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ABSTRACT

The commensal microbiota impacts specific immune cell populations and their functions at
peripheral sites, such as gut mucosal tissues. However, it remains unknown whether gut microbiota
control immunity hrough regulation of hematopoiesis at primary immune sites. We reveal that
germfree mice display reduced proportions and differentiation potential of specific myeloid cell
progenitors of both yolk sac and bone marrow origin. Homeostatic innate immucis dedg lead

to impaired early responses to pathogens. Indeed, following systemic infectidistétia
monocytogenegermfree and oral antibiotitreated mice display increased pathogen burden and
acute death. Recolonization of gefime mice with a complex microbiota restores defects in
myelopoiesis and resistancelisteria. These findings reveal that gut bacteria direct innate immune
cell develpment via promoting hematopoiesis, contributing to our appreciation of the deep

evolutionary connection between mammals and their microbiota.
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Chapter 1

INTRODUCTION

The discovery of antibiotics in the last century is one of the most significant achievements of
modern medicine. Pathogens that once devastated entire civilizations, shibftamcterium
tuberculosis could fnally be controlled, suggesting a triumph over infectious disease. However, the
rampant rise of antibiotic resistance among pathogens, compounded by a drying pipeline of novel
antibiotic development by pharmaceutical companies, has rendered currentutiestpeEegies
ineffective. As such, it is speculated that we are entering aaptibtotic era where pathogens once
again reign with limited oppositiprand a minor scrape may pose the risk of a fatal infection
(Alanis, 2005 Kahrstrom, 2018 To combat the renewed threat of pathogenic microorganisms,

clinical approaches toward eradicating infectious disease must evolve.

The recent increase in the severity and inciderfc€lostridium difficileassociated diarrhea
(CDAD) is emblematic of medicine’s current fai
of intestinal microbiota, most commonly by antibiotics, prompts infectio@ bgifficile, resulting

in diseasehat ranges from mild diarrhea to fulminant col{@rtlett, 2002. Once féal, the advent

of antibiotics consignedhfection to a manageabldisease However, the spread of antibiatic

resistant, hypervirulent strains in recent years has created an epidemic that is exceedingly difficult

to managglLoo et al.,, 2005 Currently, 2625% of patients experience relapsing disease, further
reflecting the reduced efficacy of antibiotic thergpartlett, 2002. Besieged by an unrelenting

pathogen, clinicians began to supplement patients with the fecal contents of healthy donors in an
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attempt to reestablish theatural resistance afforded by the microbiota agdndifficile. Fecal
transplantation embraces the hygiene hypothesigh argueshat microbial exposure, particularly
commensal microbes, is beneficial to host health. This approach of administéciopes to

combat disease is in shocking contrast to standard medical practices of the last century that, abiding
by the principles of gernmheory, indiscriminately targemicrobes as a means of promoting
individual health. Yet, as fecal transplantatiomieces a 91% primary cure raiBrandt et al.,

2012, it insists upon a reassessment of our clinical strategy toward preventing and treating
infectious diseasand suggesta possible role of commensal microbes in mediagirgection

against pathogenic microorganisms.

The commensal microbiota is primardgmprised of indigenous bacteria that colonize the external
interfaces of its host. Gevolution has resulted in microbes with extensive and diverse impacts on
multiple aspects of host biologiyncluding nutrient acquisition and immune developn{iatu et

al., 2011 Round and Mazmania 2009. Appropriately, conditions that disrupt the symbiotic host
microbial coexistence significantly alter predisposition to a wide spectrumetdbolic ad
inflammatorydisorders which includediabetes, metabolic syndrome, inflammatory bowel disease,
asthma and multiple sclerogidill et al., 2012 Lee et al., 2011Mazmanian et al., 2008/ijay-

Kumar et al., 2010 We further advance these studies by revealing the microbiota is essential in
maintaining immune integrity against pathogenic microbes by drisingune development within
primary and secondary lymphoid tissud® provide background for these dies, Chapter 2 will
review current literature regarding the influence of commensal microbiota on host immune
responses, particularly as it relates to promoting resistance against infectious disease. Chapter 3 will

present new data revealing the contrilmutof the microbiota in maintaining systemic populations
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of myeloid cells by driving steaetate hematopoiesis. Chapter 4 will show this influence is
essential for promoting resistance against systemic bacterial infeEtimaily, Chapter 5 will
summarize and contextualize these new findasgwell as discuss future directicegarding how

this work may contribute to the prevention and treatment of infectious disease



Chapter 2

THE MICROBIOTA PROECTSAGAINST INFECTION

The development oénteric infection following antibiotic use has long been observed in both
clinical practice anéh animal models of disea¢Bartlett, 2002. This observation suggestsat the
commensal microbiot& essential in protectinggainstinfection by pathogenic microorganisms.

The utilization of animal models to study the microbiaaluding germfree (GF) mice that lack
microbial exposure, has revealed significant insight into the diverse and intricate contribution of the

commensal microbesvw@rds mediatingesistance against infectious disease.

Commensal McrobesDirectly ResistEnteric Pathogens

The commensal microbiota achieves resistance agaipsttanistic infection, in pakly competing

for resourcesequired bypathogens to establish infectid®F mice are highly susceptible to enteric
infection with Salmonella entica serovar Typhimurium (STm), a humapecific enteric
pathogen, andCitrobacter rodentium a murine pathogen used to model infection with
enterohemorragic and enteropathogdbécherichia coli(Kamada et al., 2012Ng et al., 2013
Sekirov et al., 2008However, colonization of GF mice witbolated commensal microbpsotects
against inéction by STm orC. rodentium in part due to the enhanced glycan acquisition
capabilities of the transferred bactemdich outcompete and eventually displace pathogenic
microbes(Kamada et a) 2013. Alternatively, antibioticdepletion of the microbtain colonized

mice Specific pathogen free; SPIgsults in a spike in free glycanshich promotes pathogen
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expansion and increases the risk for enteric infe¢hlgnet al., 2018 These findings reveal doe
competitionby commensal microbes for nutrients as a means of limiting infebtiggathogenat

sites of colonization.

Recent studies show that certain enteric pathogens actively trigger host inflammation which favors
pathogen invasion and dissemioat(Lupp et al., 2007Sekirov et al., 20Q8Stecher et al., 2007
Further, these reports surprisingly demonstrate that pathiogeced inflammation adversely
affects the microbiotadepletingpopulationsof beneficial bacteriaBy reducing the numbers of
commensal microbegia triggering inflammatory responsepathogensiave unimpeded nutrient
accessCollectively, there is growing evidence for the notion that pathogens and symbiotic bacteria

are engaged i n an evolutionary c o Hbwever |, wi tf
instances in which commensal microbes are unable to directly prevent invasion by pathogenic
microbes, protection is indirectly achieved by commensal microbes through the modulation of host

immune responses.

Gut MicrobesPromote Barrier | mmunity

In addition to competing with invading pathogeti'e commensal microbiothirectly promotehost
immune responsewhich are protective against infectiobmmune modulation by commensal
microbesis essential foestablishinghostmicrobial coexistencéRound and Mazamnian, 2009

We now appreciate that this influence extends into supporting protection against infectious disease
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both by promoting barrier immunity as well as priming immune defenses against pathogen insult

(Figure 11).

Immune modulation by themicrobiota occurs through commensdarived signals such as

microbial associated molecular patterns (MAMPSs). Host recognition of MAMPs is achieved by
pathogen recognition receptors (PRRs), such aslif®lreceptors (TLRs). At mucosal surfaces,

these comensalderived signals drive epithelial production of mucin, secretion of immunoglobulin

A (IgA), and the expression of antimicrobial peptides (AMRg)ich collectivelylimit microbial

(beneficial and pathogenicpntactwith mucosal tissuéHooper and Macpherson, 202oreau et

al., 1978 Petersson et al., 20L10ne such example iscommendal i ven expression of
intestinal epithelial cells (Figure2 ) . R e g typellegtinthasposaess€s antimicrobial activity

against Granpositive microbe¢Cash etal., 2006 Ex pr essi on of Regllly re
of commensal MAMPgVaishnava et al., 20)1As such, disruption of the microbiota, as through
antibiotic treat ment , resulind ina bresakdpun ofdarriertimnumty. of Re
As a consequence, antibictieated mice are highly susceptible tgortunistic infection with

enteric pathogens such as vancomyesistant enterococcus (VR@randl et al., 2008 VRE is a

common cause of antibiotazssociated diarrhea and, similarGodifficile, exceedingly diffialt to

treat. However, sipplementation of antibiotireated mice with purified MAMPs is sufficient to

prime Regllly expression and achieve resistanc
how current treatment strategies predispose the hosictmdary infectionsand how efforts to

maintain the integrity of the microbiota or supplement it during antibiotic treatment may be

effective in limiting susceptibly to opportunistic pathogens.



The Microbiota Primes Mucosall mmune Resistance tdPathogenl nvasion

Under conditions in which barrier resistance fails, commensal microbes continue to limit pathogen
infection anddissemination by enhancimgmune clearanceesponsesOne suchmeansby which

the microbiota promotes host resistance is gingprimingexpressiorof interleukinl -1 3 ) L

IL-13 is a proinflammatory cytokin#&-13achisi s exp
subsequently cleaved by caspases following inflammasome acti&&hinam et al., 20)2

Intestinal mononuclear phagocytes isolated fi@f mice express reduced levelspb-IL-1 B

compared to cells isolated from mice with an intact nhic@a Gpecific pathogefree SPF)

(Franchi et al., 20)2 Cleavage of prdL-1 3 i nt o its active form occ
pathogenic microorganisms, such as STm, but not following exposure to commensal microbes. This
would suggest that commensal microbes promote-llptb B expression among
mononuclear cells, which is specifically activated following pathogen in$his selective

activation of proinflammatory cytokines is one possible means by which the host is able to
distinguish betweebeneficial and harmfunicrobes.Appropriately, commensalriven prelL-1 3

expression enhances resistance to enteric infection with STm.

Additional mucosal immune responses dndluenced by the microbiotainclude driving
differentiation of Fhelper 17 (Th17) cells aneixpression ofL-22 by intestinal NKp46 cells
(lvanov et al., 2009Satd-Takayama et al., 2008V hile the role of these cells in mitigating host
commensal cexistence remains unknowbpth cell typesare critical in combating mucosal

infection with C. rodentium It appears that ¢hmicrobiotamay drivecertain immune responses,
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including the production of prthi-1 3, with the primary purpose

pathogenic infection.

Commensal McrobesPrevent I nfection at Colonization Sites Beyond theGut

While many studiesinvestigating the contribution dhe microbiotain resistinginfectiors have
focusedwithin the gut, colonization by commensal microbes at atgpéhelial surfacealso affords
protection against pathogenic microorganis®kin microbes prime local dewgiment of Thi,

Th17 and 117" gammadelta T cells(Naik et al., 2012 Cutaneous T cell differentiation by
commensal microbes is achieved through MAMRen ILL1 3 si gnal i ng. Thi s
independent of the intestinal microbiota as oral antibiotic treatment, which ethtestinal Thl

and Th17 cells, has no effect on the immune profile within the skin. Furthermore, colonization of
GF mice with the prominent skin commenSghphylococcus epidmidisis sufficient to rescue the
defective immune response in GF mice. Priming of these immune responses by skin microbes is
instrumental in promoting resistance against cutaneous infectiorL@ithmania majorHerewe

see compartmentalizednmune modudtion by commensal microbekeads to sitespecific

protection against infectious disease.

Immune protection is also achieved by commensal microbes residing within the respiratory mucosa.
Antibiotic-treated mice display reduced resistance to influenzatiofe(lchinohe et al., 20)1
Disease susceptibility is charatted by defective L 3 pr oducti on as wel | as

cell recruitment and T cell priming. As a consequence, antififetited animals display attenuated
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T cell and B cell responses following viral infection. Interestingly, depletion of thelmta did

not enhance susceptibility to infection with herpes simplex virus typd.@gionella pneumophila
indicating specificity for pathogens to which the microbiota promotes resistance. Intranasal
inoculation with purified MAMPSs, such as LPS, idfmient to restore protective immunity to
infection, as is, surprisingly, intrarectal MAMP administration. These findings sutgddhe
imunoprotective properties of commensal microbes are not limited to the sites of colonization, but
rather may extentb distal compartments and may even support host resistance against systemic

infection.

Commensal McrobesPromote Host Resistance tdSystemiclnfection

While commensal microbes are physically restricted to external sites of colonization, their influence
on host immune responses extends into systemic compartments. This concept was revealed with the
finding that GF mice display a diminished splenic CD4cell profile (Mazmanian et al., 2005
Monocolonizationof GF mice with Bacteroides fragilis a prominentintestinal microbe,is

sufficient to promote CDA4T cell development within the spleen. The role of commensal microbes

in driving systemic immune maturation suggests that disruption of the microbiota may compromise

hostresistancéo systemic infection.

Deliberate depletion of the microbiota reduces resistance to systemic infection with Lymphocytic
Choriomeningitis Virus (LCMV)ADt et al., 2012 Antibiotic-treated mice display increased viral

burden as a consequence of attenuated-veiati immune responses following infection.
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Macrophages isolated from antibietieated mice are deficient in type | and Il interfe(tN)
signaling, as well as in controlling viral replicatier vivo This defect in innate immune resistance
contributes to an impaired adaptive immune response, which includes deficient expansion and
cytolytic activity of LCMV-specific CD8 T cells as well as reduced serum titers of abGMV
IgG. Furthermore, antiiral immunity among microbiotdepleted mice maybe further
compromised byaltered transcriptional regulation proinflammatory geniedlowing infection.
Splenic mononuclear cells, isolatedorfr GF mice, demonstrate reduced production of
proinflammatory cytokinedollowing stimulated with purified MAMPgGanal et al., 2092 This
defective response is associated with reduced transcription of various inflammatory response genes
due to chromatin modification of the promoter region. These studies reveal a remarkable role for
commensal micrags in programing host systentiefense responses during steatite conditions.
Furthermore, as this influence is reversible, temporary depletion of the microbiota is sufficient to

compromise systemic immunesistance to pathogen invasion.

In addition b priming antiviral immune responses during steatigte conditions, commensal
microbes may also protect against systemic bacteremia. Neutrophils isolated from the bone marrow
of antibiotictreated or GF mice are attenuated in killing extracellular patisfgtaphylococcus
aureusand Streptococcupneumoniaex vivo(Clarke et al., 2000 This defect was reproduced in

mice deficient in Nodl, a PRR which recognizes peptidoglycan deriveddizsmopimelic acid
(mesoDAP), but not in mice deficient in other PRRs. mesoDAPis expressed by commensal
microbes, it was speculated that the microbiota may directly prime neutrophil killing activity.
Appropriately, peptidoglycarfrom intestinal microbedss detected witlm the bone marrow

indicating thatcommensal microbes are alie directly stimulateneutrophi within systemic
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tissues Furthermore neutrophil antimicrobial activity among antibietireated mice is rescued
following stimulation with Nod1 ligand. While it remains to be shown that the absence or disruption
of the microbiota actually reduces resistance to bacterial infection, thesgivelfindings suggest
that immune priming by commensal microbes is critical in promoting host resistance against

systemic infections.

Defects inHostMicrobial SymbiosisM ay Predicate Susceptibility to I nfection

Factors that det wscepibilityd¢o ingectious disdasevréndin largely sinknown.
Here we suggest that environmental and genetic influences that disrupt the microbiota or impede
host sensing of commensdgrived signals may confer vulnerability to pathogen infection (Figure
1-3). As discussed earlier, depletion of the microbiota through antibiotics is sufficient to
compromise host immune function and increase the risk of opportunistic infection. Other
environmental factors that disrupt the composition of the microbiota, inglughstrointestinal
infection or dietadditionallymay serve as a risk factor for diseéBéckhed et al., 20Q0Tupp et

al., 2007. Susceptibility to infection may even persishg after exposure to the microbiota
disrupting agent. Tracking the intestinal commensal profile among patients taking oral antibiotics
show arecovery in the composition of the microbiota following cessation of thdagthlefsen

and Relman, 2031 However, there is a delay of several weeks to months between the fina
antibiotic administration and recovery of the microbiota to therpegment compositiotn animal
modelsthis delay was associated with increased susceptibility to infection, refldwdipgrsistent
consequences of antibiotic therafiybeda et al., 20)0Additionally, certain individuals display

alterations for up to four years after antibiotic treatment, indicating a defect in microbioencesili
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(Jakobsson et al., 20LGVe speculate that such a defect, while asymptomatic, may compromise the
protective contribution of the commensal microbiota to host immunity and weaken resistance

against patbgenic insult.

Defects in host sensing of the beneficial influence of commensal microbes may also serve as a risk
factor for disease. Nod2 is an intracellular PRR that recognizes mudgmayitide, a conserved

structural moiety of bacterial peptidoglycdMaeda et al., 2005 Nod2 signaling promotes
expression défeasaenhh aetl ass of antimicrobial
microbial contact with host tissifgobayashi etal., 2005 As a consequence of t
defensin productim, Nod2deficient mice display heightened susceptibility to gastroenteritis by
Listeria monocytogenefurthermore, as homozygous mutations in this receptor are associated with
increased incidence of Crohn’ s ddgnasamasbearisidef ect
factor for inflammatory bowel disease (IBD) by reducing clearance of pathogenic bfdiasida

et al., 200% Indeed, the finding that adhesive and inva&vesoli (AIEC) are tightly associated

with the intestinal epitheli um athisnotipn(faees i ent s

Pyles et al., 2008

Finally, the genetic selection of one’'s microb
to infection. NIH Swiss (NIH) mice are naturally resistant to gastrointestinal infectionGuith
rodentiumcompaed to C3H/HeJd (HeJ) micevhich develop lethal diseag@Villing et al., 201).

Resistance among NIH mice is associated with increased expressicB @ lLand Regl I | B,

to HeJmice. As the microbiota drives the expression of both antimicrobial mediators, susceptibility
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to infection may be a function of gut bacterial community composition. To test this hypothesis, HeJ
mice were depleted of microbiota through antibiotic treatmant colonized with intestinal
microbes from NIH mice. The bacterial community profile of transplanted mice was shown to
resemble that of the NIH donor. Remarkably, transfer of commensal microbes from NIH to HeJ
mice is sufficient to promote resistance itdection. Protection is associated with increased
expression of k2 2 and Regl I 1l B, and protecti o2 i s I
Reciprocally, transplantation of HeJ microbiota to NIH mice increased disease bur@n to
rodentium Finally, pyps in the subsequent generation inherit the microbiomes transferred to their
parents. Offspring display resistance patternS.tocodentiuminfection relative to their microbiota
composition, rather than their genetics. These data suggest that fandigl bisnfectious disease
may not only reflect the inheritance of susceptibility genes, but possibly the vertical transmission of

a microbiota that is less protective against pathogen challenge.

Conclusion

The evidence summarized in this review suggéisé disruption of the microbiota through
environmental influences may compromise immune function, leading to increased susceptibility to
infectious disease. These studies emphasize the importance of commensal microbes in mediating
host immune integrity wring infection with pathogenic microorganisms. While these studies have
focused on the contribution of the microbiota in modulating functional responses by mucosal and
systemic immune cell populations (including cytokine processing, production of aabralcr
peptides and phagocytic activity), little is known regarding the role of commensal microbes in

mediating immune cell development. In the next three chapters, we present new data that

N
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demonstrateghat commensal microbes promote hematopoigsisexpaa myeloid cells that

populate systemic siteand servas a first line defense against infectious disease.
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Figure 1-1.The Intestinal Microbiota Promotes Three Levels ofProtection Against Enteric

Infection (I) Saturation of colonization sites and competition for nutrients by the microbiota limit
pathogen association with host tiss{iB. Commensal microbes prime barrier immunity by driving
expression of mucin, immunoglobulin A (IgA) and antimicrobial me®i(AMPS) that further

prevent pathogen contact with host mucogéll) Finally, the microbiota enhances immune
responses to invading pathogens. This is acHibyepromoting 1-22 expression by T cells and

NKp46" cells, which increases epithelial resistaagainst infection, as well as priming secretion of

IL-13 by intestinal monocytes (MOD) and dendriti
inflammatory cells into the site of infectionder conditions in which the microbiota is absent,

such as followng antibiotic treatment, there is reduced competition, barrier resistance and immune

defense against pathogen invasion.
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Regllly

Current Opinion in Microbiology

Figure 1-2.The Commensal Microbiota Primes Barrier Immunity Direct stimulation of
epithelial TolH i ke receptors (TLRs) by commen g1 MA MP ¢
Production of Regllly is essential tdefects in mi t  mi
TLR function resulti n d e f i c iexpmressionRiEch ledd$s tgan increased association of
commensal microbes with host tisswes well as a heighted risk of infection with enteric
pathogengB). Additionally, reduced TLR stimulation as a consequence of the depletion of the

microbiotaissuf f i ci ent to reduce Regllly expression

©).
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Figure 1-3. Disruption of Hosti Microbial Symbiosis as aRisk Factor for Infectious Disease
Exposure to pathogenic microorganisms is often insufficient to cause disease. Rather, susceptibility
to infectious disease reflects deficient immune resistance to pathogen challenge. As such,
exogenous and endogenous factors that directly compromisaliralimmune function (including
genetic immune defects and chemotherapy) are significant risk factors for infection. We extend this
model by proposing that the factors that disrupt the protective benefits of the commensal microbiota

similarly compromiseridividual immune integrity anchaypredispose to infectious disease.
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Chapter 3

GUT MICROBES DRIVE SEADY-STATE HEMATOPOIESIS

The immune system begins to develaputerg but full maturation requires both genetic and
environmental signals that further seapmunity after birth. Lymphoid and myeloid cells develop
largely from hematopoietic stem cells (HSCs) within primary tissues, where molecular cues
orchestrate immune cell differentiation from uncommitted HSCs and progenitor cells via regulation
of transciption factors and epigenetic modificatiofg/eissman, 1994 Additionally, certain
phagocyte populations (including Langerhans cells and micrpglved from embryonic
precursors, are maintained independently of HSSmweke and Allen, 20}3 Genetic
cortributions (i.e., molecular cues encoded by the host genome) to lineage commitment pathways
that control the myeloid repertoire are well studiégorgopoulos, 2002However, environmental
factors that influence hematopoiesis have not been extensively defined. Based on emerging data that
the microbiota represents an integral environmental factor in shaping numerous features of the
immune system, we reasoned that gut bacteria may be controlling central immunity. We report
herein that commensal microbes promote the maintenance of both HSC lanydrécderived
myeloid cells during steadstate conditions. The absence of commensal microbes leads to defects
in several innate immune cell populations (including neutrophils, monocytes and macrophages)
within systemic sites. By controlling the diffeterion of innateimmune cellsthe gut microbiota
prepares the host to rapidly mount immune responses upon pathogen encounterfize gerth
antibiotic treated mice are impaired in clearance of systemic bacterial infection. Our study reveals

that gutmicrobes evolved to actively shape immunity at its caeeregulation of hematopoiesis.
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Germ-free Animals Display Global Defects in Innate Immune Cells

The commensal gut microbiota profoundly influences cellular proportions, migration and functions
of various immune cell subsets. Recent studies have provided numerous examples illustrating how
gut bacteria modulate innate and adaptive immune responses at mucosal surfaces during infection,
inflammation and autoimmunitfKamada et al., 2013Round and Mazmanian, 200With such
pervasive effects, we reasoned that the microbiota may regulate hemateghiesisvelopmental
programming of the immune system. Initially, to determine if the microbiota has global effects on
systemic immune cell populations, we profiled myeloidscél the spleen of colonized (SPF;
specific pathogen free) and gefrae (GF) mice. Indeed, GF animals display reduced proportions
and total numbers of F4/8@nd F4/80 cells compared to SPF mice (FiguBe$A-C). F4/8%' cells

are mainly macrophages, while F478plenocytes are a heterogeneous population of macrophages,
monocytes and neutrophiSchulz et al., 2012 Intriguingly, all three cell subsets are reduced in

GF mice (Figure3-2A). Furthermore, treatment of SPF mice with antibiotico akssults in
diminished myeloid cell papations in the spleen (FigureZB). Thus, gut bacteria dynamically

influence innate immune cell proportions at secondary immune sites in the periphery.

Myeloid cell precursors differentiate into various phagocyte lineages that are stored in the bone
marrow,andare a major source of cells that populate peripheral tig&essmann et al., 2010

The reduction of splenic macrophages, monocytes and neutrophils in GF mice suggests that defects
in host immunity may include compromised development in primary immune sites. Accordingly,

we observed a reduction of myeloid cells within the bone marrowrahige (Figures-3A-C). A
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similar decrease was observed in the liver, a site of alternative immune cell developmenB{Figure
2C). A global defect in myeloid cell populations in primary immune sites of GF mice demonstrates

that gut bacteria shape the aretture of the immune system early in cellular development.

Commensal Microbes Enhance Myelopoiesis

We reasoned that reductions in several phagocytic cell subsets in GF mice may reflect a primary
defect in the maintenance of myeloid cell populationstegd if commensal microbes promote
myelopoiesis, we pulsed SPF and GF mice witlsynyt2 -deoxyuridine (EdU), a thymidine
analog, to compare the percentage of dividing leukocytes. Both"Fati80F4/86 phagocytes from

GF mice showed reduced EdU ingoration compared to SPF animals (FigBwA, B). F4/8¢"
macrophages are largely derived from embryonic yolk sac progenitors and are maintained
independently of HSC$Schulz et al., 2012Sieweke and Allen, 20)3 F4/8¢% leukocytes,
however, are of hematopoietic origind reduced EdU incorporation by these cells in GF mice
indicates defects in the expansion and/or differentiation of bone marrow progenit¢cillz et

al., 2013. These studies uncover a role for commensataies in promoting the maintenance of

both splenic yolk saderived and HS&lerived myeloid cells.

The reduction of F4/8Dcells in GF mice led us to further investigate the contribution of
commensal microbes on HSCs and myeloid progenitor cells ibahe marrow. No differences
were detected in the proportion or differentiation potential of L&SIs (HSCs and multipotent

progenitors; MPPs), LKScells (total lineageestricted progenitors), or common myeloid
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progenitor cells (CMPs) between SPF anid @ice (Figure3-5A-F). Remarkably, GF mice are
significanty reduced in the proportion of bone marrow granulocyte and/or monocyte progenitors
(GMPs), identified as LKSCD34 F ¢ { €lls (Figure3-6A). GMPs consist of progenitor cells,
downstream of HSCs and CMPs during hematopoiesis, with restricted myeloid differentiation
potential(Akashi et al., 2000 To further examine the effects of gut microbiota on innate immune
cells, we tested if commensal microbes affect the differentiation potential arndaseiénance
capacity of GMPs. Methylcellulose culture of LKSD34' F ¢ { &ells from GF mice displaye
reduced granulocyte (GFU) and monocyte (MCFU) colony formation compared to cells from
SPF mice (Figur8-6B). Furthermore, LKSCD34' F ¢ ¥ &lls isolated from GF mice in primary
methylcellulose culture yieldef@wer of c-Kit® CD11b progenitor cef compared to SPF GMPs
(Figure 36C). This suggestthatthe ability of GMPs to maintain cells with progenitor potential is
defective in the absence of commensal micrdesdrigues et al., 2008 Consistent with this
notion, secondary cultures of uaftionated cells derived from GF GMPs generated fewer colonies
compared to cellssolated from SPF mice (Figure6®). The commensal microbiota therefore
promotes steadgtate myelopoiesis by specifically maintaining GMP proportions and enhancing

their differentiationinto mature myeloid cells in the bone marrow.

Extramedullary hematopoiesis (outside the bone marrow) further contributes to the maintenance
and inflammatory responses of tisseeident phagocytic celldenkins et al., 201Massberg et

al., 2007 Robbins et al., 201 5wirski et al., 200p We therefore investigated whether commensal
microbes influence the hematopoietic potential of progenitocated in the spleen. Similar to
GMPs from the bone marrow, splenocytes isolated from GF mice displayed reducey colo

formation in methylcelluloseompared to SPF mice, with significant reductions in both neutrophil
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ard monocyte production (Figures7a-B). Overall, we conclude that the microbiota shapes innate
immune profiles by promoting myeloid progenitor development and differentiation in the bone
marrow and extramedullary sites, revealing that gut bacteria control immunity at #sdtoneg

hemabpoiesis.
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Figure 3-1. GF Mice Are Deficient in Resident Myeloid Cell Populations in the SpleeffA-C)

Splenic phagocyte profile among SPF and GF mice. Representative flow cytometry plots (A), cell
proportions (B), and total cell number (6f) CD118° F4/80" and CD11B F4/8% splenic cells in

SPF and GF mice. For all panels, data are representative of at least 3 independent ttials n > 4
mice / group. Each symbol represents data from a single animal. Error bars represent standard error

of mean (SEM). p<0.05, **p<0.01.
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Figure 3-2. GF and Antibiotic-Treated Mice Have Reduced Populations of Myeloid Cells in
Systemic SitegA) Frequency of splenic neutrophils (CDIX¥BR1" Ly6c°), monocytes (CD1Ib
Ly6c” GR1") and macrophages (CDI1BR1 F4/80°) among SPF and GF mice. (B) Frequency of
splenic CD11bF4/80" and CD11b F4/8%° phagocytes among untreated mice (Ctl) and SPF mice
treated with oral antibiotics (AbxJC) Frequency of liver CD11H4/80" macrophages recovered
from SPF o GF mice. Error bars represent SEM. Data are representative imid2pendent trials

wi t h npx0.0%4 **p<0*01. PMN: polymorphonuclear cells; Mono: monocytes$p M

macrophages.
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Figure 3-3. GF Mice Are Deficient in Bone Marrow Myeloid Cell Populations (A-C) Bone

marrow populations of neutrophils (Gr€D115°% and monocytes (GMCD118") among SPF

and GF mice. Representative flow cytometry pléty €ell proportions B) and total cell number

(C) within the bone marrow of $Pand GF mice. For all panels, data are representative of at least 3
independenttriajvi t h n>= 4 mice / group. Each symbol rerg
bars represent standard error of mean (SEpR005, **p<0.01. PMN: polymorphonucleaells;

Mono: monocytes.
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group. Each symbol represents data from a single animal. Error bars represent standard error of

mean (SEM). p<0.05, **p<0.01.
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Figure 3-5. GF Mice Have Normal Proportions and Differentiation Potential of HSCs and

Early Myeloid Progenitors in the Bone Marrow (A) Proportion of LKS cells (Lir c-Kit* Scal’;

HSCs and MPPs), (B) LKSells (Lin c-Kit* Scal’; lineagerestricted progenitorsa (C) CMPs
(LKS-CD34' F ¢ ¥)Rmong total progenitors (Licells) of SPF and GF mouse bone marrow. (D

F) Unfractionated bone marrow progenitor cells {ldalls) from SPF and GF mice cultured in
methylcellulose to assess the colony forming potentialrofignitors. (D) ECFU; erythrocyte
colony forming units, (E) Meg@FU; megakaryocyte CFU, (F) GEMNFU;
Granulocyte/erythrocyte/monocyte/megakaryocyte CFU. Error bars represent SEM. Data are

representative of 3 independenttrigs t h n> 4 . esent SEMrns: hesignificant. e p r
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Figure 3-6. The Microbiota Directs Myelopoiesis(A) The frequency of LKSCD34" FoyR"

granulocyte and/or monocyte progenitors (GMPs) among lineage negatiyep(bgenitors from

bone marrow of SPF and GF mice,aasessed by flow cytometryB)(Distribution of cell types

following purified LKS CD34" FcyR" cell culture in methylcellulose medium. Colonies were

identified and counted to assess the proportion of granutlooytecytes (GMCFU; black),

granulocytes (&CFU; blue) and monocytes (FU; green). €) Total numbers of «it* CD11b

progenitors from methylcellulose cultures of LKSD34" FoyR™ progenitors, as assessed by flow

cytometry. D) Cells harvested from methylcellulose cultures of LK®34" FcyR" progenitors

were replated at equal numbers in fresh methylcellulose, and cultured to &ss&ssolony

forming capacityFor each panel, data are representative of at léagidependent trialJsvi t h

/ group. Each symbol represents data frormgles animal. Error bars represent SEN<8.05 for

all panels. *p<0.05 (comparing total CFU between SPF and GFBy, ¢** p<0.05 (comparing

n =

G-CFU between SPF and GF f®)], **** p<0.05 (comparing MCFU between SPF and GF for

(B)). CFU: colony formingunits.

4
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Figure 3-7. Commensal Microbes Promote Extramedullary Hematopoiesi¢A andB) Splenic

cells isolated from SPF and GF mice were cultured in methylcellulose to assess the colony forming
capacity of progenitors from SPF and GF mice. Total C)sanhd GMCFUs, GCFUs and M

CFUs B) are shown. For each panel, data are representative of at-Beaxigbendent trialsvith

nz 4 /| group. Each symbol represents m@dba from
for all panels. *H<0.05 (compring total CFU between SPF and GF f@))( *** p<0.05

(comparing GCFU between SPF and GF f®)], **** p<0.05 (comparing MCFU between SPF

and GF for B)). CFU: colony forming units.
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Chapter 4

MICROBIOTA-DRIVEN HEMATOPOIESISPROTECTS AGAINST SYSEMIC

INFECTION

Commensal microbes have previously been shown to influence functional responses by various
phagocytic cells during bacterial and viral infecti@iarke et al., 20L0Franchi et al., 2012
Ganal et al., 20%2Iichinohe et al., 20)1 However,the role of the microbiota in promoting
hematopoiesis, and its contribution towardssthhealth has not been previously studiegis
revealed inChapter 3, naive GF animals display reductions in both proportions and total cell
numbers of tissueesident F4/80 and F4/86 phagocytes compared to SPF mice (Fig@aa-

C). Furthermore, treatment of SPF mice with antibiotics also results in diminished resident
phagocytic cells (Figur&-2B). Tissueresident cells are essential in mediating acute resistance
against pathogenic microorganisms by restricting bacterialmisaéon as well as coordinating

the recruitment of additional immune cells to the site of infecflamer, 2004Sieweke and
Allen, 2013. Therefore, we investigated whether the reduced populations of these phagocytic
cells, as a consequence of absent or diminished colonization by commensal micorbases

susceptibility to infectious disease.

TissueResident Phagocytes Mediate Protection by Commensal Microbes

We sought to test the impact of commensal microbes on myeloid cell differentiation by employing

infection models where innate immunity igalifor an effective immune responsgPF and GF
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mice were infected intravenoushy() with the model pathogehjsteria monocytogeneSPF mice
challenged systemically with.. monocytogene®ffectively control infection, as previously
described (Figuré-1A) (Serbina et al., 2015hi et al., 2011l However, GF mice rapidly succumb
at the same inoculum (Figu#e1A). Heightened susceptibility to infection among GF mice was
associated with a significant increase in splenic and liver bacterial burden 24 and 72 heurs post
infection (hpi), demonstrating defect in early resistance ligsteria infection (Figures4-1B-D).
Susceptibility to infection is not restricted to monocytogenesas GF mice also displayed
increased disease burden following systemic challengeSiagbhylococcus aurelfigure 4-1E).
Interestingly, SPF mice treated orally with bresbctrum antibioticsare also impaired in
controlling Listeria, indicatingthat protection by commensal microbes is an active process and is
subject to loss following depletion of gut microbiota (Figdt#F). Collectively, these data reveal
that commensal microbes are critical for rapid and potent systemic immune responses to acute

bacterial infection.

To confirm that defects in myelopoiesis contribute to increased disease burden in GF mice,
phagocyticcells were depleted with clodrondtaded liposomes (CL) prior to infection with
monocytogenegvan Rooijen et al., 1996 CL pretreatment increased susceptibility litsteria
infection (Figure4-2A,B), confirming the importance of resident cells in pathogen resistance
(Aichele et al., 2003Kastenmuller et al., 20)2Importantly, depletion of resident phagocytes
rendered both SPF and GF mice equally susceptible to infection, resulting in similar splenic disease
burden 24 hpi (Figurd-2A), and rapid death within 48 hpi (Figut€2B). While functional defects

in myeloid cells may potentially contribute to increased disease in GF mice, we did not detect

differences duringn vitro Listeria killing by macrophages from SPF or GF mice (Fe4-2C).
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Furthermore, CD1Ibmyeloid cells isolated from either SPF or GF donors were equally sufficient
in providing protection when transferred into GF mice prior to infection (Figa®), suggesting
thatreduced cell proportions are likely the primary defect in GF mice. These studies confirm the
importance of microbiotdriven myelopoiesis in promoting host resistance during systemic

infection.

Effective responses th. monocytogenesequires coordinatn between innate and adaptive
immune cells, resulting in pathogen clearance and protective imniaitger, 2004 Thus, we
investigated whether additional immune cells beyond tiessident phagocytes may mediate
commensalderived protection tdlisteria infection. We show that adaptive immunity is not
required for protection by the microbiota during acute infection (FigtBA), nor are GF mice
deficient in developing lorterm protective immunity againsubsequerinfection (Figure4-3B).
Furthermore, the selective expansion of myeloid cells during acute inféctited emergency
hematopoiesjswhich is necessary for mediating delayed resistantertwnocytogenggollowing

48 hpi), was maintained in GF mice dkie 4-3C) (Serbina et al., 200%erbina et al.2003.
Finally, while there are fewer inflammatory neutrophils and monocytes recruited to tha sple
following infection (Figure4-3D), a possible consequence of increased apoptosisréFHeRE),
these cells were not required for commemsatiiated protection agairist monocytogengg-igure
4-3F, G). Together, these findings demonstrate that hematopoietic defects irrésisiaat myeloid
cells prior to infection of GF mice (i.e., dugisteadystate hematopoie$iss the primary cause of

impaired control otisteria.
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Commensal Bacterial Signals Mediate Maintenance of Myelopoiesis

The molecular mechanism(s) by which commensal microbes promote -statagxpansion of
bone marrow and yolk sacderived myeloid cells remains unknown. Microbial associated
molecular patterns (MAMPs) and microbial metabolites, such as short chain fatty acids (SCFAS)
have been shown to modulate various aspects of the host immune ré§jans@d Mazmanian,
2013 Clarke et al., 201,0Smith et al., 2013 Furthermore, MyD88 (an adaptor for recognition of
many MAMPSs) was recently shown to promote GMP expansion and differentigtaaiier et al.,
2013. Accordingly, we sought to address whether commeteyaled factors are involved in the
maintenance of myeloid celunder naiveonditions. Reolonization of GF mice with a complex
microbiota and oral treatment with MAMPs, but not SCFAs, was sufficient to promote recovery of
GMP-derived myeloid cells (neutrophils and monocytes) within the bone marrow (BigéeB).
Importantly, only recolonization of GF mice with an SPF microbiota was sufficient to restore
splenic populations of F4/80macrophages and F4/8@plenocytes (i.e., neutrophils, monocytes
and macrophages) (Figu#4C and data not shown Therefore, while MAMP treatemt is
necessary for the maintenance of bone materved myeloid cells, colonization with a live and
complex microbiota is required to promote completgelopoiesis(including yolk saederived
macrophages). Finally, only aelonization of GF animals, dnnot oral MAMP treatment, was
sufficient to restore the defect in GF mice to systemic challengeLwittonocytogene@d-igure4-

4D and data not shownLollectively, these studies reveal that the microbiota provides complex
molecular signals that activehromote the hematopoietic differentiation of myeloid cells, resulting
in peripheral phagocyte populatioiimat function as sentinels for the early detection and control of

systemic bacterial infection.
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Figure 4-1. The Microbiota Promotes Early Resistance to Systemic InfectiofA-C) SPF and
GF mice were infected with. monocytogeneand assessed for survival (A) and splenic bacterial
burden at 24 (B) and 72 (C) hours pastection (hpi).(D) Liver bacterial burdeamong SPF and

GF mice, 72 hpi(E) SPF and GF mice infected wig aureusKidney bacterial burden assessed 5
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days posinfection. (F) SPF mice treated with antibiotics (Abx) and untreated controls (Ctl) were

infected withL. monocytogenesnd splenidacteial burden was measured 72 hpor all panels,

data are representative of at leastiddependent trialsvi t h

data from a single animal. Error bars represent SEM0.05, **p<0.01, *** p<0.05 logrank test

usel for survival curves in (A).
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Figure 4-2. The Microbiota Promotes Resistance to Infection via Tissti@esident Cells(A-C)

SPF and GF mice depleted of tissasident cells prior to infection with. monocytogeneand
assessed for splenic bacterial bur@hhpi (A) and survival (B)(C) Peritoneal macrophages
isolated from SPF or GF mice, untreated or stimulated with intede(ti¥Ny), infected withL.
monocytogenedRecovery of intracellular bacteria measured over time. Data isigoificant for

all time points measured, except where indicdigtreated SPF vs. GF, 4 hp{(D) Splenic
bacterial burden, 24 hpi, following transfer of splenic COXHils from SPF oGF donors For all

panels, data are representative of at ledstirlependent triajsvi t h n>= 4 [/ group.
represents data from a single animal. Error bars represent Sp0.05, **p<0.01. CL:

clodronatdloaded liposomes.
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Figure 4-3. Resdent Phagocytes Mediated Commens&inhanced Protection Against

Infectious DiseasgA) SPF and GF Rdgmice infected with.. monocytogenesplenic bacterial

burden assessed 72 hpi. (B) SPF and GF mice were immunizel. wittnocytogeneAactA 45

days dter immunization, SPF and GF mice, as well as naiveimornunized SPF controls, were

infected with wildtype (WT) L. monocytogenesSplenic bacteria burden of the WT strain was

measured at 72 hpi. Note: two of the four naive;inamunized SPF mice diddllowing infection,

prior to the 72 hour time point (data not shown). (C) BrdU incorporation among bone marrow

neutrophils (CD11bGR1" ) and monocytes (CD11KCD115), 72 hpi. (D) Percentage of splenic

neutrophils (Gr1 Ly6C"°) and monocytes (GMLy6C"™ among SPF and GF mice, 72 hpi. (E)

Annexin V' bone marrow monocytes, 72 hpi. (F) SPF and GF mice infected lwith
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monocytogenedollowing neutrophil depletion. Splenic bacterial burden assessed at 72 hpi. (G)
Splenic bacterial burden of SPF and @i€e, reconstituted with bone marrow from WT or CCR2
mice, 72 hpi. SPF mice reconstituted with CCR#bne marrow display a twiold reduction in
splenic CFUs compared to GF CCRnice. For all panels, data are representative -8f 2
independent trigl wi t h/ grogp Edch symbol represents data from a single animal. Error bars

represent SEM.p<0.05, **p<0.01. PMN: polymorphonuclear cells; Mono: monocytes.
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Figure 4-4. Recolonization of GF Mice Restores Immune Integrity Against Systemic

Listeriosis (A) Neutrophil (GRT' CD115) and (B) monocyte (GR1CD115) bone marrow

profiles from SPF, GFecolonized GF mice and MAMP or SCR#eated GF mice. (C) F4/80

splenic macrophage profile among SPF, GF, recolonized GF mice and @Freated with

MAMPs or SCFAs. (D) Splenic bacterial burden 72 hpi among SPF, GF and recolonized GF mice
infected withL. monocytogened-or all panels, data are representative of at least 2 independent

trialss wi t h n=24 / group. E &ramha sisgierahiral. Ermorebars repsesentt s d a
standard error of mean (SEM)p<0.05, *p<0.01. Recol: reolonized; MAMPs: molecular

associated molecular patterns; SCFAs: short chain fatty acids.
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Chapter 5

FINDINGS AND DISCUS3$ON

Advances in understandirigpstmicrobial symbiosis have revealed thia® gut microbiota control

the phenotype, migration and activity of multiple innate and adajptirine cells (Belkaid and

Naik, 2013 Chu and Mazmanian, 20[L3Disruption or alteration of commensal communities
impacts host susceptibility to various disorders, particularly at sites of microbial colonization such
as the intestines, respiratory mucosa and skin epithéiamada et al., 20)3In addition to
modulating functional immune outcomes, the microbiota es&ary for maintainingirculating
populations of neutrophils and CD# cells in the splee(Bugl et al., 2013Mazmanian et al.,

2005, suggesting a possible contributibg gut microbiota to the development of the immune
system. Herein, we reveal that gut bacteria regulate hematopoiesis within primary immune sites,
providing a unifying explanation for previous observations of the widespread effects by the

microbiota on thémmune system.

Our study uncovers that the microbiota promotes ststatg myeloid cell development by driving

the expansion of yolk saferived macrophages, as well as enhancing the numbers and
differentiation potential of GMPs in the bone marrdwurthermore, as a consequence of the
reduced populations of resident phagocytes, which serve as a first line defense against invading
pathogens, GF mice are more susceptible to systemic infectioh.vithnocytogeneteresting,

despite multiple immune abrmalities having been previously described in GF mice, the increased

susceptibility to systemic infection with. monocytogeneappears to be specific to the reduced
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proportions of resident myeloid celRrevious studies have shown that commemsaiobes prime
neutrophil killing of $reptococcus pneumoniaed Staphylococcus aurey€larke et al., 2010
Further, the microbiotanhances hosesistance to viral infection by promotiegpression of type
1 interferonby splenic phagocytd#ébt et al., 2012 However, we were not able to detdefects in
the functional activity of phagocytes isolated from GF mijcas related to protection agairist
monocytogene®eritoneal macrophages isolated from naive SPF and GF mice displayed equivalent
killing of Listerig,exvivoAddi ti onal | vy, SPF and GF phagocytes
and NO following infecthin, which is essential for limitingisteria dissemination (data not shown).
Finally, splenic phagocytes isolated from SPF and GF donors were equally sufficient to provide
protection against infection when transferred into GF recipi@hisse data suggeghat a primary
defect in the maintenance of resident phagocytes in GF animals is responsible for the increased
susceptibility to systemic infection. However, it remains possible that the microbiota primes
additional immune responses, not described hiva, further contributes to mediating host

protection against infectious disease.

While our studies reveadteadystate hematopoiesis is compromised in GF mice, emergency
hematopoiesis, or the selective expansion of myeloid cell following infectiomaiatained
independent of commensal microbes. One possible explanation for this contrast is that the
expression of cytokines and growth factors following infection, as well as direct stimulation by
microbial ligands, may rescue hematopoietic defects imi&ieé otherwise present under steady
state/norinflammatory conditions/Ve propose a model whereby a primary defect in hematopoiesis

in GF or antibiotietreated mice compromises multiple tissasident innate immune cell
populations prior to infection, lding to blunted early responses upon subsequent pathogen

encounter (see diagram in Figusel). While tissueresident phagocytes directly mediate early
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resistance to infection, these cells are also essential for recruiting additional phagocytes
(monocytes) which is essential for maintaining resistaf@@eombes et al., 201Kastenmuller et

al.,, 2012. GF mice therefor display exacerbatededise severity as a consequence of diminished
phagocyte recruitment into infected tissi@hile our studies focus on innate immunity due to its
role in rapid control of earlyisteria infection, impaired microbiotenediated hematopoiesis may

also extend @ the adaptive immune system, providing an explanation for observations that
peripheral T, B and iNKT cell populations are altered in GF ifli@aov et al.2008 Macpherson

and Uhr, 2004Mazmanian et al., 200®Iszak et al., 2072

How commensal microbes (presumably in the gut) are able to control immune responses in distant
sites such as the bone marrow remains incompletely understood. It has recently been shown that
mice deficient in MyD88 signaling display reductions in systemic niyedell populations and

GMP numbergFiedler et al., 2013ranez et al., 20)3similar to our findings in GF mice. Further,

as microbial ligandaredetected in systemic siteacluding the bone marro(Clarke et al., 2010
commensaterived MAMPs that originate in the gut may mediate stassalg myelopoiesis in
primary immune sites. Accordingly, we show that oral treatment with MAMPs is sufficient to
rescue GMHmediated expansion of neutrophilsdamonocytesn GF mice However, MAMP
treatment alone is inadequate to expand splenic £4i80 F4/86 cells, indicatinghat additional
commensadterived signals are necessary to influence-sgiteific HSG and yolk sadalerived
myeloid cells. Interdsigly, recolonization of adult GF mice with SPF microbiota is insufficient to
restore splenic F4/80macrophages to the levels found in SPF mice. This may suggest that
complete rescue requires either colonization from birth or colonization with spafisbes that

were not transferred into GF mice. In additionntecrobial ligands or metabolitasanslocating
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from the gut into the circulatiaio directly stimulate progenitor celisther explanations for how the
microbiota affects hematopoiesis maylinte a role for myeloid cell growth factors. In support of
this notion, preliminary data suggest that GF mice are reduceedB8Mtranscript levels in the gut
(data not shown), though further work is need to uncover the complex molecular mechanism(s) by

which commensal bacteria signal from the gut to distant primary immune organs.

Finally, we speculate that these findings may be relevant to human infe&wadence that
depletion of the microbiota leads to transient immune suppression suggests factors that disrupt
commensal microbes, includirtigat clinical antibiotic use may, paradoxically, be a risk factor for
susceptibility to opportunistic pathogermurthermore, lhe spread of antibiotiesistance among
pathogens, paired with a dwindling supply of effective antibiotics, has necessitated alternative
strategies to combat infectiofishosravi and Mazmanian, 2003s certain commensal microbes

have been previously shown to express molecules with unigue immunomodulatory properties, it is
possible such microbial products mag developed iot therapeutics to treat infectious diseases.
Whereas traditional antibiotics work byroughdirect microbicidal activity, indiscriminately killing

both pathogenic and commensal microbes, immunomoduldtiergpeuticsvould enhance host
immune responses tpromote pathogen clearance. Such a strategy may specifically target
pathogenic microbeand thereby reduce the risk of secondary inflammatory disease caused by
depleting commensal microbial communities, as curretyrs with antibiotic uséhe concepts
proposed herein, if validated in humans, may herald future medical approaches that combine
antibiotics with immunomodulatory microbial molecules as revolutionary combination treatments

to address the reemerging @isf infectious diseases.
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Figure 5-1. A ProposedModel For How the Microbiota M ediatesHost Resistance tdSystemic
Infection Commensal microbes stimulate bone marrow and splenic myelopoiesis during naive
conditions (in the absence of infectioaxpanding systemic pools of mature myeloid cells in SPF
mice that are essential for restricting pathogen dissemination upon acute infection. GF mice have
reduced proportions and differentiation paigl by GMPs during the steadyate, as well as
diminished expansion of yolk saterived macrophages, impairing the immune response to
infection withL. monocytogened his model suggests that conditiamzlerwhich the microbiota is

disrupted may result in deficient expansion of myeloid cells, compromisirigrésistance to

infectious disease.
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Material and Methods

Animal Studies

Specific pathogeifree (SPF) C57BL/@nice were purchased from Taconic Farms. Geea (GF)
C57BL/6 and C57BL/6 Rdgmice were bred and raised in sterile gnotobifiixible film isolators

at the California Institute of Technology. Mice al3 weeks of age were infected via retrbital

injection with 3x10 colony forming units (CFU) oEisteria monocytogenek0403S. Splenic and

liver bacterial CFU were assessed724hpi by microbiological plating. In some experiments, SPF

and GF mice were immunized with 3x104 CEUmonocytogenelactA (LaraTejero and Pamer,

2004), and immunized mice and Riommunized controls were infected with 2x105 CFU of wild

type (WT)L. morocytogened5-day post immunization, with splenic bacterial burden measured 72
hpi. Alternatively, SPF and GF mice were infected with 1x@BU of S. aureugstrain Newman)

via tail vein injection and kidney bacterial burden assessed 5 daymfection. For microbiota
depletion studies, SPF mice were treated with 1 mg/ml of ampicillin (Auromedics), neomycin
sulfate (Fisher), streptomycin (Sigma) and 0.5 mg/ml of vancomycin (Sagent) in the drinking water
for 4-5 weeks. Mice were taken off antibiotics 4yslgorior to infection. Antibiotidreated and
untreated SPF mice were infected with 3xOFU of L. monocytogenesand splenic bacterial
burden was assessed 72 hpi. GF mice were recolonized by gavage with cecal contents of SPF mice.
Alternatively, GF micewere treated with MAMPs through the addition of heat kilksgherichia

coli strain Nisslg(LodinovaZadnikova and Sonnenborn, 19@# autoclavedecal contents from

SPF mice in water (~1xI@FU/ml in drinking water). For treatment with short chain fatty acids,
sodium proprionate (Sigma), sodium butyrate (Sigma), and sodium acetate (Sigma) was added to

drinking water at previously described concativns (25mM, 40mM and 67.5mM, respectively)
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(Smith et al., 2013 Mice were reolonized or treated with microbial ligands or metabolites for 4
weeks prior to cellular analysis and infectious studies. Animals were cared for utathishesd

protocols and IACUC guidelines from the California Institute of Technology.

Cellular Analysis

Spleens were either mechanically disrupted via passage through 100 pum mesh filters (BD
Biosciences) or digested in 0.5 mg/ml of Collagenase D (Roche) and 0.5 mg/ml of DNase |
(Worthington). Bone marrow was collected by flushing femurs with PBS contairsi$igBSA and

5mM EDTA. Single cell suspensions were removed of red blood cells (RBC lysis buffer, Sigma).
Mature myeloid cells were evaluated by staining with antibodies to GR1-8eBj Ly6C (HK

1.4), CD11b (M1/70), CD115 (AFS98) and F4/80 (BM8). Mousendtepoietic stem and
progenitor cells (HSPCs) were isolated from bone marrow by a combination of MACS magnetic
bead purification (Miltenyi) and fluorescence activated cell sorting (FACS). Lineage marker
negative cells (LD were first separated using a @& lineage cell depletion kit (containing
antibodies against CD5 (533), CD45R (B220; RA®B2), CD11b, Gi, 7-4 (15BS) and Tet19
(Ter-119)) and an autoMACS Separator (Miltentyi). Léells were then further stained witkKi
(CD117; 3C1), Scd (D7), CD16/CD32 (93), CD34 (RAM34). Populations of LK&:lls (Lir c-

Kit* Scal’; HSCs and MPPs), LircKit* Scal (LKS) CD34 F c ¥ &ells (CMPs) and LKS
CD34' F ¢ { Bells (GMPs) were analyzed by flow cytometry. LKD34" F ¢ { Bells were
FACS sortedusing an Aria cell sorter (BD Biosciences). Stestéitfe cell proliferation was
measured by intraperitoneal.p() injection of 500 pg EdU (Life Technologies) and EdU

incorporation among splenic myeloid cells was measured 24 hours later viat Gt asay kit
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(Life Technologies). To measure cell proliferation dulliigeria infection, mice were injecteidp.
with 100 pg BrdU (Sigma), and BrdU incorporation among progenitor and mature myeloid cells
was determined 3 hours later via a BrdU detectiongBigscience). Apoptosis and cell viability
was assessed by staining with Annexin V (eBioscience) ahmhiioactinomycinD (Invitrogen).
Listeriakilling assays were conducted as previously descrilgeuitnoy et al., 1989 Briefly,
peritoneal macrophages were collected from naive SPF and GF mice. Adherent cells were
stimulated with 100 U/ rReprodeth) ar left umtredtesl foo24 hogra. mma  (
Macrophages were washed and infected wittnonocytogenest a multiplicity of infection (MOI)
of 10. Cells were washed 30 minutes | ater and
was added. Cells wesgashed and lysed at various time points to quantitate intracedlisteria
via microbiological plating. Antibodies were purchased from eBioscience, BD Bioscience, Miltenyi
or Biolegend. Data were collected on a FACSCalibur or LSR Fortessa (BD Biosc#te)

analyzed with FlowJo software (TreeStar).

Cell Depletion and Adoptive Transfer

Resident phagocytes were depleted by intraveriajs ( t r eat ment wi t-lbadddO O pl
liposomes (CL; FormuMax) 48 hours prior to infection. CD14plenocytes were isolated from

naive SPF and GF mice using CD11b microbeads (Miltenyi).°22ID11b cells (>90% purity)
weretransferred into GF recipiengg! hours prior to infection with. monocytogene€FU burden
wereassessed 24 hf.CR2" chimems were generated by transferring bone marrow from WT or
CCR2" donors into SPF or GF recipients that had been lethally irradiated (1000 rads) 48 hours

prior. Mice were infected with 3x104 CFU bf monocytogene8 weeks post reconstitution, and
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splenic bacterial burden was assessed 72 hpi. For neutrophil depletion, SPF and GF mice were
injectedi.p. with 0.5 mg of antLy6G antibody (Bioxpress), or saline control, 24 hours prior to

infection withL. monocytogenes

CFU Assays

To evaluate hematojaic potential, 1x1d Lin~ or 1x1G LKS CD34" F ¢ ¥ Bells or 2x16
splenocytes were plated in triplicate in MethoCult GF M3434 (StemCell Technologies)
methylcellulosebased medium and incubated for 7 days ifC3®ith 5% CO2, after which the
colonies wee counted on the basis of their morphological characteristics in accordance with the

manufacturer’'s instructions. On the saHit day,
and CD11b expression for progenitor quantification by flow cytometnyréfolating assays, 5x10
cells from the first culture were plated in triplicate in a secondary culture of fresh MethoCult GF

M3434, and colonies were counted after 7 days of incubation.
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