lamblia
Microsporidia
Cyclospora
Adenovrius
The University of Vermont Norovirus
LARNER COLLEGE OF MEDICINE Rotavirus

VRE

Age (18-50)




Fecal Microbiota Transplant in the Treatment of
Ulcerative Colitis

e Clinical Trial #NCT02390726
* Principal Investigator: Peter L Moses, MD

* Multidisciplinary

o Study Design: Randomized Control Trial
* Intervention Model: Parallel Assignment

« Masking: Double Blind (Subject, Investigator)

37




Jsing the Microbiome to Treat Disease:
—ecal Microbiota Transplant in Inflammatory Bowel
Disease (IBD)

 |Includes both Crohns Disease & Ulcerative Colitis

e US incidence — 1.6 million

« Peak age of onset ~ 2"d-31d decades = o il i i i o 1

38
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Gut Microbiomes of IBD patients vs. healthy
individuals

PCAH

rohn’s disease
P value: 0.031

Halfvarson. 2017 JJ Qin et al. Nature 464, 59-65 (2010) doi:10.1038/nature08821

The University of Vermont
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IBD: Evidence for Microbial Pathogenesis

IBD patients display aberrant T-cell activation, high levels of mucosal
IgG, AB cytokine responses to intestinal bacteria

Risk increased by agents suspected of disrupting mucosal barrier and
normal microbiota composition.

» Antibiotics, enteropathogenic exposures

IBD pts have decreased mucus layer and increased number of bacteria
directly adjacent to epithelial surface.

Effective treatments include: Diversion of fecal stream, Antibioti

-

The University of Vermont
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Fecal Microbiota Transplant in the Treatment of Ulcerative
Colitis

Antibiotic pretreatment (Both Arms)
o ciprofloxacin 250mg PO gl12 and metronidazole 500mg PO g8 x7 days

Treatment Arm:
« FMT Induction by colonoscopy plus microbial maintenance plus standard therapy

4
Control Arm:
 Sham FMT and Sham Microbial Maintenance plus standard therapy

42
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Study Design

Sampling time series
pling Research Locations
Endoscopic FMT Subject recruitment and sampling:
UC patients @ UVMMC
Healthy controls @ MIT

o

m FMT, donor A
= FMT, donor B T cell sorting:

n= = Placebo Blood and biopsy samples sorted @ UVMMC
Inflammatory bowel - Healthy

. e ——————- N P —
disease cohort Fecal microbiota transplant w —

i Antibiotics , ——— Capsule FMT

4]

[ e |

T cell receptor sequencing:
All samples @ Juno Therapeutics

¥

(ulcerative colitis, UC) (FMT)

4}

n=

Plasma metabolomics:
All samples @ the Broad Institute

Placebo =—=====mm=au-; .

Whole-shotgun metagenomics @ the Broad Institute

I
| ==ile

16s rRNA sequencing @ the Broad Institute
Healthy controls Data analysis @ MIT and UVMMC

-

- ' ' "“"" I ‘“" ' Blood (60 ml) & stool Sample analyses
) ‘ Whole-shotgun metagenomics
,.;_:' “ Biopsy (UC patients only)
) Plasma metabolomics
-1 0 4 8 12 weeks ' T cell sorting (Th1, Th17, Treg)
T cell receptor sequencing

T cell sorting (Th1, Th17, Treg)
"‘k’ T cell receptor sequencing

The University of Vermont
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Patient Groups are Similar at Baseline

Study Primary Group

Number Age Sex Initials Donor Variable Active Placebo P value

] 1 44 M KDz A N 7 8
7 46 F JHR A Age 39 (15) 49 (15) 0.21
7 ig ;2 m AA'\J/'SR 2 Sex 4 (57%) 4 (50%) 1.00
Race 6 (86%) 7 (88%) 1.00
3 22 F ECT B SCREEN FAIL BMI 25 (3) 29 (4) 0.04

8 35 F JCJ B

- . 65 . JEE . CRP 2 (29%) 3 (38%) 1.00
— > >7 F BAE SCREEN FAIL Fecal calprotectin 513 (607) 306 (301) 0.47
4 65 M AZN Fecal lactoferrin 7 (100%) 6 (75%) 0.47
5 68 M MCT Endo UCEIS score 6.6 (2.0) 7.4 (2.6) 0.51
g 6 47 F CLR Endo Mayo score 1.4 (0.8) 1.8(1.2) 0.55
9 31 F LEH Mayo symptom score 4.6 (1.8) 4.4 (1.1) 0.80
12 40 F LLM DROPPED OUT IBDQ bowel system 4.4 (0.7) 4.2 (0.8) 0.67
13 58 M GLF IBDQ emotional health 4.6 (1.0) 4.7 (1.0) 0.91
— 15 57 M CSE SCREEN FAIL IBDQ systemic systems 4.5(1.1) 4.2 (1.1) 0.70
IBDQ social function 5.1(0.5) 4.9 (1.2) 0.60
IBDQ total score 147.3 (19.3) 144.1 (25.1) 0.79

ITT n=15

The University of Vermont
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Adverse Events.
No difference between groups

Adverse Event Cases Relatedness Severity Group Designation
Fever 2 Not Related, Possibly Related 1 Active, Active
Worsening Disease 2 Possibly Related 1 Active, Placebo
Abdominal pain 1 Not Related 1 Active (not treated)
Epitaxis 1 Not Related 1 Placebo
URI 1 Not Related 1 Placebo
Head Cold 1 Not Related 1 Active
Nausea 1 Probably related 1 Placebo
Post- Anethesia Myocolonic Jerks 1 Probably Related 3 Active (not treated)
Sore throat 1 Not Related 1 Placebo

6/7 vs 5/8 p = 1.0 fischer’s exact test

The University of Vermont
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Primary Clinical Outcomes

Placebo

[l Remission
[ Response
1 Remission ar

Clinical

Clinical Remission: 29% vs 0% (p=0.20)

Clinical Response: 43% vs. 0% (p=0.08)

Endoscopic

Endoscopic Remission: 43% vs 0% (p=0.08)
Endoscopic Response: 43% vs. 0% (p=0.08)

*Either Endoscopic Remission of Response.: 57% vs 0% (p= 0.03)

The University of Vermont
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FMT patients reported enhanced bowel health

Quakty of Life Quality of Life
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FMT patients have a decrease in stool markers of
iInflammation (fecal calprotectin and lactoferrin)

Screen or
Variable Group Procedure 4 week 12 week 18 week P value*
CRP Active Adjusted % 27% 30% 79% 9% 0.99
Placebo Adjusted % 31% 37% 71% 7%
Fecal calprotectin Active Adjusted mean (SE) 447 (39) 184 (43) 0.03
Placebo Adjusted mean (SE) 417 (34) 396 (41)
Visit
Variable Group Screen 4 week 12 week 18 week
Fecal lactoferrin Active #(%) positive 7 (100%) 5 (83%) 4 (67%) 3 (50%)
Placebo #(%) positive 6 (75%) 5 (83%) 5 (100%) 5 (100%) ¥
P value 0.47 1.00 0.45 0.18 ;
C-Reactive Protein: Fecal Calprotectin: Fecal Lactoferrin:
Nonspecific, acute phase reactant Heterodiner of S100A8 and S100A9. Member of the calcium-binding Fe+ binding protein.

Method: Immunoturbidimetric Assay
Ref Range: <10mg/L

The University of Vermont

LARNER COLLEGE OF MEDICINE

protein family. Primarily expressed by neutrophils

Method: ELISA

Ref Range:

< or =50.0 mcg/g (Normal)
50.1-120.0 mcg/g (Borderline)
or =120.1 mcg/g (Abnormal)

Antibacterial.

Secreted by neutrophils
Method: ELISA

Ref Range: negative
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FMT patients trend toward decreasing histologic
evidence of inflammation

Histologic Disease Severity
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FMT

Placebo

Global Assessment:
The Super Responders and Non Responders

Global Response:

3/6 (50%) vs 2/6 (33%)

Clinical Endoscopic Histologic Inflammaotry
Study Extent of Duration of Primary Change in Total Change in Change in

Number Age Sex Disease Disease (yrs) BMI Donor Total Mayo B Mayo UCEIS B UCEIS Mayo B Change in Mayo | Geboes B Geoboes Score| Fecal Lactoferrin  Fecal Calprotectin Escalation of Therapy
7 46 F pan-colitis 5.5 20.9 A 1 -7 4 -2 1 0 0.1 -3 PNNN 285=>0
8 35 F pan-colitis 7.5 27.8 B 1 -3 5] -1 2 0 0 -1.3 PPPP 336=>147
14 20 M pan-colitis 3.8 25 A 4 -1 4 -1 1 0 1.1 -2 PPPP 385=>221 Mesalamine 4.8 mg at wk 26 11/15/17
11 65 IF L-Sided 26.2 20.9 B 8 3 7 0 2 1 3.1 -1.2 PPPN ?=>375 Prednisone 40 mg at 13 wks
1 44 M pan-colitis 0.2 25.6 A 8 1 7 -3 2 0 5.2 0.9 PPPP >1000=>>1000 Prednisone 10 mg at 14 weeks
10 38 M pan-colitis 10.2 25.2 A 6 -3 10 2 2 -1 4.2 0 PPNN 119=>72 Prednisone 40 mg at 6 wks
3 22 F  pan-colitis 6.9 27.7 B SCREEN FAIL
5 68 M pan-colitis 4.4 28.8 4 -2 5 -1 2 0 11 0.8 PNPP 196=>64.8
13 58 M L-Sided 27.8 26.9 6 1 8 0 2 0 2.2 -2 PPPP 129.6=>133.3
4 65 M L-Sided 0.4 36.15 8 0 8 0 2 0 5.1 0 PPPP 286=>360 Adalimumab 40mg 13 wks
6 47 F  pan-colitis 8.8 29.2 7 -1 10 0 3 0 5.4 0 PPPP 873=>846 Mercaptopurine 50 mg QD at wk 12
9 31 F  pan-colitis 0.8 29.1 6 0 7 -1 2 0 5.2 0 PPPP 579=>442 Budesonide 9 mg QD at 13 wks
12 40 F  pan-colitis 16.3 25 DROPPED OUT DUE TO WORSENING DISEASE ACTIVITY PP 383=> Prednisone 40 mg at 2 wks
2 27 F pan-colitis 5.2 23.8 SCREEN FAIL
15 57 M pan-colitis 11.9 32.9 SCREEN FAIL

The University of Vermont

LARNER COLLEGE OF MEDICINE
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Immunologic Investigation of FMT:
Mechanism of Action
Patient Stratification

CD45 \
Z

(monos/

macs)
CD4 CD8

/ MR1 (MAIT tetramer)

CD25
(T-reg)

IFNy IL-17 IL-10
Thi Th17 T-reg

Inflammatory  Neutrophil recruitment anti-inflammatory
reparative
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While we work out the Science...

Eat and live like your ancestors (when appropriate)

Honor your ancient relationship with your microbes

7 " .. :- é’ 2 ]
i L ,:i' viruses

TR
»

é The University of Vermont
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