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Microbes maketh man
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What are microbes?

> often used to mean bacteria

> broader meaning: microscopic lifeforms

» many kinds (bacteria, archaea, viruses, bacteriophage, fungi, protozoa)
> in nature, key principles: don’t live alone, interact as communities




Society’s war against infectious disease

(bubonic plague, smallpox, scarlet fever, yellow fever, tuberculosis, malaria, diptheria, dysentery, leprosy, typhoid fever...)




~1400 human pathogenic microbes

VS.

~1 trillion microbial species on Earth
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G .0 30 trillion
human cells
39 trillion
microbes

~20,000
human
genes

2-20 million
microbial
genes




What do these microbial

Many kinds of vitamins, anti-microbials,
anti-inflammatories, neurotransmitters,
signaling molecules, host energy sources,
etc, etc

But also, thousands of new-to-medicine
microbial proteins...

Large-Scale Analyses of Human Microbiomes
Reveal Thousands of Small, Novel Genes

Hila Sberro,? Brayon J. Fremin,” Soumaya Zlitni," Fredrik Edfors,” Nicholas Greenfield,® Michael P. Snyder,?
Georgios A. Pavlopoulos,*° Nikos C. Kyrpides,*® and Ami S. Bhatt'-2.7"
Department of Medicine (Hematology; Blood and Marrow Transplantation) and Genetics, Stanford University, Stanford, CA, USA
2Department of Genetics, Stanford University, Stanford, CA, USA
30ne Codex, San Francisco, CA, USA
“Department of Energy, Joint Genome Institute, Walnut Creek, CA, USA
SInstitute for Fundamental Biomedical Research, Biomedical Sciences Research Center Alexander Fleming, Vari, Greece
SEnvironmental Genomics and Systems Biology Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA
7Lead Contact
*Cormrespondence: asbhatt@stanford.edu
https://doi.org/10.1016/].cell.2019.07.016
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Beneficial role(s) of non-bacterial members of microbiome

Bacteriophage Eukaryotic viruses




%% Gut-microbiome-brain axis & human health and disease

_—

ex. serotonin synthesis by gut cells
] == depends on gut bacteria

' doi:10.1016/j.cell.2015.02.047
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Neurological/mental conditions: epilepsy, autism spectrum disorders, Alzheimer’s,
psychiatric disorders, Parkinson’s, schizophrenia, Multiple Sclerosis, etc



Microbiota are acquired anew each generation.

Mother’s body habitat:
@ Oral mucosa
Vagina
Skin
Baby's delivery mode:
@ Vaginal
@ Cesarean

~
o
-
o
N
8
=
-
O
o
©
«Q
N
()
=}
(o))
<
IS
o
O

it =
o® ;
*

&o
PC2: 9.8%
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1) Infants obtain inoculum from mother or environment.
2) Microbial succession over ~1-2 yrs of life.

3) Microbiome becomes “adult-like” in ~2-3 yrs of life.



Human milk oligosaccharides (HMOs)*:

1) microbial food for the developing microbiome
2) protects against invading pathogens

100s of different kinds of HMOs
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HMOs as molecular decoys

~ No . Decoy Oligosaccharide
oligosaccharides oligosaccharide prevents
binds to pathogen attachment
Oligosaccharide

Bacteria
cannot

Oligosaccharide attach

binds and

signals cell

Altered cell
{ iR receptor
O

l displayed
1CeII makes
H o . Cell altered
O i () [ca B Feceptor
Signal changes
activity of genes

[Breastmilk (per 100 mis): Proteins = 2.5 g, Fats =5 g and *HMOs = 0.5 g]



Does microbiome developmental period start at birth
or before, during gestation?

Maternal microbiota
Vaginal, intestinal/fecal,
breastmilk, skin microbes

Fetal immune Seeding Early-life immune

d gut mucosal early-life development and
development microbiota neurodevelopment
Susceptibility to childhood
illnesses including
infections, asthma, obesity,
and neurodevelopmental
disorders

Breastmilk
Maternal microbes,
nutrients,
antimicrobial
peptides

Intestines

_-@QQ_‘ Microbiota

Transplacental :
signals from the
' ansmission of maternal

https://science.sciencemag.org/content/365/6457/984.full

Metabolites ——aam®



https://science.sciencemag.org/content/365/6457/984.full

The human body matures into an ecosystem of microbial habitats.

Gastrointestinal

PCoA2 (4.4%)

PCoA1l (13%)

Human Microbiome Project Consortium (2012a)



But the microbiome is mutable and naturally changes

B-diversity and stability

a-diversity of microbiota

Core microbiome

Tentative relative
proportions of
microbial phyla

@ Firmicutes

0 Bacteroides
@ Actinobacteria

@@ Proteobacteria

Factors that may
affect gut microbiota
composition and
diversity

Immunity

..................

over our lifetimes.
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Facultative anaerobes; Proteobacteria

Gestational health/
diabetes

Matsrmal distary habits
Pregnancy weight gain
Antibiotics/ drugs
Probiotics/ prebiotics

Bacteria in amniofic
cavity and placenta

Lifeskyle/ Hygiene

Gestation Parturition

Geslational age

Mode of delivery

Birth weight

Host genotype/
physiology

Hospital environment &
length of stay

Intensive care
Antibiotics/ drugs

Matemal vaginal, fecal
& gkin microflora

Hospital microflora

IMMUNE-SENESCENCE «-werraresasasreras
Bacteroides; Firmicutes;
Bifidobacteria Bacteroides

r

Infancy

Mode of feeding

Fatty-acid composition
of breast-milk

Typel composition of
infant formula

Weaning

Type of solid food
Siblings

Pels

Dust/ hygiene
Probiotics/ antibiotics

_____

Puberty

Dietary factors
Geographic and
environmental

influences
Hygiene

Proximity ith siblings,

friends, pets efc.
Probiotics, fermented
foods

Childhood ilinesses/
fever

Drugs/ antibiotics
Malnutrition

Food allergies

-----------------------------------------------

__________

Pregnancy

Bacteroides; Obligate and facultative
Firmicutes anaerobes
Adulthood Old-age
Diet Diet
Lifestyle habits Lifestyle habits
Disaase Old-age llnesses
Drugs/ Antibiotics Typo of diseass
; Medication/ drugs/
Probiotics/ prebiotics antibiatics
Physical activities Probiotics! prebiofics
Traveling/ relocation Hospital stays
Sleap/ depression Hygiene
Menopause



“All the News

That’s Fit to Print”

Timing and Opportunity: Human Microbiome Project

Ehe New Pork Times

Late Edition
Nevw York: Today, altornoo theasder-
stores, high 55, Tought, shewers end,
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Genetic Code of Human Life Is Cracked by Scientists

JUSTICES REAFFIRM
MIRANDA RULE, 7-2;
APART OF ‘CULTURFE’

By LINDA GREENHOUSE

WASHINGTON, Jane 26 — The
Sapreme Court reaflirned the Mi-
randa decision teday by a 7102 vote
that erased a shadow over one of the
most fanous “alings of modorn
Umes and acknoviedged that the M)
randa warnings “have become part
of oer paconal culture.”

Ihe court saxd m an optmios by
Chiefl Justice Wiiam H. Rehnguist
(kat becsuse the 1966 Mranda deck
SOO CAmURcol @ constilEtonal
rele,” a statute by whikh Congress
had sought 10 ovorrale Ihe decnion
s Hsel! UnconsUHusionas

Miranéa had appeared (o be
jtopardy, both because of that bag-
igpoced b vevently rediscovered
law, by which Cengress had trid to
overrule Miranda 32 years ago, and
brcause of Uhe court's perceived hos
ity to the arignal dechion.

The chief justice sasd, though, that
(e 1068 Jaw, whioh replaced the Mi
rinda warnings with a case-by<ase
Lest of whether » conlession was vol
ustary, mold be upheld oaly il the
Sapreme Court Jocided 10 overturn

Vicamds Bt mah Airsada hadne

Justices Astonis Scalin and Clar.
tmce Twomas cast the dissenting
roetes.

The decision overtumed a raling
st year by e federal agpeals
tourt i Rychaond, Va, which held
bat Comgress was entited 1o the last
wvord bxcause Miranda’s presump-
00 (hal & cOnlession was DL ol
ary wiess preceded by the warn:
ngs was mot reguired by the Constl:

sk b

The dacision day —ounly 14 Jages
oag, I Chief Justice Rehnquist’s
ypécolly spare style — brosght an
sbrupt md o ene of e odder opi-
jodes i the court’s recent history, an
niense and strangely delayed ro-
ahieg of a previous Reseraion’s
Sattle over the righls of criminal
luspects, Miranda v, Artaona vas a
sallmark of the Warren Court, and
hhel Justice Reboquist, desphe bis
fecord a8 an early aad tenickous
itk o (e decision, evidencly did
M4 wazt Ms repudiation 10 be an
mprint of his own tesure.

Thor was conssdersble deama in
the courtreom loday as the chijed

2000 =)

* Human genome

The Book of Life f‘-\

The theee bilices
base paivs

Science Times

A SPeCHN Kssue
® Futting the gesome
© work.

8 Some informasion
has already pacd
msearchdividends.
8 Two research
methods, two resalts.
& From Mesdel o
belix to penome.

8 Mere artickes,
charts asd photot of
the genome offort.
Soctinn F

R

- of the inter twining
double belix of DNA ...

Fraacis 8. Collins,
bead of the Human
Cenome Prajece,
left, winh | Craig
Vemter, bead of
Celera Geromics,
after the announce-
ment yesterday that
they had fnished
the first survey of
the human genome.

e A SHARED SUGCESS

hisve been sequenced

2 Rivals' Announcement
Marks New Medical
Era, Risks and All

By NICHOLAS WADE

WASHINGTON, Juor 2¢ — 1o on
achwvemest that roproseals a pis-
nack of human sell-Knowhdge, two
rival groups of schmtiss tokd Ledey
tha: they had deciphered tie hereds
tary script the set of instructions
tha: dofinos the human crganism.

“Todsy wo are keaming the las
guage o vhich God created life,”
Devciiont Climton <ail o & White
Hesse ceremony atlended by mem-
bers of the two Leams, Dr. James D.
Watson, codiscoverer of the strec
ture of DNA, and, va sstelMe, Prime
Mirsster Teny Blax of Braain, [Ex-
cerpts, Pago D8]

Ine teans’ leacers, Dr J. Cragg
Vedter, president of Celera Geno-
mics, and Dr. Frascis S. Collins, di-
reckn of tie Natowal Human Gor
nome Research Institute, praised
each ether's contitbetions and sig:
wakidt & aperit of seoporaion from
now on, even though the (vo efforts
will rersain firmly sdeperdent.

- 2 pervene, the ancloent

sequence announced
* Four (4) US Genome Centers
* Sequencing technologies improving
* Cost/genome begins dropping

2006/2007 =

NIH Common Fund established

Sequence the ‘other genome’
HMP: $215M, 10-yr program
Create research toolbox

Cost per Genome

Moore's Law

National Human Genome
Research Institute

genome.gov/sequencingcosts

e e e

20012002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015



Ten-year (FY2007-2016) Human Microbiome Project
$215M to build research ‘toolbox’ and network
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HMP program goals

1) Develop research resources:
e.g. reference datasets, clinical & analytical
methods, statistical & computational tools
and pipelines

2) Rapidly release resources:

e.g. public repositories & community
databases, HMP Data Analysis Coordination
Center (DACC), GitHub & meetings/webinars



HMVP onhe Benchmark Healthy Cohort Study

000 00 0O
 Characterize microbiomes

* Correlate with phenotypes

H ja 1 | 1

85118-“55

Host genome

Predicted pathways

Community composition “Who’s there?"

Demonstration Projects (12)

HMP two collection of papers (3 flagship and ~20 companion)
published in Nature in 2019
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Microbiota and host interact to regulate human health.

v digests the ‘indigestables’

(ex. plant material, host cells, mucous)
v’ ‘educates’ the immune system

v’ produces energy substrates

(ex. SCFAs such as acetate)
v' metabolizes drugs

v' produces beneficial compounds

(ex. vitamins, antimicrobials)

v' communicates with the brain

v’ regulates organ development/function


http://4.bp.blogspot.com/-FkosRea1wI0/TqhDKwEaAWI/AAAAAAAABYs/Z2kxoUkIpuM/s1600/ScreenHunter_01+Oct.+26+19.24.jpg

Is the appearance of chronic disease related to changes in
the microbiome?
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1950 1960 1970 1980 1990 2000

Infectious diseases

Increase in immune disorders over last ~ 75 yrs

Bach (2002)



Is the appearance of chronic disease related to changes in
the microbiome?

Vertical acquisition

Potential horizontal aquisition = = = = = = =

100

Contemporary practices:

Excessive hygiene % % - 7

Caesarean birth 55 7 o 1
Antibiotic overuse S5 P 8
Processed foods/additives 5 E - B 5
Formula feeding 55 Do 3
Hg amalgams *5 z =
Other factors?

0 _ . . _
0] 20 40 a0 80
Time (years)

Postulated systematic loss of microbiota
inocula each generation.




Smits et al. 2017

Microbiome diversity appears to be decreasing across populations
and across generations

across populations across generations
g Pre- New Long-term U.S.-born European
g immigration arrivals residents (2nd gen.) American
b \/ \/ \ / \/ \/
?
| MW ik Ar AR Rk
BMI

Rural

BEDR

Gut microbiome diversity

0

Urban

00

. Il

I
060 4% 00 00 0%

POt (2 (%)

Decreasing gut microbiota diversity




HMP catalysed human microbiome research at NIH*

$250

Il Non-HMP: $880M
$150
$100

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Total Investment (USD millions)

Fiscal Year

* “A review of 10 years of human microbiome research activities at the US National Institutes of Health, Fiscal Years 2007-2016” NIH Human Microbiome Portfolio
Analysis Group. BMC Microbiome. doi: 10.1186/s40168-019-0620-y



FY12-16

Microbiome(s) and disease(s)

NIH funds studies in 100+ classes of disease

$262M

Neurological/mental: epilepsy, Alzheimer’s, psychiatric disorders

Gl tract: irritable Lungs: asthma,
bowel disease J cystic fibrosis
(IBD), ulcerative
colitis, Crohn’s
disease, GERD,

Skin: eczema,
psoriasis, acne,

. rheumatoid
necrotizing arthritis
enterocolitis (NEC) .

Vagina/Uterus:
Heart: bacterial vaginosis,
cardiovascular preterm birth
diseases Liver: non-alcoholic
liver disease
Cancers: Hodgkins’ lymphoma, liver, gastric =~ (NAFLD), alcoholic
esophageal, colorectal, cervical, breast steatosis

Systemic: Obesity, Type 1 and type 2 diabetes, lupus, multiple sclerosis, autism, etc.



Recent advances in human microbiome research
(postulated mechanisms of disease initiation/exacerbation)

v Environmentally-derived microbes (ex. dental
caries)

v" Commensal microbes becoming pathogenic (ex.
IBD)

v' Gut translocation of microbes or microbial
products (ex. lupus)

Each mechanism will inform specific interventions.



Recent advances in human microbiome research

(microbiome-based biomarkers for disease risk)

v" Gut bacteria/bacterial metabolites and
obesity

v’ Bacterial epigenetic effects on colorectal
cancer

v’ Bacterial metabolites and cardiovascular
disease




Recent advances in human microbiome research

(microbiome-based interventions and products)

Microbiome-based therapeutic interventions

;A

* Live biotherapeutic products
 Therapeutic bacteriophage
* Microbial augmentation of treatment



Gaps/challenges in human microbiome research
Naed

model system(s)?

cause or effect?

i {
® L

U/? microbiome = organ system?

« interventions for health?

b

role of host genetics?



Microbiome Centers (not all focused on human)

36+ Microbiome Centers around the country

* \

e

Microbiome Centers Consortium (MCC) under development:

15t workshop: UC Irvine, June 25-26, 2019
(white paper upcoming in Nature Microbiology)

2"d workshop: Univ Chicago, May 16-17, 2020
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UC Davis
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Univ Chicago
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Univ Michigan - Ann Arbor
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Univ Washington
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Brodie, Eoin
Salzman, Nita H.
Alm, Eric
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Blaser, Martin
Sonnenburg, Justin
Genco, Robert
Brodie, Eoin

Eisen, Jonathan
Martiny, Jennifer
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Sachs, Joel

Knight, Rob

Gilbert, Jack

Maas, Kendra
McFall-Ngai, Margaret
McCormick, Beth
Schmidt, Tom
Bohannan, Brendan
Baldassano, Robert N.
Morris, Allison
Vijay-Kumar, Matam
DePaolo, William
McMahon, Katherine
Bordenstein, Seth

Jacobs-Wagner, Christine



No of Centers Formed/Year

Growth of Microbiome Centers
(not all focused on human)

$250

=HMP $215M
$200 Non-/ IMP: $880M
$150
$100
=\ A
SEP SRR RN NN

Growth of microbiome research and centers has just begun.

Total (SM) Granted/Year
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Proposed HRA Cross-Cutting Initiatives

I. Create National Microbiome Cohort Registry

$ 4 - 1 £ A

Gestation  Parturition Infancy Puberty Adulthood Old-age

1. Create a cohort registry for ongoing
and upcoming cohort studies which
could incorporate a microbiome

component.

2. Establish a stool/tissue biobank from
cohort studies which already include a ‘ 6&

microbiome component.




Proposed HRA Cross-Cutting Initiatives

Il. Spearhead Standardization Efforts for Microbiome Datasets

microbiome standards (mixed DNA, proteins stds)
technology comparisons

cross-lab blinded ‘round robins’

‘Maniatis-style’ manual of microbiome methods

Goal: curation of gold-standard publically-accessible
clinical research datasets

‘Rosetta Stone’ for the microbiome




Proposed HRA Cross-Cutting Initiatives

Il. Support Microbiome Technology Development & Innovation

Analytical

* blood microbiome protocol

* room temp protocols for tissue collection/storage
* in situ sampling device for gut microbiome

* HTP cultivation of novel microbes

* HTP analysis of novel microbial products




Proposed HRA Cross-Cutting Initiatives

IV. Build Microbiome-Based Isolate and Microbial Products Resource

Perspective | Published: 09 August 2016

nature Sharing and community curation of mass [{¥iiitte

biotechnology

medicine

spectrometry data with Global Natural
Products Social Molecular Networking

Resource | Published: 02 September 2019

Mingxun Wang, Jeremy J Carver [...] NunoE @ 18,163 compounds

=
{ :’2 221,083 spectra
\ 3

A library of human gut bacterial isolates

paired with longitudinal multiomics data
enables mechanistic microbiome
research

M. Poyet, M. Groussin, S. M. Gibbons, J. Avila-Pacheco, X. Jiang, S. M. Kearney, A. R. Perrotta, B.
Berdy, S. Zhao, T. D. Lieberman, P. K. Swanson, M. Smith, S. Roesemann, J. E. Alexander, S. A. Rich,
J.Livay, HoVlg—=tin 7 mlisk wmeetlocle m neile S o 18 e oo R.J. Xavier B & E. J. Alm =8

Bacterial isolates

11 donors
7,758 strains
3,632 whole genomes

\

Firmicutes

\

N\,
\
N\

\

\

Actinobacteria

1773 Metagenomes
a
Sinall Frotokis Cluster Based on Amino Acid

o
\ Conservation

Cell

Large-Scale Analyses of Human Microbiomes
Reveal Thousands of Small, Novel Genes

Hila Sberro,’ Brayon J. Fremin,” Soumaya Zlitni,” Fredrik Edfors,” Nicholas Greenfield,® Michael P. Snyder,>
Georgios A. Pavlopoulos,** Nikos C. Kyrpides,*© and Ami S. Bhatt'-27-*

1Department of Medicine (Hematology; Blood and Marrow Transplantation) and Genetics, Stanford University, Stanford, CA, USA

2Department of Genetics, Stanford University, Stanford, CA, USA
30ne Codex, San Francisco, CA, USA
“Department of Energy, Joint Genome Institute, Walnut Creek, CA, USA
SInstitute for Fundamental Biomedical Research, Biomedical Sciences Research Center Alexander Fleming, Vari, Greece
SEnvironmental Genomics and Systems Biology Division, Lawrence Berkeley National Laboratory, Berkeley, CA, USA
7Lead Contact
*Correspondence: asbhatt@stanford.edu
https://doi.org/10.1016/j.cell.2019.07.016

Knowledge extraction

S
GNPS spectral
libraries

into new library spectra

and metadata

mel product scientific community
55 contributors
563 annotation revisions

@ 272 public data sets
84 million public MS/MS

Library
annotation/curation
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Data set

GNPS data sets
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Automated
dereplication

Data analysis/
visualization

spectra
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‘ 100 countries
’

AW 3 9,267 users
42,486 analysis sessions
257,975 LC/MS runs analyzed
93 million spectra searched
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V. Develop a Global Microbial Isolate Vault

Svalbard
—a-ldd MICROBIOLOGY

Preserving microbial diversity

Microbiota from humans of all cultures are needed to
ensure the health of future generations

By Maria G. Dominguez Bello', Rob Knight? 5 OCTOBER 2018 « VOL 362 ISSUE 6410

Jack A. Gilbert?, Martin J. Blaser* SCIENCE sciencemag.org

Support to date:

Rutgers University, Karolinska Institutet, Seerave Foundation,
Norweigian Institute of Public Health, New England Biolabs, Kiel
Life Science, Calonste Gulbenkian Foundation

/M Feasibility study currently underway



Summary

1. Thousands of different kinds of microbial species*, possessing millions of genes, known as the microbiome

or metagenome, live with humans. T
e
Body region Abundance (approx.)
Breastmilk ~10e3-6 43% 2. The microbiome develops
Lungs ~10e3-5 E«\. — like an organ system over
Vagina ~10e8-9 : first few years of life and
Skin ~10e9-10 : maintains our immune
Oral ~10e10-11 : system and our organs
Gl tract ~10e14 \‘x throughout our lifetimes.

/

e <
3. Changes in the microbiome due to modern practices may be associated with disease and the role of the
microbiome is now being studied in 100+ disease classes.

*bacteria, fungi, viruses, phage, archaea, protozoa, (helminths)

4. HRA cross-cutting initiatives could involve a. developing research resources, b. creating cohort registries,
c. building stool/tissue biobanks, d. funding technology development and innovation, e. supporting .
standardization activities (and so on) to catalyse microbiome research and treatments. lﬁggg&gm
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Questions?

lita.proctor@nih.gov



