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Abstract!

! It!is!well!known!that!the!elderly!often!manifest!chronic!lowLgrade!

inflammation.!This!phenomenon,!called!“inflammLaging,”!is!postulated!to!contribute!

to!increased!susceptibility!towards!infectious!diseases!and!an!overall!increase!in!

frailty.!We!have!proposed!examining!the!gut!microbiome!as!a!potential!mediator!of!

these!changes.!Gut!microbial!communities!influence!the!host!immune!system;!often!

dictating!an!individual’s!health!status.!Thus,!harmful!gut!microbiome!changes,!

termed!dysbiosis,!are!associated!with!poor!health!in!the!elderly.!We!first!sought!to!

understand!the!key!immunological,!physiological!and!microbiome!changes!

occurring!with!age!(Chapter!3).!Our!data!reveals!immune!impairments!in!aged!mice,!

with!increased!intestinal!permeability,!systemic!inflammation!and!alterations!in!the!

functions!of!myeloid!cell!populations.!However,!our!aged!germLfree!(GF)!mice!are!

protected!from!these!outcomes,!indicating!that!the!old!microbiome!may!play!a!

strong!role!in!these!ageLassociated!impairments.!To!study!this!further,!we!have!

colonized!young!and!old!GF!mice!with!the!“young”!or!“old”!microbiota!in!order!to!

determine!whether!the!relationship!between!microbial!dysbiosis!with!age!and!

health!status!is!correlative!or!causative!(Chapter!4).!Interestingly,!young!GF!mice!

colonized!with!old!microbiota!have!significantly!increased!permeability,!systemic!

inflammation!and!an!influx!of!Ly6Chigh!monocytes!when!compared!to!those!

colonized!with!the!young!microbiota.!By!using!transgenic!mice!(TNFL/L!mice),!or!by!

reducing!systemic!TNF!levels!via!therapeutics,!we!were!able!to!reduce!some!aspects!
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of!microbial!dysbiosis!and!ageLassociated!inflammation!(Chapter!5).!Our!data!

suggests!that!harmful!changes!to!the!gut!microbiome!composition!with!age!initiate!a!

cycle!of!negative!events!that!ultimately!result!in!increased!inflammatory!myeloid!

cell!recruitment,!increased!intestinal!permeability!and!an!overall!increase!in!

systemic!inflammation!in!old!mice.!By!identifying!these!key!changes,!we!can!work!

towards!developing!effective!therapeutics!that!promotes!healthy!aging!and!

protection!against!infectious!diseases.!!
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A)-IMMUNOSENESCENCE--

Aging-and-immune-dysfunction--
Immunosenescence% is% a% growing% topic% of% interest% as% the% elderly% population%

continues% to% expand%within%our% community.% In% fact,% the%number%of%Americans%>65%

years%old%is%estimated%to%double%between%2000%and%2040%with%an%estimated%growth%

in%this%age%group%from%12%%to%20%%within%this%time%frame%(1).%Furthermore,%by%the%

year% 2050,% the% number% of% individuals% greater% than% 85% years% old% is% expected% to%

increase% by% an% estimated% 350%% (2).% This% is% of% interest% to% us% because% these%

individuals% are% also% at% an% increased% risk% of% requiring% health% care% services.% This%

increase%can%be%largely%attributed%to%the%decrease%in%fertility%in%most%countries,%along%

with%the%increase%lifespan%of%elderly.%As%a%result,%we%can%expect%an%increase%in%health%

care% costs% related% to% this% demographic% shift.% These% shifts% in% the% demographic%

population%affect%the%incidence%of%both%acute%and%chronic%inflammatory%conditions%in%

this% population.% The% elderly% have% increased% susceptibility% towards% infectious%

diseases.%For%example,%with%regards%to%pneumococcal%pneumonia,%elderly%individuals%

(>65% years)% accounted% for% 60%% of% hospitalizations% in% United% States% in% 2004% (1).%

Pneumococcal%infections%have%detrimental%outcomes%in%the%elderly%population%and%it%

was%estimated%that%the%2004%costs%for%treating%patients%with%such%infections%totaled%

3.5%billion%dollars%(3).%%Epidemiologic%studies%have%shown%that%the%aging%population%

will%continue%to%increase%and%as%a%result,%we%can%expect%an%increased%burden%on%the%

health% care% system% in% the% future.% In% order% to% prepare% for% these% changes,% it% is%

important%to%study%the%changes%that%occur%within%the%elderly%in%order%to%understand%
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and% ultimately% prevent% some% of% the% detrimental% immune% changes% that% occur%with%

age.%%

The% aging% process% is% accompanied% by% a% number% of% negative% consequences%

including%elevated% levels%of% lowQgrade%chronic% inflammation%(4),% thymic% involution,%

microbial%dysbiosis%(5,%6),%and%attenuated%immune%responses,%resulting%in%an%overall%

deterioration% in% the% ability% to% combat% infectious% diseases% (7).% This% process,% coined%

immunosenescence,%is%believed%to%contribute%to%many%ageQrelated%pathologies%and%as%

such,% is% a% key% phenomenon% to% study% with% regards% to% the% elderly% population.% In%

addition% to% immuneQrelated% changes% contributing% to% disease% vulnerability,% the%

elderly%encounter%a%number%of%other%risk%factors%as%well.%For%instance,%nursing%home%

residents%are%at%an%increased%risk%of%developing%infections%due%to%their%close%contact%

with% other% “atQrisk”% individuals.% Furthermore,% tubeQfed% elderly% patients% are% an%

increased% risk% of% mortality% due% to% pneumonia% when% compared% to% those% who% are%

orally%fed%(8).%In%hospitals,%the%elderly%have%a%higher%chance%of%developing%ventilatorQ

associated% pneumonia.% Finally,% functional% ability% also% plays% a% role% in% the%

predisposition% towards% infectious%diseases.%Although% there% are% several% risk% factors%

for% disease,% the% research% described% in% this% thesis% will% be% focused% on% increased%

infection%susceptibility%caused%by%the%onset%of%immuneQrelated%changes%with%age.%%

Numerous%studies%have%investigated%the%changes%in%immune%parameters%with%

age.%Although%some%of%these%results%are%contradictory,%the%general%consensus%is%that%

there% is% an% overall% increase% in% chronic% systemic% inflammation,% termed% “inflammQ

aging,”%and%this%ultimately%results%in%the%overall%physical%decline%with%age%(9).%In%fact,%
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serological% changes% seen% with% age% include% a% 2Q4% fold% increase% in% inflammatory%

mediators% including% proQ% inflammatory% cytokines% and% acute% phase% proteins% (10).%

These%changes%are%believed%to%contribute%to%the%immune%dysfunction%seen%within%the%

elderly.% Indeed,%our% laboratory%has%demonstrated%impairment%of% immune%functions%

in% aged% mice,% judged% by% increased% plasma% levels% of% ILQ6,% decreased% macrophage%

function,% increased% intestinal% permeability,% and% increased% systemic% inflammation%

(11)%(Appendix%II).%Our%data%suggests%that%this%phenomenon,%termed%ageQ%associated%

inflammation%(AAI),%contributes%to%immune%dysfunction%with%age.%%

The% aging% process% is% accompanied% with% increased% levels% of% inflammatory%

mediators% including% tumor% necrosis% factorQalpha% (TNF),% interleukin% (IL)Q6,% and%

interleukin%(IL)Q1%(12).%These%increases%appear%to%correlate%with%the%increased%frailty%

and% incidence% of% diseases% including% dementia,% atherosclerosis,% type% 2% diabetes,%

Parkinson’s%disease%and%much%more%(8).%As%well,%these%cytokines%have%been%shown%to%

further%upregulate%production%of%chemokines%including%RANTES,%MIPQ1α,%ILQ8,%MCPQ

1%and%C%reactive%protein%(CRP)%(12).%TNF%and%ILQ1%have%been%studied%in%detail%as%they%

play% crucial% roles%within% the%elderly.%They%are% involved% in% the%upregulation%of% ILQ6%

and%also%play%key%roles%in%energy%metabolism%and%acute%responses%to%infections%(13).%

ILQ6% has% been% shown% to% be% involved% with% bone% reabsorption,% and% has% been%

previously% identified%to% induce%osteoporosis% in%animal%models.%As%well,% it%produces%

acute% phase% proteins% such% as% CRP% (13).% ILQ6% is% suppressed% by% estrogen% and%

androgens.%Consequently,%it%is%believed%that%the%increase%in%ILQ6%observed%within%the%

elderly%can%partially%be%explained%by%the%decrease%in%sex%hormones%with%age%(13).%%
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TNF% on% the% other% hand% is% a% proQinflammatory% cytokine% that% is% produced%

mainly%by%macrophages%and%monocytes% (14).% It%plays%major% roles%within% the%body,%

particularly%in%terms%of%fighting%against%infectious%diseases%(15,%16).%As%such,%TNF%is%

an% important% immune%modulator% within% the% body% as% it% has% roles% with% regards% to%

cytotoxic% defense% against% tumours,% infectious% disease% control,% growth% modulation%

and%helps%with%cellular%differentiation.%For%that%reason,%TNF%has%often%been%referred%

to% as% a% pleiotropic% cytokine% (14).% However,% if% present% at% continually% high%

concentrations,% as% measured% in% our% elderly% populations,% it% can% be% detrimental%

towards% cell% function% (15).% Excessive% TNF% can% play% a% role% in% the% development% of%

cachexia% (or%wasting%syndrome),%and% lead% to%muscle%atrophy,%weakness%and% frailty%

within%the%elderly.%%

B)-THE-IMPORTANCE-OF-THE-GUT-MICROBIOME-

The-structure-and-function-of-the-gut-
The%human%gastrointestinal%tract%extends%from%the%mouth%to%the%anus%and%is%

able% to% release% a% number% of% enzymes% and% hormones,% aid% in% the% process% of% food%

digestion% and% nutrient% absorption% and% contains% a% number% of% protective% factors% to%

help%prevent%the%onset%of%infection.%The%gut%is%composed%for%four%main%components:%

the%esophagus,% the%stomach,% the%small% intestine%and%the% large% intestine.%Along%with%

the% gutQassociated% lymphoid% tissue,% the% gastrointestinal% tract% is% also% home% to% a%

diverse%microbiome.%The%gut%is%the%most%heavily%colonized%region%of%the%body%and%is%

home% to% approximately% 1000% different% bacterial% species% that% encode%more% than% 5%

million%genes% (17).%The%upper% intestines% are% approximated% to% contain% around%101Q
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103% cells% per% gram% and% the% colon% is% more% densely% inhabited,% containing% between%

1011Q1012% bacteria% per% gram% (18).% Firmicutes% (including% Lactobacillus,% Clostridium,%

and% Enterococcus)% and% Bacteroidetes% (including% Bacteroides)% phyla% comprise% the%

majority% of% bacteria% found% in% the% gut.% Other% phylas% like% Actinobacteria,%

Proteobacteria,% Fusobacteria,% Verrucomicrobia,% and% Cyanobacteria% are% present% at%

lower% concentrations.% These% bacteria% function% to% maintain% health% and% integrity%

within%the%gut%(18).%%

The%intestinal%epithelial%barrier%functions%to%contain%the%bacterial%contents%in%

the% luminal%environment%of% the%GI%tract,%regulate%digestive%processes,%and%promote%

absorption% of% nutrients% and% electrolytes% (18,% 19).The% epithelial% barrier% contains% a%

number%of%key%features%that%help%maintain%these%functions.%For%example%the%mucus%

layer% contains% antimicrobial% peptides% and% secretory% immunoglobulin% (Ig)% A% that%

function% to% limit% the% contact% between%bacteria% inside% the% lumen% and% immune% cells%

present%along%the%barrier%and%in%mucosal%tissues.%Furthermore,%the%epithelial%barrier%

is%composed%of%a%monolayer%of%epithelial%cells%that%are%connected%via%tight%junctions,%

adheren% junctions%and%desmosomes% (19).%Tight% junction%proteins% are% composed%of%

protein% complexes% containing% transmembrane% proteins% like% claudins% and% occludin%

(19).%They%are%located%at%the%apical%end%of%intestinal%epithelial%cells%(closer%to%the%gut%

lumen)% (19).% Tight% junctions% play% crucial% roles% in% determining% the% selective%

paracellular% permeability% of% the% epithelial% barrier% to% solutes,% ions% and% water%

molecules.%%%%%%
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Structural-changes-within-the-gut-with-age-
The% intestinal% epithelial% layer% plays% a% crucial% barrier% role% as% it% is% able% to%

selectively%allow%the%passage%of%nutrients%and%water%while%preventing%antigens%and%

the% enteric% flora% from% entering% circulation% to% cause% immune% activation% (20).%

However,% the% onset% of% a% number% of% diseases% can% cause% the% integrity% of% the% gut%

epithelium% to% be% impaired,% allowing% it% to% become% leaky% and% cause% systemic%

inflammation%(21).%The%changes%in%gut%integrity%with%age%are%an%important%aspect%to%

understand% for% a% number% of% reasons.% Firstly,% increases% in% intestinal% permeability%

have% been% proposed% to% contribute% to% the% increased% inflammation% observed%within%

the% elderly% (20).% Since% this% phenomenon% has% been% linked% to% increasing% immune%

dysfunction%within%these%individuals,%it%is%important%to%understand%how%permeability%

changes%with%age%(20).%Second,%increases%in%intestinal%permeability%would%affect%how%

aged% individuals% are% able% to% absorb% the% drugs% and% nutrients% they% consume% (20).%

Understanding%how%the%gut%becomes%permeable%will%allow%for%the%creation%of%more%

effective% drugs% and% dietary% supplements.% Finally,% if% increases% in% intestinal%

permeability% promote% systemic% inflammation,% this% can% increase% the% risk% towards% a%

number%of%cardiovascularQ%related%diseases.%For%example,% in% the%context%of%obesity,%

mild% inflammation% caused% by% CRP% increases% the% risk% of% suffering% from% a% cardiac%

arrest%or%stroke%by%2Qfolds%(22).%In%the%context%of%aging%however,%approximately%50%%

of% elderly% individuals% suffer% from% lowQgrade% inflammation% (20).% As% a% result% it% is%

important% to% understand% how% permeability% changes% with% age% and% how% this% may%

affect%systemic%inflammation%within%these%individuals.%A%disruption%in%the%gut%barrier%
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integrity%can%allow%for%the%translocation%of%endotoxins,%proQinflammatory%molecules%

and% antigens% to% enter% circulation% and%potentially% trigger% systemic% inflammation% as%

well%(23).%If%the%increase%in%intestinal%permeability%is%contributing%to%the%lowQgrade%

inflammation%within%the%elderly,%it%is%one%aspect%that%should%be%targeted%in%terms%of%

therapies.%%

Although% some% studies%have%examined% the% ageQrelated% changes% in% intestinal%

permeability%using%animal%models,%there%is%still%much%uncertainty%around%this%topic.%

One% particular% study% was% conducted% using% baboons% and% it% suggests% that%

gastrointestinal% dysfunction% might% occur% within% the% elderly% as% a% consequence% of%

increased% intestinal% permeability.% Colonic% tissue% isolated% from% old% baboons% had%

increased% permeability,% decreased% amounts% of% tight% junction% proteins% and% had% an%

increase% in% proQinflammatory% cytokines.% In% humans% however,% there% are% only% four%

major%studies%completed%to%date%(24–26).%However,%these%studies%are%limited%in%the%

number% of% participants% included% and% they% mainly% focused% on% the% small% intestinal%

permeability% changes% with% age.% As% a% result,% it% is% difficult% to% definitively% draw%

conclusions% to% answer% this% question.% Therefore,% the% current% data% available% to%

understand%whether%or%not%intestinal%permeability%increases%with%age%and%how%this%

process% may% be% mediated% is% limited.% By% understanding% this% phenomenon,% we% can%

begin% to% understand% the% potential% routes% to% keep% in% mind% when% trying% to% reduce%

systemic%inflammation%within%the%elderly.%%

The-role-of-the-intestinal-microbiome--
Gut%microbiome%compositions%have%profound%effects%on%an%individual’s%health%
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(27).%It%is%involved%with%the%regulation%of%metabolic%and%physiological%functions%and%

as% well,% contributes% to% the% overall% mucosal% immunity% within% the% body% (5).% The%

microbiome% helps% extract% energy% from% food% sources% and% produces% important%

nutrients% that% the% host% would% not% be% able% to% produce% otherwise,% including% shortQ

chain%fatty%acids,%certain%vitamins%and%amino%acids%(5).%Aside%from%producing%helpful%

substances% within% the% host,% the% intestinal% microbiome% also% helps% defend% against%

harmful% pathogens% by% producing% antimicrobial% compounds% and% providing% a% rigid%

intestinal% barrier% to% prevent% the% colonization% of% pathogenic% bacteria% (5).%

Furthermore,% the% intestinal%microbiome% plays% a% key% role% in% the% production% of% IgA%

antibodies.% These% antibodies% are% necessary% to% help% keep% bacteria% within% the%

intestinal%lumen%to%prevent%leakage%and%tissue%damage%(28).%%

The-temporal-stability-and-variability-of-the-gut-microbiome-with-age-
& At% approximately% 36% months% of% age,% the% microbiome% undergoes% one% final%

temporal%shift%in%the%composition%of%the%microbiome.%This%shift%is%largely%due%to%the%

introduction% of% novel% food% items% to% the% diet.% However,% during% adulthood,% the% gut%

microbiome% composition% has% been% characterized% as% relatively% stable% over% time.% In%

fact,% unless% there% is% a%major%disturbance,% the% overall% composition%does%not% change%

(29).%A%study%conducted%by%Faith%et%al.,%followed%37%adults%up%to%five%years%in%order%to%

study%the%stability%of%the%microbiome%over%time%(30).%They%concluded%that%after%one%

year% into% the% study,% approximately% 70%% of% the% microbial% composition% remained%

stable.% At% the% end% of% five% years,% only% a% few%other% recorded% changes% occurred% (30).%

Furthermore,%they%found%more%variability%in%the%microbiome%composition%of%samples%
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taken% in%shorter% time% frames.%However,%when% the%overall% composition%was%studied%

over%a%longer%time%period,%stability%was%observed%(30).%The%major%factors%known%to%

temporarily% alter% the% gut% microbiome% include% changes% in% the% diet,% weight% loss,%

physiological%changes,%drug%administration%or%living%conditions%(29).%In%general,%the%

adult%gut%microbiome%is%fairly%resilient%to%changes%and%remain%stable%until%the%elderly%

years.%%

% The%changes%in%the%gut%microbiome%composition%in%the%elderly%often%correlate%

with%their%health%status.%In%fact,%the%decline%in%health%has%been%linked%to%the%reduction%

in% the% stability% and%diversity% of% the% gut%microbiome% (29,% 31).%Resilience% in% the% gut%

microbiome%composition%is%lost%with%age%as%the%microbiome%becomes%largely%skewed%

based% on% factors% such% as% frailty,% coQmorbidities,% use% of% antibiotics% and% residence%

(communityQdwellers%or%residents%in%longQterm%care%facilities)%(29,%32).%

Gut-microbiome-changes-in-the-elderly-
The%intestinal%microbiota%undergoes%drastic%changes%near%the%beginning%and%

end% of% life.% Children% are% exposed% to% microbial% colonization% immediately% following%

birth.%During%the%initial%stages%of%life,%the%fecal%microbiome%is%primarily%composed%of%

Bifidobacteria% (28).% Following% weaning% and% the% introduction% of% a% solid% food% diet,%

their%microbiome%continues%to%diversify%and%expand%until%approximately%the%age%of%

two,%at%which%point,% the%microbial% community% is% similar% to% that%observed% in%adults%

(33).%The%adult%microbiome%has%been%described%to%be%fairly%stable%in%its%composition%

and%begins%to%change%once%again%within%the%elderly.%At%this%stage,%harmful%intestinal%

microbiome% changes,% termed% dysbiosis,% alter% the% host’s% susceptibility% to% infectious%
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disease% (33–35).% These% changes% have% been% associated% with% some% of% the% negative%

consequences%seen%within% the%elderly% including% increased% frailty%and% inflammation%

(36).% For% instance,% elderly% individuals% with% reduced% levels% of% Lactobacilli,%

Bacteroides,% Bifidobacteria% and% Prevotella% groups% tended% to% score% higher% on% the%

frailty% index.% These% individuals% also% had% an% increased% abundance% of%

Enterobacteriaceae%(28).% As%well,% the% general% consensus% is% that% there% is% an% overall%

decrease%in%the%amount%of%facultative%anaerobes%and%an%overall%increase%in%obligate%

anaerobes%within%fecal%samples%of%aged%individuals%(Figure%1)%(37).%They%have%been%

shown% to% contain% a% larger% abundance% of% Enterobacteriacea% and% other% endotoxinQ

producing,% GramQnegative% bacteria% (36).% The% composition% of% the% intestinal%

microbiome%can%amplify%or%dampen%local%and%systemic%inflammation%depending%on%

the% specific% microbes% present% (36).% For% example,% the% presence% of% Bifidobacterial%

species%within% feces%has%been%correlated%with%decreased% levels%of%serum%ILQ10%and%

TNF% (33).% Thus,% changes%within% the%microbial% community%might% contribute% to% the%

increased%inflammation%observed%within%elderly%individuals%(36).%%

Furthermore,% several% studies% have% suggested% that% there% is% an% increase% in%

bacterial/% endotoxin% translocation%with% age% as% a% result% of% a% deteriorated% intestinal%

barrier.%This%may%also%be%allowing%for%increased%translocation%of%bacterial%products%

from%the%lumen%of%the%GI%tract%into%systemic%circulation.%This%phenomenon%would%in%

turn% lead% to% the%activation%of% the% immune%system,%and%consequent%production%of%a%

number%of%proQinflammatory%cytokines%and%molecules%including%TNF,%ILQ1,%ILQ6%and%

NO.% Continual% bacterial% translocation% and% immune% activation% within% the% elderly%
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could% lead% to% systemic% inflammation% and% ultimately% cause% tissue% destruction% and%

overall%immune%dysfunction%(38).%

Development-and-immune-deficiencies-in-germ>free-mice-
Since%the%development%of%germQfree%mice%in%the%1950s,%researchers%have%used%

them%widely%to%compare%regularly%housed%mice%to%those%raised%without%the%influence%

of%any%microbiome.%GermQfree%mice%allow%researchers%to%manually%introduce%one%or%

two% specific% species% or% one% entire% microbial% composition% in% order% to% understand%

what%changes%are% specifically%being%caused%by% the%microbiome%(39,%40).% In% fact,%by%

1959,% researchers%had%germQfree% forms%of%mice,% rats,% guinea%pigs,% and% chicks% (39).%

Although%being%extremely%beneficial%in%understanding%the%role%of%the%microbiome%in%

disease% progression,% germQfree% mice% do% have% their% drawbacks,% both% from% a%

developmental%and%immunological%perspective.%%

The%indigenous%bacteria%in%the%gut%have%coQevolved%with%the%immune%system%

in% order% to% provide% robust% immune% protection% against% pathogens% and% enhance%

survival.%Therefore,%it%is%of%no%surprise%that%germQfree%mice%inherently%experience%a%

number%of%developmental%defects% that%contribute% to%alterations% in% their% innate%and%

adaptive% immune% responses.% A% number% of% changes% have% been% identified% in% the%

development%of%the%gutQassociated%lymphoid%tissue%(GALT)%(41).%With%regards%to%the%

innate%immune%system,%paneth%cells% from%germQfree%mice%have%reduced%production%

of% antiQmicrobial% peptides% like% angiogenin% 4% and% REG3% y% (28,% 41).% These% proteins%

have% bactericidal% activity% and% can% target% specific% groups% of% bacteria.% For% example,%

angiogenin% 4% preferentially% binds% to% gramQpositive% bacteria% (28).% However,% these%
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deficiencies% are% reversible% as% conventionalized% germQfree% mice% restore% the% antiQ

microbial%peptide%secretions%soon%after%colonization.%Commensal%bacteria%also%play%a%

strong% role% in% the%development%of% the% adaptive% immune% system%as% germQfree%mice%

have%fewer%peyers%patches%in%the%small%intestine,%thinner%lamina%propria%and%fewer%

plasma% cells% in% the% germinal% center.% These% changes% culminate% to% a% reduction% in%

antibody%production%(particularly%with%regards%to%IgA)%and%reduced/altered%function%

of% adaptive% immune% cells.% In%particular,% germQfree%mice%have%B% cell% developmental%

defects,%fewer%CD8+%with%reduced%cytotoxicity%and%fewer%CD4+%cells%which%ultimately%

results% in% fewer% TH17% cells% as% well% (41).% Interestingly,% these% defects% in% germQfree%

mice% cannot% be% completely% reversed% by% colonization% with% one% particular% species%

from% the% commensal% microbiome.% This% suggests% that% in% fact,% a% large% and% diverse%

microbiome% composition% is% necessary% to% ensure%proper% immune%development% and%

function%in%the%gut%(28).%%%

C)-MONOCYTE/MACROPHAGE-FUNCTION-IN-THE-GUT-

Gut>associated-lymphoid-tissue-(GALT)-
The%mucosal%surfaces%within%our%body%are%the%primary%route%of%infection%used%

by% many% pathogens.% In% particular,% the% gastrointestinal% tract% has% thin,% permeable%

membranes% to% allow% for% food% absorption.% However,% this% also% increases% its%

vulnerability%towards%infection.%The%gut%is%constantly%being%exposed%to%a%number%of%

foreign% antigens% in% the% form% of% food% antigens.% As% well,% it% contains% a% diverse%

microbiota% composed% of% approximately% 1014% commensal% bacteria% that% are% able% to%

reside% within% this% region.% As% a% result,% it% is% important% that% an% effective% immune%
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response% is%present%within% this% region% to%effectively%differentiate%between%harmful%

and% harmless% substances% (42).% Within% the% gut,% the% mucosaQassociated% lymphoid%

tissues%are%referred%to%as%the%gutQassociated%lymphoid%tissue%(GALT).%Major%sites%for%

the%induction%of%immune%responses%within%the%gut%occur%within%the%Peyer’s%patches,%

the% appendix% and% lymphoid% follicles% near% the% large% intestine% and% rectum.% In%

particular,%the%peyer’s%patches%are%follicles%of%immune%cells%present%on%the%mucosa%of%

the%ileum.%The%cellular%composition%of%murine%Peyer’s%patches%include%mainly%B%cells,%

but% also% T% cells,% dendritic% cells,% macrophages% and% polymorphonuclear% neutrophils%

(43).%

&

Colonic-macrophages-and-monocytes-
The%intestine%encounters%more%antigens%than%any%other%part%of%the%body%and%

therefore%it%is%no%surprise%that%it%is%home%to%the%largest%compartment%of%the%immune%

system.%Tissue% resident% macrophages% throughout% the% body% often% stem% from% the%

progenitors% arising% from% the% yolk% sac% and/or% fetal% liver% during% embryonic%

development.%This%is%the%case%for%resident%macrophages%found%within%the%liver,%lungs,%

peritoneal% cavity% and% central% nervous% system.% In% these% regions,% circulating% blood%

monocytes% do% not% play% a% strong% role% in% giving% rise% to% macrophages% (44).% In% the%

intestine% however,% recent% publications% have% suggested% that% during% inflammation%

monocytes% are% able% to% replenish% the% intestinal% macrophage% pool% (45).% In% fact,%

monocytes%can%have%a%dual%role%in%the%intestines.%During%a%healthy%state,%monocytes%

often% differentiate% into% tissue% macrophages% that% produce% ILQ10,% have% good%
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phagocytic% ability% and% are% resistant% to% TLR% stimulation% (features% that% are%

characteristic% of% intestinal% macrophages% under% a% nonQinflamed% state)% (46).% Under%

these% circumstances,% monocytes% differentiate% into% CX3CR1+% macrophages% and%

contribute% to% the%overall% balance%of% immune% cells%within% the% gut.%However,% during%

inflammation,% a%particular% subset%of%monocytes% called%Ly6Chigh%monocytes% can%also%

be% recruited.% These% monocytes,% often% called% “inflammatory% monocytes,”%

preferentially%migrate%to%the%inflamed%tissue%in%a%CCR2Qdependent%manner,%are%able%

to%contribute%to%local%or%systemic%inflammation%and%are%more%likely%to%differentiate%

into% proQinflammatory% effector% cells% (47,% 48).% Furthermore,% during% inflammation%

macrophage% phenotype% and% function% can% also% be% altered% to% express% increased%

numbers% of% TLR,% CD14,% coQstimulatory% molecules% and% other% proQinflammatory%

receptors%(49).%At%this%time,%intestinal%macrophages%may%produce%large%quantities%of%

proQinflammatory% cytokines% and% mediators% like% TNF,% ILQ1,% ILQ6,% nitric% oxide% and%

reactive%oxygen%species%(49).%%

D)-Colonization-with-Streptococcus*pneumoniae--

The-bacterium-
Streptococcus% pneumoniae% is% a% gramQpositive,% alphaQhemolytic,% facultative%

anaerobe% that% is% commonly% found% within% the% upper% respiratory% tract% (URT)% (50).%

Although% nasal% passage% colonization% is% often% asymptomatic,% access% to% the% airways%

can%result%in%pneumonia,%with%further%dissemination%causing%invasive%pneumococcal%

disease% (i.e.,% otitis%media,% bacteremia,% and%meningitis)% (51).% Colonization% rates% are%

highest% among% young% children% and% the% elderly% (52).% Since% colonization% precedes%
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infection,% it% is% important% to%understand%the% factors% that%either%enhance%or%promote%

colonization%in%these%cohorts%as%this%may%be%the%most%effective%way%to%limit%infections%

and%improve%herd%immunity%(52).%%

Colonization-outcomes-with-age-
Children%are%highly% susceptible% to%pneumococcal% colonization%and% infection.%

Approximately% one% million% children% (<5% years% of% age)% succumb% to% pneumococcal%

related% infections% annually% (52).% In% fact,% most% children% are% colonized% by% this%

bacterium% by% 3% months% of% age% (53).% Colonization% with% S.% pneumoniae% tends% to%

increase%rapidly%throughout%the%first%few%years%of%life%and%then%begins%to%decline%after%

about% the% age% of% 5% (53).% Many% factors% contribute% to% the% nasopharyngeal% carriage%

rates% and% thus,% pneumococcal% carriage% among% children% can% range%between%5Q89%.%

Some% factors% that% contribute% to% these% differences% include% age,% ethnicity,% residence,%

and% differences% in% sampling% techniques% (53).% On% average% approximately% 53%% of%

children%carry%S.%pneumoniae%within%their%URT,%as%opposed%to%only%4Q11%%of%adults%

(54,% 55).% Interestingly,% even% though% carriage% rates% remain% low% in% the% elderly,%

colonization%of% the%bacterium%within% the%URT%of% the%elderly% likely% leads% to%disease%

progression% and% infection.% This% makes% the% elderly% population% vulnerable% to%

pneumococcal% infections.% In% fact,% elderly% individuals% (>65% years)% have% a%

pneumococcal% infection% incidence% rate% between% 25Q44% per% 1000% population% every%

year,% this% is% approximately% four% times%higher% than% the% incidence% in%younger% adults%

(56).%
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Age>associated-URT-microbiome-changes-that-impact-colonization-
The% elderly% are% at% a% increased% rate% of% acquiring% pneumococcal% infections,%

particularly%because%of%the%gradual%deterioration%of%their%immune%system%with%age,%a%

process% termed% immunosenescence% (4).% We% have% recently% published% a% study% that%

focused% on% identifying% the%microbial% communities% present% in% the% URT% in% order% to%

identify%their%role%against%infectious%diseases.%In%particular,%we%hypothesized%that%the 

composition of the upper respiratory tract (URT) microbiota changes with age and 

subsequently can contribute to sustained colonization and inefficient clearance of 

S. pneumoniae (57) (Appendix I). The publication is present in this thesis 

(Appendix 1). Briefly, the findings from our study indicates that alterations in the 

URT microbiome with age impact the ability of old mice to clear S. pneumoniae in 

an effective manner. In fact, after 21 days of colonization with the bacterium, we 

found that young mice were able to clear the majority of the bacteria. However, 

old mice still contained high levels of S. pneumoniae within their nasal wash. 

Furthermore, we found that upon colonization, S. pneumoniae is able to interact 

with other resident populations within the host in a synergistic or competitive 

manner to impact their abundance as well. These data suggest that studying the 

host-microbe interactions at the site of entry may be important as the resident 

microbiome may play a key role in facilitating colonization and disease 

progression in the elderly.%

&
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CENTRAL(QUESTION:(&
Does%chronic%ageQassociated%inflammation%alter%the%intestinal%microbiome,%to%

increase%microbial%dysbiosis%and%ultimately%result%in%immune%dysfunction%within%the%

elderly?%%

%

HYPOTHESIS:*&
Gut%microbial%communities%influence%the%host%immune%system;%often%dictating%an%

individual’s%health%status.%Thus,%harmful%gut%microbiome%changes,%termed%dysbiosis,%

are%associated%with%poor%health%in%the%elderly.%Our%pilot%data%reveals%immune%

impairments%in%aged%mice,%with%increased%paracellular%permeability,%systemic%

inflammation%and%alterations%in%the%phenotype%and%function%of%myeloidQderived%

cells.%However,%our%aged%germQfree%(GF)%mice%are%protected%from%these%outcomes,%

thereby%indicating%that%the%old%microbiome%plays%a%strong%role%in%these%ageQ

associated%immune%impairments.%I&hypothesize&that&microbial&dysbiosis&with&age&

contributes&to&increased&intestinal&permeability&within&old&mice.&Furthermore,&

ageWrelated&microbial&dysbiosis&contributes&to&the&recruitment&of&

inflammatory&monocytes&and&macrophages&within&the&gut,&impairs&barrier&

function&and&ultimately&results&in&increased&bacterial&translocation&across&the&

intestinal&barrier&and&increased&systemic&inflammation&in&old&mice.&&

&

&
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Mice-
C57BL/6J% female%mice%were% from%The% Jackson%Laboratory%and%were%housed%

under% specificQpathogen% free% (SPF)% conditions% at% the%McMaster% University% Central%

Animal%Facility.%Young%(2Q4%month%old)%and%old%(18Q24%month%old)%mice%were%used%

for% the% studies.% GermQfree%mice%were% housed%within% the% gnotobiotic% facility% at% the%

McMaster% University% Central% Animal% Facility.% GermQfree% mice% were% placed% on% a%

vitamin%enriched%diet%until%they%are%exported%out%of%the%facility.%To%protect%from%ageQ

related% obesity% aging% SPF%mice% are% fed%with% a% low% protein% diet% (Teklad% Irradiated%

Global%14%%protein%Maintenance%Diet)%and%provided%with%an%exercise%wheel,%as%were%

young% controls.% GermQfree% mice% were% also% placed% in% the% same% conditions% once%

exported% into% SPF% conditions.% The% average%weight% of% a% young%mouse% in% this% study%

was% 20g+/Q1g% and% the% old% mice% are% on% average,% 27g+/Q2.5g.% TNF% knockout% mice%

(TNFQ/Q)%mice%(C57BL/6J%background)%were%bred%in%the%barrier%unit%at%the%McMaster%

University% Central% Animal% Facility% as% previously% described% (58).% All% mice% were%

housed% in% specific% pathogenQfree% conditions.% Continual% monitoring% of% the% health%

status%of%mice%was%performed%(58).%%%

Colonization-of-germ>free-mice-
Young% and% old% germQfree% (GF)% mice% were% conventionalized% with% a% specific%

microbiota% using% the% coQhousing% method.% They% were% individually% coQhoused% with%

either%a%young%or%old%SPF%mouse%for%a%total%of%six%weeks% in%order%to%colonize%them%

with%that%specific%microbiota.%Young%germQfree%mice%are%individually%housed%with%old%

SPF%mice% in% order% to% conventionalize% them%with% the% old%microbiota.% Likewise,% old%
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germQfree%mice%are%coQ%housed%with%young%SPF%mice% to%conventionalize% them%with%

the%young%microbiota.%Control%GF%mice%are%also%coQhoused%with%either%young%or%old%

SPF%mice.%For%the%first%two%weeks%of%colonization,%mice%remain%in%their%cages%without%

disturbance.%Following%the%twoQ%week%period,% three% fecal%pellets%are%collected% from%

each%mouse,%every%week%until%sacrifice%(Supplementary%Figure%1).%%

Measurements-of-intestinal-permeability--
Following%four%weeks%of%colonization,%a%fluorescent%(FITC)Qdextran%gavage%is%

completed% on% both% the% GF% and% SPF% mice% in% order% to% observe% differences% in% their%

intestinal% permeability.%Mice% are% fasted% for% four%hours% in% a%new%cage%without% food%

and%water.%Following%the%4Qhour% fast,%mice%are%orally%gavaged%with%200%μl%of%FITCQ

dextran% [80mg/ml% in% saline].% Four% hours% after% the% gavage,% mice% are% bled% into%

heparinized% tubes.% In% order% to%measure% the% fluorescence% intensity,% 25% μl% of%whole%

blood%is%added%to%25%μl%of%PBS.%Fluorescence%is%measured%at%an%excitation%wavelength%

of%493%nm%and%emission%wavelength%of%518%nm%using%the%SpectraMax%i3%fluorescent%

plate%reader.%%

In%order% to%examine%paracellular%permeability%within% the%colon,%a%portion%of%

the% gut% is% collected.% Sections% of% colon% and% ileum% were% excised,% opened% along% the%

mesenteric%border,%and%mounted%in%Ussing%chambers%(World%Precision%Instruments,%

Sarasota,% Florida).% Recordings% were% performed% as% described% in% (59–61).% Briefly,%

tissues% were% allowed% to% equilibrate% for% 15Q25% min% before% baseline% values% for%

potential% difference% (PD)% and% short% circuit% current% (Isc)% were% recorded.% Tissue%

conductance%(G)%was%calculated%by%Ohm’s%law%using%the%PD%and%Isc%values.%Mucosal%
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to% serosal% flux% of% the% small% inert% probe% (360% Da)% 51QchromiumQ

ethylenediaminetetraacetic% acid% (51CrQEDTA)% was% used% to% assess% paracellular%

permeability.%After% equilibration,% samples% were% taken% from% the% serosal% buffer% and%

6µCi/ml% 51CRQEDTA%was% added% to% the%mucosal% compartment.% A% “hot% sample”%was%

taken%from%the%mucosal%buffer%then%samples%were%then%taken%every%30%minutes%from%

the% serosal% buffer% for% 2% hours% and% counted% in% a% liquid% scintillation% counter%

(Beckman).% Counts% from% each% 30% mins% were% averaged% and% compared% to% the% “hot%

sample”(100%).% Data% expressed% as% mucosalQtoQserosal% flux% (%flux/cm2/hr).% Each%

sample%was%completed%in%duplicates%(11).%%%

Flow>cytometry-
In%order%to%characterize%the%phenotype%and%quantity%of% immune%cells%within%

the% gut,% lungs% and% blood,% the% following% monoclonal% antibodies% were% used:% F4/80%

(APC%or%BV650),% Ly6C% (FITC),% CD45% (eFluor%450),% CD11b% (PEQCy7%or%PerCPCy5.5),%

MHC%II%(PerCP%eFluor%710),%CD3%(Alexa%Fluor%700%or%APCQefluor%780),%CD19%(Alexa%

Fluor% 700),%NK1.1% (Alexa% Fluor% 700),% CCR2% (PE),% CD64% (APC),% Zombie% (APC% efluor%

780),%ILQ6%(PerCP%efluor%710)%or%TNF%(BV605)%(Supplementary%Figure%2).%Blood%and%

single% cell% suspensions% of% lung% were% stained% according% to% previously% published%

procedures%(58).%Briefly,%one%lobe%of%the%lung%was%collected%and%dissociated%using%the%

Miltenyi% Biotec% Lung% Dissociation% Kit% (Cat#:% 130Q095Q927)% along% with% the%

gentleMACS% OctoQDissociator% with% Heaters% (Cat#:% 130Q096Q427)% (58).% After%

complete% dissociation% of% the% tissue,% live% cells%were% counted% using% trypan% blue% and%

1x106% cells% were% used% for% the% staining% procedure% and% then% processed% for% flow%
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cytometry.% A% gating% strategy% to% distinguishing% Ly6Chigh% monocytes% in% the% lungs% is%

provided%in%Supplementary%Figure%3.%

In%order%to%characterize%the%immune%cells%present%within%the%colon,%a%protocol%

was% adapted% from% Dr.% John% Grainger’s% laboratory.% Briefly,% the% colon% was% isolated%

from%the%murine%gastrointestinal%tract,%cut%open%laterally%and%was%washed%with%cold%

PBS% twice.% After% thorough% washing,% it% was% cut% into% roughly% 1.5% cm% sections% and%

placed% in% cold%RPMI%media% containing%3%% fetal%bovine%serum%(FBS),%penicillin%and%

streptomycin,% HEPES% buffer,% EDTA% and%DTT.% The% tissue%was% then% incubated% at% 37%

degrees% while% undergoing% constant% stirring.% Following% several% washing% steps,% the%

colons% were% cut% into% smaller% sections% and% incubated% with% digestion% enzymes%

(Liberase)%for%30%minutes%at%37%°C.%After%the%digestion,%the%tissues%underwent%several%

filtering%steps%involving%70%μm%(3%filtering%steps)%and%40%μm%filters%(1%filtering%step).%

Live%cells%were%counted%manually%using%trypan%blue%and%5x105%cells%were%stained%in%a%

50% μl% volume% to% analyze% using% flow% cytometry.% A% complete% gating% strategy% to%

differentiate% between% colonic% macrophages% and% monocytes% is% present% in%

Supplementary%Figure%4.%%

Measurement-of-plasma-cytokines--
Plasma% levels% of% TNF% and% ILQ6% were% measured% using% mouse%

cytokine/chemokine% magnetic% bead% panel% (Millipore% MCYTOMAGQ70K).% Plasma%

samples% were% collected% using% heparin% as% an% antiQcoagulant.% Samples% were%

centrifuged%at%1000%xg%for%10%minutes%within%half%an%hour%of%collection.%Plasma%was%

removed%and%stored%at%Q80%degrees.%Samples%were%vortexed%and%centrifuged%prior%to%
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use% in% the% assay% according% to% the% manufacturer’s% protocol.% The% plasma%

concentrations% of% these% cytokines% were% then% measured% using% the% Luminex% 200%

analyzer%(Millipore).%%%

Analysis-of-tissue-integrity-by-histology--
Histopathological% analysis% was% carried% out% on% samples% from% the% lungs% and%

colon% of% old% WT,% TNF% KO% and% germQfree% mice,% and% their% young% controls.% Upon%

collection%in%formalin,%tissues%were%paraffinQembedded.%Tissue%blocks%were%cut%into%

4Qμm%sections%that%were%stained%with%hematoxylinQeosin%(HE).%Images%were%acquired%

with% a% Leica% DM% LB2%microscope% at% a%magnification% of% 20X% and% captured% using% a%

Leica% DFC% 280% camera% (11).% Tissues% were% blinded% and% scored% for% architectural%

damage% and% cellular% infiltration% using% previously% published% standards.% In% order% to%

quantify%the%inflammation%within%the%lungs,%the%total%area%of%the%cellular%infiltration%

pockets%within%the%lungs%were%represented%as%a%percentage%of%the%total%lung%area.%%

Antibody-administration--
Young%and%old%wildtype%mice%(n=6/group)%were%treated%with%either%Humira%

or%human%IgG%isotype%control%for%a%total%of%3.5%weeks.%Intraperitoneal%injections%were%

given%twice%a%week%at%a%concentration%of%40%ug/g.%Before%the%experiment%began,%fecal%

pellets% were% collected% from% each%mouse% in% order% to% be% able% to% study%microbiome%

changes%before%and%after%drug%treatment.%As%well,%prior%to%injections,%a%FITCQ%dextran%

gavage%was%completed%in%order%to%compare%the%differences%in%intestinal%permeability%

before% and% after% drug% treatment.% Following% completion% of% the% five% injections,% fecal%

pellets%were% collected% once% again% for% Illumina% sequencing% of% the% 16S% rRNA% region%
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and%a%final%FITCQdextran%gavage%was%completed%as%well.%Mice%were%monitored%for%a%

week%following%the%final%injection%and%were%sacrificed%after%a%total%of%4.5%weeks%after%

the%initial%injection.%Fecal%pellets%were%also%collected%immediately%before%sacrifice.%%

For% studies% involving% NK% cell% depletions,% old% wildtype% mice% (n% =% 5%

mice/group)%were%given%either%antiQNK1.1%or%an%IgG%control% intraperitoneally.%Two%

backQtoQback% doses% of% 200% ug% of%antiQNK1.1%(BioXcell)% or% IgG% was% administered.%

Following%this,%one%last%injection%was%administered%two%days%later. %

DNA-extraction-from-fecal-samples-
The%following%protocol%was%followed%to%extract%DNA%from%the%fecal%samples.%

Guanidine%thiocynate%(GES)%buffer%was%prepared%using%60g%of%guanidine%thiocyanate%

(SigmaQAldrich),%20%ml%of%0.5M%EDTA%(pH%8)%(Life%Technologies),%and%20%ml%of%sterile%

distilled%H20%(Life%Technologies).%This%preparation%was%heated%with%mixing%to%65°C,%

and% cooled% to% room% temperature.% 1% g% of% NQlauroyl% sarkosine% (Sigma% Aldrich)% was%

added,% the%mixture% was% adjusted% to% 100%ml,% and% filter% sterilized% before% use.% 2% ml%

plastic% screw% top% tubes% (Fisher% Scientific)% containing% 0.2% g% of% 0.1%mm% glass% beads%

were%using%for%the%extractions.%After%adding%800%μl%of%200%mM%NaPO4%(pH8)%and%100%

μl% of% GES,% the% samples% were% added% in% 120Q160% μl% aliquots.% The% samples% were%

homogenized%using%a%bead%beader%(Mo%Bio)%for%three%minutes%at%2500%rpm.%50%μl%of%

lysozyme% (100%mg/ml% in% water)% (Sigma% Aldrich),% 50% μl% of% mutanolysin% (10% U/ul)%

(Sigma%Aldrich),%and%10%μl%of%RNase%A%(10%mg/ml%in%water)%(Qiagen)%were%added%to%

the% homogenized% solution% for% an% enzymatic% digestion.% The% samples%were% vortexed%

briefly%and%incubated%for%1Q1.5%hours%in%a%37°C%waterbath.%Following%the%incubation,%
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25%μl%of%sodium%dodecyl%sulfate%(SDS)%(25%)%(Life%Technologies),%25%μl%of%proteinase%

K%(Sigma%Aldrich),%and%100%μl%of%NaCl%(5M)%were%added%to%each%sample.%The%samples%

were%vortexed%briefly%and%were%incubated%0.5Q1.5%hours%in%a%65°C%waterbath.%%

All%samples%were%centrifuged%for%five%minutes%at%maximum%speed%(35280%xg)%

and%900μl%of%the%supernatant%was%transferred%to%a%2%ml%tube%(Diamed).%Each%sample%

was%vortexed% for% ten% seconds% to% shear% the%DNA.%To% this% solution,% an%equal% volume%

(900%μl)%of%25:24:1%phenolQchloroformQisoamyl%alcohol%(Sigma%Aldrich)%was%added,%

vortexed%and%centrifuged%(35280%xg)%for%ten%minutes.%After%centrifugation,%the%upper%

layer%was%carefully%transferred%into%a%1.5%ml%tube.%DNA%was%isolated%using%the%(Zymo%

Research)%according%to%the%manufacturer’s%recommendations.%Briefly,%200%μl%of%DNA%

binding%buffer%was%added%to%the%solution%which%was%transferred%to%a%DNA%column%in%

500% ul% aliquots% and% centrifuged% for% one%minute% at% 35280% xg;% discarding% the% flowQ

through%each%time.%To%wash%the%column,%200%μl%of%wash%buffer%was%added;%repeating%

the%same%centrifugation%steps.%The%column%was%washed%two%times.%The%DNA%column%

was% then% transferred% to% a% new%1.5%ml% tube% and% the%DNA%was% eluted%with% 50%μl% of%

sterile% DNase/RNase% free% ddH20.% Finally,% DNA% was% quantified% using% a% nanodrop%

spectrophotometer%(Thermo%Scientific).%%

PCR-amplification-of-the-16S-Region--
The% principles% used% to% create% this% protocol%were% gathered% from% a% previous%

publication%(17).%Each%reaction%mixture%contained% the% following:%5%μl%of%10x%buffer%

(Life%Technologies),%1.5%μl%of%MgCl2%(50mM)%(Life%Technologies),%1%μl%of%dNTPs% (10%

mM)% (Invitrogen),% 2% μl% of% bovine% serum% albumin% (BSA)% (10%mg/mL%made% in% pure%
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water,% aliquoted% and% irradiated% for% 30% minutes)% (Life% Technologies),% 5μl% of% V3F%

primer% (1% uM),% 5% μl% of% V3R% primer% (1% uM)% (18),% 0.5% μl% of% Taq% polymerase% (Life%

Technologies),%and%200%ng%of%DNA.%The%reaction%volume%was%then%adjusted%to%50μl%

using%sterile%DNase/RNase%free%ddH20.%30Q50%ng%of%DNA%was%sufficient%to%conduct%a%

successful% PCR% reaction.% The% reaction% was% made% into% triplicates% by% dividing% the%

mixture% into%three%tubes,%each%containing%16.7μl.%The%reaction%was%then%run%for%30%

cycles;% at% 94% °C% for% 2%minutes,% 94°C% for% 30% seconds,% 50% °C% for% 30°C,% 72% °C% for% 30%

seconds%and%72%°C%for%10%minutes%using%a%thermo%cycler%(Eppendorf).%The%products%

were%visualized%using%a%2%%agarose%gel,%operated%for%30%minutes%at%100%V.%A%100%bp%

ladder%was%used% to%estimate% the% size%of% the%bands.%Products% that%appeared%around%

300% base% pairs% were% excised% and% the% bands% were% visualized% under% a% UV%

transilluminator%light%(Protein%Simple).%%

Illumina-Sequencing--
After%each%of%the%gel%samples%was%purified,%each%sample%was%placed%into%a%96Q

well%plate%and%sequenced%using%an%Illumina%genome%analyzer%in%the%McMaster%DNA%

Sequencing% Facility% as% mentioned% previously% (57).% The steps taken before analysis 

have been previously described in a number of our laboratory’s publications (57, 62). 

Briefly, the completed run was demultiplexed with Illumina’s Casava software. The 

resulting sequenced data were processed as previously described (62, 63). Briefly, 

Cutadapt was used to trim the forward and reverse paired-end reads at the opposing 

primers for input into PANDAseq for assembly (64, 65). Sequences were organized into 

operational taxonomic units (OTUs) with a clustering threshqold of 97% using 
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AbundantOTU ︎ (65). Single-sequence OTUs (single- tons) were removed prior to all 

analyses using Quantitative Insights into Microbial Ecology (QIIME) (66). All% beta%

diversity%plots%and%taxonomic%summaries%were%prepared%using%Quantitative%Insights%

into%Microbial%Ecology%(QIIME)%(57).%

Frailty-Measures-
To%quantitate%healthy%aging% in%our%mice,% a% frailty% score%was%generated.%This%

test%is%a%validated%and%nonQinvasive%method%that%utilizes%clinical%features%in%order%to%

quantify%frailty%within%our%young%and%old%mice%(67).%The%index%includes%a%total%of%31%

healthQrelated%parameters%in%order%to%measure%factors%like%the%quality%of%their%coat,%

physical/musculoskeletal% changes,% ocular/nasal% changes,% digestive/urogenital,%

respiratory,% level% of% discomfort,% their% overall% weight,% body% temperature%

(Supplementary% Figure% 5).% In% addition% to% these% parameters,%we% have%modified% the%

frailty% test% in% order% to% add% a% cageQhang% test,% which% is% used% to% measure% muscle%

strength%in%our%young%and%old%mice.%%%

Liposomal-clodronate-depletion-
In% order% to% deplete% macrophages% from% within% the% gut% of% our% mice,% we%

conducted% a% liposomal% clodronate% depletion% (68).% Briefly,% mice% were% injected%

intraperitoneally% with% 200% μl% of% clodronate% liposomes% or% PBSQcontrol% on% two%

consecutive% days.% Mice% were% sacrificed% on% the% third% day% in% order% to% examine% the%

depletion%of%macrophage%populations%within% the%gut.%The%spleen%was%collected%and%

used% as% a% positive% control.% Macrophage% populations% were% identified% using% flow%

cytometry%as%previously%described%(58).%%%
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INTRODUCTION-
The%inflammatory%response%is%the%primary%innate%response%to%tissue%damage,%

injury%and%the%identification%of%bacterial%products.%The%acute%inflammatory%response%

is% characterized% by% pain,% redness,% heat% and% swelling% at% the% site% of% injury% (69).%

Resident% and% recruited% innate% immune% cells% become% activated,% resulting% in% an%

increase% of% proQinflammatory% cytokines% and% mediators% (70).% In% general,% acute%

inflammation% is% transient.%However,%when% the% inflammation% is%not%resolved,%or% the%

insult%is%not%removed,%the%inflammation%can%become%chronic.%%%

In%the%context%of%aging,%inflammation%is%present%for%extended%periods%of%time%

and%is%chronically%affecting%tissues%within%the%host.%Elderly%humans%(>65%years%old)%

experience%a%state%of%chronic,%lowQgrade%inflammation%(71).%This%can%contribute%to%a%

number% of% negative% outcomes% within% the% elderly,% including% reduced% immune%

responses,% reduced% vaccineQinduced% responses% and% increased% susceptibility% to%

infections%(72).%%Although%there%are%several%theories%suggesting%possible%causes%and%

contributors% to% ageQassociated% inflammation,% the% precise% etiology% behind% this%

inflammation%is%still%undetermined.%%

% We% are% proposing% that% negative% changes% in% the% gut%microbiome%within% old%

mice,%termed%microbial%dysbiosis,%are%contributing%to%increases%in%inflammation%and%

decreases%in%immune%function%with%age.%Previously%documented%clinical%studies%have%

shown%that%the%changes%in%the%gut%microbiome%composition%correlate%with%changes%

in% overall% frailty,% or% health% status,% within% these% individuals% as% well% (32,% 73,% 74).%

However,%these%studies%are%often%limited%by%confounding%factors%that%can%affect%the%
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microbiome.% For% instance,% an% individual’s% diet,% residence,% social% interactions% and%

medications%can%all%affect%their%microbiome%composition%differently%(75).%As%a%result,%

we% have% chosen% to% complete% a% more% controlled% experiment% with% young% and% old%

specificQpathogen%free%(SPF)%mice%which%are%all%given%the%same%diet%(lowQfat),%housed%

within%the%same%environment%and%interact%specifically%with%other%mice%that%fall%with%

their%same%age%group.%By%doing%so,%we%are%able%to%eliminate%a%number%of%confounding%

variables% that% are% found% in% many% microbiome% studies% and% examine% the% effects% of%

solely%the%age%on%the%composition%of%the%microbiome.%

% By% comparing% young% (3Q4mo)% and% old% (18Q22mo)% mice,% we% were% able% to%

measure%a%variety%of%parameters%that%have%shown%to%change%with%age.%Using%Illumina%

sequencing%of%the%16S%rRNA%gene,%we%were%able%to%characterize%the%composition%of%

the%gut%microbiome%within%young%and%old%mice.%We%show%that%the%composition%of%the%

gut% microbiome% differs% between% young% and% old% mice% and% these% changes% can% be%

identified% globally% or% by% looking% at% specific% genera.% Old% mice% also% experience%

increased%intestinal%permeability%with%age,%specifically%within%the%colon.%Phenotypes%

of% colonic% immune% cells% change% with% age% as% well.% Specifically,% gut% monocyte% and%

macrophage% populations% within% the% colons% of% aged% mice% appear% more%

“inflammatory”% in%nature.% % In% this% chapter,%we%have% characterized% the%microbiome,%

immune% and% structural% changes% occurring% in% old% mice% in% order% to% begin% to%

understand%the%components%contributing%to%ageQassociated%inflammation.%

%

%
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RESULTS-

Old-mice-experience-age>associated-inflammation-(AAI)-and-frailty-
In% order% to% determine% if% aged% SPF% mice% experience% ageQassociated%

inflammation% (AAI),% we% measured% plasma% levels% of% TNF% and% ILQ6% using% highQ

sensitivity%Luminex%ELISA%kits%(Millipore)%in%our%young%(3Q4%month%old)%and%old%(18Q

22% month% old)% mice.% We% hypothesized% that% our% aged% mice% would% have% increased%

systemic% inflammation%with%age.%Measuring% the%plasma% levels%of%proQinflammatory%

cytokines% revealed% that% old% mice% have% higher% levels% of% TNF% (Figure% 1A)% and% ILQ6%

(Figure%1B)%within%circulation%when%compared%to%their%younger%counterparts.%%

%
%

Figure&1:&Old&mice&experience&increased&systemic&inflammation.%
Circulating%levels%of%proQinflammatory%cytokines%were%measured%in%the%plasma%of%young%and%old%
wildtype%mice%using%a%Luminex%assay.%Old%mice%have%an%increase%in%systemic%levels%of%a)%TNF%and%
b)%ILQ6.%Each%sample%was%measured%in%duplicates.%Values%are%the%mean%+/Q%SEM%of%samples%within%
each%category.%Statistical%significance%was%determined%using%unpaired%tQtests%where%appropriate%
[n%=%15Q%20/group].%P<0.05%was%considered%to%be%significant.%%

%

Frailty,% commonly% defined% as% a% decrease% in% the% overall% health% and% reduced%

ability%to%endure%adversity,%is%a%common%feature%of%the%geriatric%population%(67,%72).%

The% aging% process% is% often% characterized% by% a% loss% of% resilience% to% physical,%
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psychological% and% environmental% stressors.% Therefore,% the% frailty% index% is% an%

effective%method% to%measure% this% resilience%within% our% aged%mice.% To% quantify% the%

differences% in% health% status% between% our% young% and% old%mice,%we% utilized% a% frailty%

index% as% previously% described% (67).% This% index% includes% a% variety% of%markers% that%

effectively% score% the% integument,% physical/% musculoskeletal,% vestibulocochlear/%

auditory,%ocular/nasal,%digestive/urogenital,%respiratory,%and%overall%discomfort%that%

may%occur%in%aged%mice%(Supplementary%Figure%5).%We%have%also%modified%this%frailty%

index%in%order%to%include%the%wireQhang%test.% %This%test%allows%us%to%measure%motor%

function%and%muscle%strength%in%our%mice.%(76).%Sarcopenia,%the%loss%of%muscle%tissue%

with%age,%has%been% identified%as%a%major%contributor%to%disability%and%frailty%within%

the%elderly%(77).%Thus,%the%result%from%our%modified%frailty%score%provides%us%with%a%

holistic%understanding%of%the%mouse’s%overall%health.%%

Using%this% frailty% index,%we% found%that%our%old%mice%were% frailer% than%young%

mice%(Figure%2A).%We%found%that%the%majority%of%contributors%to%a%high%frailty%score%

were% the% measures% of% integument.% Specifically,% this% section% focused% on% physical%

changes%on%the%skin%or%fur%(e.g.%alopecia,%poor%grooming,%loss%in%fur%colour,%presence%

of% lesions%etc.).%Over%50%%of%old%mice%had%a%mild%or%very%poor% coat% condition.%Old%

mice%generally%also%scored%poorly% in%measures%of%physical/%musculoskeletal%health%

and%in%certain%measures%of%the%digestive%and%ocular%health.%For%example,%about%20%%

of% old% mice% experienced% a% rectal% prolapse% and% about% 10%% experienced% ocular%

changes% such%as% the%presence%of% cataracts,% corneal% opacity,%microphthalmia%or% eye%

discharge.% We% did% not% observe% any% differences% in% nasal% discharge,% gait% disorders,%
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breathing% rates% or% their% core% body% temperatures% (Figure% 2B).% %We% did% not% collect%

measures%of%the%auditory%health,%because%we%were%not%able%to%measure%hearing%loss%

and% vestibular% disturbance% accurately% and% consistently.% Data% collected% from% 26%

different% measures% included% within% the% frailty% index,% indicate% that% old% mice% are%

significantly%frailer%than%their%younger%counterparts.%%

We% next% examined% muscle% strength% using% the% wireQhang% test.% This% test%

involved%placing%the%mouse%on%a%wire%rack%approximately%30cm%from%the%top%of%their%

cage%and%inverting%the%rack.%Following%inversion,%the%duration%of%time%that%the%mouse%

can%grip%onto%the%rack%without%falling%into%the%cage%was%measured.%This%test%revealed%

that%our%old%mice%have%reduced%muscle%strength%(Figure%2C).%%Around%78%%of%young%

mice% and%45%%of% old%mice%were% able% to% grip%onto% the%wire% rack% for% the%maximum%

length%(60%seconds)%at%least%once%out%of%the%3%trials.%On%average,%old%mice%were%only%

able%to%grip%onto%the%wire%rack%for%23.4%seconds.%Thus,%these%data%conclude%that%old%

mice%have%reduced%health%statuses%and%experience%loss%in%muscle%strength.%%

%

%

%
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% %

%

%

Figure&2:&Old&mice&present&clinical&differences&with&age&when&compared&to&their&younger&
counterparts.&%
The% health% statuses% of% young% (<3mo)% and% old% (>18mo)% mice% were% measured% using% various%
parameters,% as% outlined% by% the% frailty% index.% Old% mice% had% a)% increased% frailty,% b)% decreased%
muscle%strength,%and%c)%no%change%in%their%core%body%temperature%compared%to%young%mice%[n%=%
9/group].% Frailty% score%was%measured%using% a% validated%method% to%quantify% the%overall% health%
status%of%a%mouse%under%26%clinical%parameters.%Muscle%strength%was%measured%using% the% four%
limbQhanging%test.%Mice%were%placed%on%a%grid%and%given%5%seconds%to%grasp%onto%the%grid.%Then,%
the%grid%was%inverted%and%the%length%of%time%that%the%mouse%can%hold%onto%the%grid%is%measured.%
Maximum%time%was%reached%when% the%mouse%was%able% to%grip%on% for%60%seconds.%Each%mouse%
was% measured% in% triplicates.% Body% temperature% was% measured% using% a% rectal% thermometer.%
Values% are% the% mean% +/Q% SEM% of% samples% within% each% category.% Statistical% significance% was%
determined%using%unpaired%tQtests%where%appropriate.%P<0.05%was%considered%to%be%significant.%

&

Microbial-dysbiosis-occurs-with-age-
The%differences%in%systemic%inflammation%and%health%statuses%within%our%old%

mice%prompted%us%to%investigate%the%aged%gut%microbiome%as%a%potential%source%for%

this% inflammation.%The%composition%of% the%gut%microbiome% is%extremely%diverse.% In%
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fact,% a% healthy% gut%microbiome% can% contain%more% than% a% 1000% different% species% of%

bacteria% and% these% inhabitants% play% key% roles% in% protecting% against% harmful%

pathogens,%mediating%immune%responses,%and%in%some%cases,%can%even%contribute%to%

disease%(78).%The%gut%microbiome%has%been%shown%to%alter%with%age%(75,%79,%80).%We%

hypothesized% that% microbial% dysbiosis% within% the% aging% gut% microbiome% may% be%

negatively% impacting% the% health% outcomes% within% aged% mice.% In% order% to% test% this%

hypothesis,% fecal% pellets% were% collected% from% young% and% old% wildtype% mice% and%

sequenced% for% the% 16S% rRNA% gene.% By% doing% so,% we%were% able% to% characterize% the%

composition%of% the%gut%microbiome%within%our%young%and%old%mice.%Visualizing%the%

betaQdiversity%within% these%mice% on% a% PrincipleQcoordinate% analysis% plot% using% the%

BrayQCurtis%calculations%indicate%that%young%and%old%mice%cluster%distinctively%within%

their%own%age%groups%(Figure%3A).%Further%examining%the%bacterial%differences%at%the%

genus%level%using%taxonomic%summary%plots%indicates%substantial%differences%in%the%

microbial%composition%of%young%and%old%mice%(Figure%3B).%In%particular,%old%wildtype%

mice%have%a%significant%reduction%in%bacteria%belonging%to%the%Alistipes,%Akkermansia%

and%Blautia% genera% (Table%1).%They%also%have%a%significant% increase% in%a%number%of%

bacterial% groups,% including%Clostridrium,%Bifidobacteria% and%Lactobacillus% (Table%2).%

Although%more%work% is% required% in%order% to%understand% the%effect%of% each% specific%

change,% these%data% suggest% that% the%gut%microbiome%significantly% changes%with%age%

and%these%changes%may%be%contributing%to%the%negative%health%outcomes%in%old%mice.%

%

&
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Table&1:&OTUs&that&were&significantly&changed&in&old&SPF&and&TNFW/W&mice&

&
&
Decreased&

% % % % %
Family& Genus&

#&of&
OTUs&
(WT)&

Old<Young&
(WT)&

Old<Young&(TNF&
KO)&

#&of&OTUs&(TNF&
KO)&

Rikenellaceae% Alistipes% 48% **% NS% 52%

Verrucomicrobiaceae% Akkermansia% 41% ****% b%*% 49%

Lachnospiraceae% Blautia% 11% ****% %b*% 10%
aOTUs%that%were%significantly%decreased%in%Old%TNFQ/Q%mice%are%underlined%
bOTUs%that%were%significantly%increased%in%Old%TNFQ/Q%mice%are%underlined%

%

%

%

%

%

Increased&
% % % % %

Family& Genus&
#&of&OTUs&
(WT)&

Old>Young&
(WT)&

Old>Young&(TNF&
KO)&

#&of&OTUs&(TNF&
KO)&

Ruminococcaceae% Ruminococcus% 6% ****%% NS% 7%
Lachnospiraceae% Clostridium% 34% ****% a%**% 34%
Ruminococcaceae% Clostridium% 14% ****% NS% 16%
Prevotellaceae% Prevotella% 39% **% **% 44%
Erysipelotrichace
ae% Allobaculum% 54% ****%% *% 60%

Lachnospiraceae%
Many%
identified% 354% *% a%*% 343%

Bifidobacteriacea
e%

Bifidobacteriu
m% 17% ***% **% 17%

Ruminococcaceae% Oscillospira% 54% ****% NS% 56%
Lactobacillaceae% Lactobacillus% 53% ***% a****% 57%
Bacteroidaceae% Bacteroides% 52% **% ***% 71%
Coriobacteriacea
e% Adlercreutzia%% 22% ***% NS% 23%
Peptococcaceae% Not%identified% 14% *% NS% 15%
Catabacteriaceae% Not%identified% 51% ****% a**%% 65%
Coriobacteriacea
e% Not%identified% 14% ***% NS% 14%
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Table&2:&OTUs&altered&by&antiWTNF&treatment&in&old&mice&
&
Increased&

Family& Genus& Old>Young&
Decreased&by&antiW
TNF&treatment&

Erysipelotrichaceae% Not%identified% ****% NS%
Ruminococcaceae% Ruminococcus% ****% NS%
Lachnospiraceae% Clostridium% ****% NS%
Ruminococcaceae% Clostridium% ****% NS%
Prevotellaceae% Prevotella% **% NS%
Erysipelotrichaceae% Allobaculum% ****% NS%
Lachnospiraceae% Many%identified% *% NS%
Bifidobacteriaceae% Bifidobacterium% ***% NS%
Ruminococcaceae% Oscillospira% ****% NS%
Lactobacillaceae% Lactobacillus% ***% NS%
Bacteroidaceae% Bacteroides% **% *%
Coriobacteriaceae% Adlercreutzia%% ***% *%
Peptococcaceae% Not%identified% *% **%
Catabacteriaceae% Not%identified% ****% *%(Increased)%
Coriobacteriaceae% Not%identified% ***% *%

Ruminococcaceae% Subdoligranulum% NS% *%

% % % %Decreased&
% % %

Family& Genus& Old<Young&
Increased&by&antiW
TNF&treatment&

Rikenellaceae% Alistipes% **% NS%
Verrucomicrobiaceae% Akkermansia% ****% NS%
Lachnospiraceae% Blautia% ****% NS%

Lachnospiraceae% Roseburia% NS% *%

Eubacteriaceae% Anaerofustis% NS% *%
&
&
&
&
&
&
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&

Old-mice-have-increased-intestinal-permeability-with-age-
Previous% studies% in% our% lab% have% shown% that% circulating% bacterial% products%

like%muramyl%dipeptide%(MDP),% increase%with%age% in%the%frail%elderly%(81).%We%have%

reproduced%this%data%in%our%old%mice%(11).%Within%the%frail%elderly,%circulating%MDP%

appears%to%be%negatively%associated%with%systemic%levels%of%ILQ10%(81).%Interestingly,%

high%levels%of%ILQ10%correlate%with%robust%intestinal%barrier%function%(82).%These%data%

suggests% an% indirect% relationship% between% intestinal% permeability% and% circulating%

levels%of%bacterial%products.%Thus,%we%hypothesized% that%a% loss% in% intestinal%barrier%

integrity% might% occur% with% age,% resulting% in% a% “leaky”% membrane.% Increases% in%

intestinal%permeability,%along%with%microbial%dysbiosis%with%age%might%be%facilitating%

the% translocation%of%bacterial%products% from% the% intestinal% tract% into% circulation.% In%

% %

Figure&3:&16S&rRNA&sequencing&of&fecal&pellets&isolated&from&young&and&old&wildtype&mice%under%naïve%
conditions& reveal& differences& within& the& overall& bacterial& composition.&
Bacterial) communities) were) examined) under) naïve) conditions) to) examine) the) differences) between) age)
groups.% A)% Communities% clustered% using% Principal% coordinate% analyses% (PCoA)% of% the% Bray% Curtis% distance%
matrix.%Each%point%represents%one%sample%and%is%differentiated%by%colour%to%indicate%their%age.%Blue%=%Young%
WT;%Red%=%Old%WT.%Plots%represent%the%microbial%composition%as%indicated%by%the%βQdiversity%between%each%
nasal% wash% sample.% Clustering% was% observed% between% the% young% and% old% mice% [n=12% mice/group].% B)%
Averaged% taxa%summary%plots%of%all% the%samples%within% the%particular%group%[n=5Q%7/group].%The%bacterial%
groups%are%labeled%according%to%phylum%and%then%specified%to%highest%assigned%taxonomic%group.%The%height%
of% the% bar% represents% the% relative% abundance% of% the% associated% genus% within% young% and% old% mice.% Most%
abundant%genera%are%labeled%on%the%group.%%
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order% to% determine% whether% intestinal% permeability% changes% within% the% entire%

intestinal%tract%with%age,%we%used%a%FITCQdextran%gavage.%Mice%were%gavaged%with%a%

solution%of%3Q5kDa%of%fluoresceinQ%isothiocyanate%(FITC).%Translocation%of%FITC%into%

the%blood%was%quantitated%as%a%measure%of%permeability%(11,%83,%84).%These%studies%

reveal% that% old% WT% mice% have% significantly% increased% intestinal% permeability%

compared%to%their%younger%counterparts%(Figure%4A).%%

Although% the% FITCQdextran% gavages% inform%us% about% the% permeability% along%

the% entire% intestinal% tract,% it% does% not% provide% information% on% where% or% how% the%

changes%are%occurring%specifically.%The%paracellular%barrier%is%formed%by%a%collection%

of%tight%junction%proteins%and%allows%for%the%effective%translocation%of%water,%solutes,%

immune% cells% (85,% 86).% However,% loss% of% integrity% within% this% barrier% can% lead% to%

leakiness% within% the% gut.% We% hypothesized% that% the% increased% leakiness% with% age%

from% the% loss% of% tight% junction% proteins,% results% in% the% translocation% of% bacterial%

products%from%the%gut%lumen%into%circulation.%This%can%activate%the%immune%system%

and% contribute% to% inflammation% in% the% elderly.% In% order% to% narrow% down% the%

geographic% location% of% these% changes,% paracellular% permeability% was% measured% in%

two%segments%of%the%small%and%large%intestine%(the%ileum%and%colon).%Once%the%tissue%

is%mounted%on%an%Ussing%chamber,%chromium%labeled%EDTA%is%placed%on%the%mucosal%

side%of% the% tissue.%Paracellular%permeability% can% then%be%determined%by%measuring%

the% amount% of% EDTA% present% within% the% serosal% side% after% various% time% points.%

Transepithelial% tissue% conductance% (G),% a%measure%of% ion% transport% in% the% gut,% also%

informs% us% about% the% gut% integrity% in% our%mice.% Briefly,% it% can% be%measured% using%
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ohm’s% law% where% the% short% circuit% ion% (Isc)% value% is% divided% by% the% transmural%

potential%difference%(PD)%[G%=%Isc/PD]%(87).%By%completing%these%experiments,%we%are%

able%to%identify%the%differences%in%paracellular%permeability%and%tissue%conductance%

in%various%segments%throughout%the%gut%(88).%These%studies%revealed%that%although%

old%WT%mice%do%not%have%changes%in%paracellular%permeability%within%the%ileum,%they%

do%have%significant% increases%within%the%distal%colon%(Figure%4B).% %Furthermore,%we%

observed%increased%transpithelial%conductance%in%the%colons%of%our%old%mice%(Figure%

4C).%These%data% conclude% that% the%physical% integrity% of% the% gastrointestinal% tract% is%

altered% with% age.% Old% mice% experience% increased% paracellular% permeability% within%

their% colon% and% these% changes% may% contribute% to% the% translocation% of% bacterial%

products%seen%with%age.%

%

%
Ileum Colon

0.0

0.1

0.2

0.3

0.4

0.5

M
uc

os
al

-t
o-

se
ro

sa
l f

lu
x 

of
 51

C
r-

ED
TA

Young
Old

**

Young Old
0

100000

200000

300000

400000

M
ea

n 
Fl

uo
re

sc
en

ce

**

a)% b)%



M.Sc.%Thesis%–%N.%Thevaranjan% % McMaster%University%–%Medical%Sciences%
%

% 44%

%

Figure&4:&Old&mice&have&significantly&
increased&permeability&compared&to&
young&mice.&%
Old% mice% have% increased% a)% intestinal%
permeability% and% more% specifically,% have% b)%
increased% paracellular% permeability% within%
their% colons,% but% not% in% the% ileum.% Old% mice%
also% have% c)% increased% tissue% conductance%
within% the% colon.% Intestinal%permeability%was%
measured%with% a% fluorescentQdextran% gavage%
(average% molecular% weight,% 3000% –% 5000)%
[n=13Q15/group].% A% portion% of% the% distal%
colon% was% removed% from% the% mouse% and%
mounted% on% an% Ussing% chamber% in% order% to%
study% permeability% changes%within% the% colon%
[n=8% mice/group].% Values% are% the% mean% +/Q%
SEM% of% samples% within% each% category.%
Statistical% significance%was% determined%using%
unpaired% tQtests% where% appropriate.% P<0.05%
was%considered%to%be%significant.%

&

Changes-in-gut-immunity-with-age-
The%relationship%between% the%microbiome%and% the%host% immune%system%are%

closely% knit%with% a% bidirectional% relationship% as% these% two% aspects%within% the% host%

interact%continuously%(89,%90).%Immune%cells%within%the%host%gut%can%be%affected%by%

environmental% cues% such% as% changes% in% the% surrounding% structure% and% cytokine%

levels%(45).%They%can%also%be%phenotypically%altered%by%the%surrounding%microbiome%

(91–93).%In%models%of%disease,%immune%cells%like%monocytes%and%macrophages%in%the%

gut% have% been% demonstrated% to% either% contribute% to% or% change% phenotypically% in%

response% to% increased%permeability% or% exposure% to% a% dysbiotic%microbiota% (90,% 94,%

95).%In%fact,%the%release%of%ILQ1b,%ILQ18%and%TNF%by%monocytes%and%M1%macrophages%

have%been%shown%to%contribute%to%a%loss%in%gut%integrity%and%intestinal%inflammation%
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in%Crohn’s%disease%patients%(94).% In%order%to%decipher%the%relationship%between%the%

immune% system% and% the% changing% gut% microbiome% with% age,% we% examined% the%

abundance,%phenotype%and%functions%of%specific%immune%cells%present%within%the%gut.%

We% focused% on% the% colon,% as% major% differences% were% identified% within% the% fecal%

microbiome% (which% we% used% as% a% proxy% for% the% colon)% as% well% as% increases% in%

paracellular% permeability% within% this% region.% Specifically,% the% macrophage% and%

monocyte%populations%were%examined%within%this%region%as%these%innate%cells%are%the%

primary%producers%of% inflammatory%cytokines%and%mediators%of% intestinal% integrity%

in%the%gut%and%help%protect%against%potential%pathogens.%%%

To%explore%the%differences%in%macrophage%populations%within%young%and%old%

wildtype%mice,%immune%cells%were%isolated%from%the%colon.%For%these%studies,%a%total%

of% 5x105% cells%were% stained% for% flow% cytometry% and%macrophage%populations%were%

identified%within%the%live%population%as%CD3Q%CD19Q%CD45+%SSClo%CD11b+%CD64+%cells%

(complete%gating%strategy%in%chapter%2).%This%population%can%be%identified%as%negative%

for% T% cells,% B% cells,% and% neutrophils% and% positive% for% leukocytes% and% intestinal%

macrophages% as% previously% described% (44).% There%was% no% significant% difference% in%

the%abundance%of%macrophages%within%the%colon%with%age%(Figure%5A).%Even%though%

the% numbers% of% these%macrophages%were% not% changed,%we%hypothesized% that% their%

phenotype% might% be% altered% with% age,% causing% them% to% become% more% proQ

inflammatory.% To% test% this,% colonic%macrophages% isolated% from% young% and% old%WT%

mice% were% stimulated% with% lipopolysaccharide% (LPS)% in% vitro% for% 2.5% hr% and% the%

production% of% proQ% and% antiQinflammatory% cytokines% (TNF,% ILQ6,% ILQ10)% were%



M.Sc.%Thesis%–%N.%Thevaranjan% % McMaster%University%–%Medical%Sciences%
%

% 46%

measured%using% intraQcellular% staining.%Unstimulated% colonic%macrophages% isolated%

from%old%mice% produce% significantly% greater% TNF% compared% to% young%mice% (Figure%

5B).% Furthermore,% when% stimulated% with% LPS,% colonic% macrophages% from% old% WT%

mice% produce% higher% levels% of% TNF% than% young% mice% (Figure% 5B).% However,% no%

significant%changes%were%seen%in%the%production%of%ILQ6%(Figure%5C)%or%ILQ10%(Figure%

5D).%%

%

%

% %

Figure&5:&Colonic&macrophages&isolated&from&old&mice&have&a&hyperWinflammatory&response&
to&a&bacterial&product.%
Young% and% old% colonic% macrophages% were% either% stimulated% with% lipopolysaccaride% (LPS)% or%
unstimulated%for%2.5%hours%[n=4/group].%Productions%of%proQ%and%antiQinflammatory%cytokines%were%
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measured%using%flow%cytometry.%When%stimulated%with%LPS,%macrophages%from%old%mice%have%a)%a%
significant% increase% in%TNF%production,%and%b)%have%no%changes% in% ILQ6%or%c)% ILQ10.%Values%are% the%
mean% +/Q% SEM% of% samples% within% each% category.% Statistical% significance% was% determined% using%
unpaired%tQtests%where%appropriate.%P<0.05%was%considered%to%be%significant.%YWT%=%young%wildtype;%
OWT%=%old%wildtype;%US%=%unstimulated;%S%=%stimulated.%

%

We% hypothesized% that% if% macrophages% were% the% key% producers% of%

inflammatory%cytokines%within%the%gut,%then%depleting%them%within%old%mice%would%

lead% to% reduced% inflammation.% To% this% this,%we% attempted% to% deplete% the% intestinal%

macrophages% from% this% region% using% intraQperitoneal% injections% of% liposomal%

clodronate.%In%a%pilot%study,%clodronate%depleted%young%WT%mice%showed%significant%

reductions%in%macrophages%within%the%spleen%(Figure%6A).%However,%we%did%not%see%

significant%reductions%within%the%colon%(Figure%6B).%As%a%result,%this%protocol%needs%to%

be% optimized% further% in% order% to% successfully% deplete% the%macrophages%within% the%

gut.%There%are%couple%different%factors%that%can%be%altered%within%the%protocol%(68).%

For% instance,% the% route% of% administration% can% be% changed.% We% utilized% the% intraQ

peritoneal% route% of% administration% as% we% hypothesized% that% this% would% be% an%

effective% way% to% deplete% macrophages% within% the% gut.% Some% other% routes% of%

administration% that% may% be% more% efficient% include% intrarectal% administration% or%

intravenous% injections.% Other% factors% that% can% be% optimized% for% greater% success% of%

macrophage% depletion% can% be% the% dose% of% administration% as% well% as% the%

frequency/duration% of% administration.% This% protocol%must% be% optimized% for% use% in%

future%studies.%%
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%

%

Figure& 6:& Clodronate& liposome& injections& were& administered& to& young& mice& in& order& to&
deplete&the&macrophage&populations&within&the&colon.&&
Mice% were% given% two% i.p.% injections% with% 200% ul% of% clodronate% liposomes.% Control% mice% were%
treated%with% PBS.%Macrophage% populations%were% identified% using% flow% cytometry.% A% significant%
reduction%in%the%macrophage%population%was%observed%with%the%a)%spleen,%but%not%in%the%b)%colon.%
n% =% 4% mice/group.% Values% are% the% mean% +/Q% SEM% of% samples% within% each% category.% Statistical%
significance%was%determined%using%unpaired%tQtests%where%appropriate.%P<0.05%was%considered%to%
be%significant.%

Monocytes%are%the%precursors%to%macrophages%and%are%believed%to%have%a%role%

in% colon% integrity% (94).% Studies% have% shown% that% specifically,% Ly6Chigh% monocytes%

replenish%intestinal%macrophages%during%times%of%inflammation%within%the%gut%(46).%

We%have%previously%shown%that%systemic%levels%of%Ly6Chigh%monocytes%increase%with%

age,% due% to% increased% CCR2% expression% (96).% Since% CCR2% expression% has% been%

demonstrated%to%be%required%for%inflammatory%monocyte%recruitment%to%the%gut,%we%

hypothesized%that%old%mice%would%also%have%higher%numbers%of%Ly6Chigh%monocytes%

in%their%colons.%Although%the%numbers%of%colonic%macrophages%are%not%altered%with%

age,% the% increase% in% inflammatory%monocytes%may%contribute%to% functional%changes%

in% the% macrophages,% causing% them% to% become% more% inflammatory% in% nature.%

Preliminary% data% suggests% that% old% WT% mice% have% increased% Ly6Chigh% monocytes%
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within%their%colon%compared%to%their%young%WT%counterparts%(Figure%7A).%However,%

CCR2%expression%was%not%increased%in%the%gut%(data%not%shown).%%

% Figure& 7:& Ly6Chigh& monocytes& in& the&
colon&increase&with&age.&
Immune% cells% were% isolated% from% the%
colon%of%young%and%old%wildtype%mice%and%
stained% for% flow% cytometry.% Monocytes%
were% identified% in% the% live% population% as%
CD45+% CD3Q% CD19Q% SSClo% CD11b+% Ly6C+%
cells.% Ly6Chigh%monocytes%were% identified%
based%on%their%expression%of%Ly6C+%in%this%
gated% population.% n% =% 4Q5% mice/group.%
This% data% is% representative% of% one%
technical%replicate.%Statistical%significance%
was% determined% using% unpaired% tQtests%
where% appropriate.% P<0.05% was%
considered%to%be%significant.%

DISCUSSION-
The% aging% process% is% often% associated% with% an% increase% in% systemic%

inflammation% as% well% as% a% decrease% in% protection% against% stressors% (97).% AgeQ

associated% inflammation% is% characterized% by% increased% peripheral%white% blood% cell%

counts%and%accumulation%of%proQinflammatory%mediators%within%circulation%(72,%98).%

Specifically,% increases% in% systemic% levels% of% ILQ6,% TNF,% ILQ1% and% CRP% have% been%

documented% (99).% These% cytokines% have% the% ability% to% trigger% ageQassociated%

pathology% and% are% associated%with%mortality%within% the% elderly% (100).% In% fact,% one%

study%examining%333%healthy%elderly%individuals%(>80%years)%over%a%span%of%six%years%

indicated% that% those%who% died% during% the% course% of% the% study% had% elevated% serum%

levels% of% ILQ6% (100).% Increased% ILQ6% has% also% been% linked% to% the% likelihood% of%

developing%bacterial%and%viral% infections%and%ageQassociated%diseases% like%dementia%
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and% atherosclerosis% (96,% 101,% 102).% Increases% in% TNF% have% been% shown% to% be%

predictive%of%the%development%of%atherosclerosis%and%dementia%with%age,%while%CRP%

has%been% linked% to% cardiovascular%diseases,% diabetes% and% rheumatoid% arthritis% (98,%

103,% 104).% Since% the% elderly% are% at% a% higher% risk% of% experiencing% comorbid% health%

conditions% as% a% result% of% this% chronic% ageQassociated% inflammation,% it% is% important%

that%we% first% characterize% these% changes% in%order% to%understand% their% etiology% (10,%

105,%106).%%

% Data%examining% the%plasma% levels%of%proQinflammatory%cytokines%within%our%

aged%mice%mirror%data% from%clinical% studies.%Although%we%did%not% test%whether% the%

degree%of%inflammation%correlated%with%the%degree%of%frailty,%others%have%shown%that%

these%two%are%positively%correlated%using%mouse%models%(72).%Frailty%correlates%with%

immunosenescence%in%humans%and%can%be%used%to%predict%responses%to%pathogens%in%

the% elderly% (72,% 107).% In% fact,% inQdepth% analysis% comparing% the% gene% expression% of%

various%inflammatory%pathways%in%purified%monocytes%from%frail%and%nonQfrail%adults%

show% that%monocytes% isolated% from% frail% individuals% have% increased% expression% of%

stressQresponsive% inflammatory% pathway% genes% (72).% LPSQstimulated% monocytes%

from% frail% individuals% showed% higher% expression% of% 116% genes% involved% in%

inflammatory% pathways.% These% data% suggest% that% increased% expression% of%

inflammatory% genes%with% age% and%may% be% facilitating% the% progression% of% frailty% in%

aged%mice%(72).%%

Our%aged%mice%have%also%obtained%reduced%maximum%times%from%their%cageQ

hang% tests,% indicating% that% they%experience%muscle%wasting%with%age.%Sarcopenia,% is%
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an% inevitable% consequence% with% age% (108).% However,% the% underlying% mechanism%

behind%this%is%currently%unknown.%Muscle%wasting%in%our%old%mice%may%be%a%result%of%

a% loss% in% muscle% fibres;% loss% of% muscle% strength% due% to% increases% in% fat% and% nonQ

contractile%material%or%changes%in%muscle%metabolism.%In%old%mice,%muscles%are%more%

prone% to% injury% and% are% less% likely% to% be% repaired% in% an% efficient% manner% (109).%

Muscle% atrophy% is% an% important% measure% when% examining% the% overall% frailty% of% a%

mouse%as%it%directly%contributes%to%its%mobility,%strength%and%health%status%(109).%%

Early% studies% of% intestinal% permeability% studied% the% decrease% in% barrier%

function% using% absorption% of% polyethylene% glycol% in% young% and% old% rats% (110).%

Furthermore,% studies% completed% in% young% and% old% baboons% have% shown% that%

increases% in% intestinal% permeability%with% age%may%be% a% result% of% the% remodeling%of%

tight%junction%proteins%(111).%Colonic%biopsies%from%old%baboons%reveal%a%decrease%in%

the% expression% of% tight% junction% proteins,% specifically,% zonula% occludenQ1,% occludin,%

and%junctional%adhesion%moleculeQA.%These%samples%also%had%increased%expression%of%

IFNQγ,% ILQ6% and% ILQ1β% (111).% These% data% suggest% a% possible% correlation% between%

decreased%barrier%function%and%increased%inflammation%in%the%gastrointestinal%tract.%

Consistent% with% these% findings,% our% aged% mice% experience% increased% paracellular%

permeability% within% their% colons.% Paracellular% transport% refers% to% the% passing% of%

substances% between% cells%making% up% the% epithelial% barrier.% Our% data% suggests% that%

barrier%integrity%is%lost%with%age%and%these%changes%are%specifically%found%within%the%

colon%of%aged%mice.%We%hypothesized%that%the%decrease%in%barrier%function%with%age%

may%be%facilitating%the%transport%of%bacterial%products%from%the%intestinal%lumen%out%
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into% circulation.%Old%mice%have% increased% levels%of%muramyl%dipeptide%within% their%

plasma% (81).% Whether% the% relationship% between% increased% intestinal% permeability%

and%increased%bacterial%products%within%circulation%is%correlative%or%causative%is%yet%

to%be%determined%within%our%old%mice.%%

The% observation% that% intestinal% permeability% and% systemic% inflammation%

increases%with%age%led%us%to%hypothesize%that%the%immune%cells%within%the%gut%may%be%

altered%with%age%as%well.%Under%steadyQstate%conditions,%intestinal%macrophages%are%

highly% phagocytic,% but% do% not% respond% to% TLR% stimulation% by% releasing% proQ

inflammatory% cytokines% or% nitric% oxide% (45).% Instead,% intestinal% macrophages%

produce%antiQinflammatory% ILQ10.%Although%this%may%seem%counterintuitive%at% first,%

this% dual% personality% of%macrophages%within% the% gut% prevents% them% from% creative%

excessive%inflammation%(45).%Since%numerous%commensal%bacteria%inhabit%the%gut,%it%

is% important% that% the% innate% immune% cells% in% this% region% are% tolerogenic% (112).%

Resident% macrophages% within% the% healthy% gut% also% play% and% important% role% in%

maintaining%epithelial% integrity%(45).%Furthermore,% intestinal%macrophages%are%able%

to% upQregulate% the% expression% of% PPARQy% in% order% to% limit% proQinflammatory% gene%

expression%and%prevent%the%entry%of%CCR2Qexpressing%inflammatory%monocytes%into%

the%gut%(49,%113).%%%%

%Our%data%suggests%that%intestinal%macrophages%isolated%from%the%colons%of%old%

mice% are% more% inflammatory% under% baseline% conditions% than% those% isolated% from%

young%mice.%Furthermore,%when%exposed%to%a%bacterial%stimulus%like%LPS,% intestinal%

macrophages% isolated% from% old% mice% reveal% a% hyperQinflammatory% phenotype% as%
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measured%by%their%production%of%TNF.%These%data%suggest%that%macrophages%become%

more% inflammatory% with% age% and% produce% a% hyperQinflammatory% response% to%

bacterial% stimuli.% In% models% of% IBD,% the% microbiome% has% been% linked% to% inducing%

inflammation%within%the%gut%by%altering%the%phenotype%of% intestinal% lamina%propria%

macrophages.%It%has%been%suggested%that%the%microbiome%has%the%potential%to%induce%

proQinflammatory% gene% expression% and% increase% the% accumulation% of% Ly6C+%

monocytes%within%the%colon.%Our%aged%mice%also%experience%a%significant%increase%in%

the%colonic%Ly6Chigh%population.%We%are%suggesting%that%these% increases%in%old%mice%

may%be%a%result%of%the%change%in%the%microbiome%composition%with%age.%%%

The% intestinal% microbiome% is% a% large,% and% diverse% community% that% has% the%

ability%to%determine%the%health%status%of%the%host.%The%microbiome%can%communicate%

with% the% immune% system% and% maintain% a% bidirectional% relationship% that% can% help%

initiate% or% suppress% immune% responses% to% various% stimuli.% However,% studies% have%

shown% that% under% certain% circumstances,% negative% changes% in% the% microbiome,%

termed%microbial%dysbiosis,%can%contribute%to%increased%inflammation.%An%abnormal%

proportion% of% beneficial% to% pathogenic% bacteria% characterizes% this% phenomenon%

(114).% Particularly,% in% models% of% intestinal% bowel% diseases% (IBD),% the% intestinal%

microbiome%has%been% intimately% linked% to% the%onset%of%disease.% In% fact,% the% altered%

balance%between%bacteria%within% the% gastrointestinal% (GI)% tract% has%been% shown% in%

the% progression% and% severity% of% Crohn’s% disease% and% ulcerative% colitis% (UC)% (115).%

Although%the%precise%mechanism%behind%this%is%currently%undetermined,%the%general%

consensus% is% that% changes% in% the% microbiome% are% able% to% provide% antigenic%
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stimulation% (115).% This% can% in% turn% cause% the% activation% of% innate% immune% cells% as%

well% as% pathogenic%T% cells,% leading% to% increased% intestinal% inflammation% and% injury%

(115).% Other% studies% have% identified% key% species% that%may% be% playing% a% role% in% the%

pathogenesis%of%disease.%For%example,%decreased%abundance%of%F.%prausnitzii%and%B.%

fragilis%have%been%correlated%with%increased%severity%of% ileal%Crohn’s%disease%(115).%

Abundance% of% other% symbiotic% bacteria% like%Fecalibacterium% and%Roseburia%appear%

reduced% in% IBD% patients.% These% bacteria% are% large% producers% of% shortQchain% fatty%

acids%and%help%maintain% intestinal%health% to% combat%disease% (115).% % In%general,% the%

gut%microbiota%of%IBD%patients%contains%more%gramQnegative%bacteria,%which%may%be%

contributing%to%intestinal%inflammation%within%these%patients%as%well%(116).%%

The% physiology% of% the% intestinal% tract% changes% tremendously%with% age,%with%

increased%intestinal%permeability,%and%decreased%motility%(117).%Decreased%motility%

can% impact% gut% fermentation% and% excretion,% altering% the% homeostasis% in% this%

environment.% In% both% human% and% mouse% models% of% aging,% changes% in% the% gut%

microbiome%composition%have%been%correlated%with% frailty%and% immunosenescence%

(74,%75,%117).%Frailty%has%been%negatively%associated%with%microbiota%diversity%in%the%

elderly% (73).% Furthermore,% parallel% analyses% completed% in% centenarians% have%

concluded% a% positive% relationship% between% the% change% in% gut% microbiome%

composition% and% the% increase% in% inflammatory%mediators%within% circulation% (117).%

Although% these% results% do% not% conclusively% indicate% whether% these% two% changes%

occur% simultaneously% or% independently,% it% does% suggest% that% the% gut% microbiome%

composition% plays% a% role% in% inflammQaging% and% the% progression% of% diseases% in% the%
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elderly.% Early% studies% that% characterized% the% aging% gut% microbiome% in% humans%

identified% a% decrease% in% the% total% number% of% anaerobes% and% an% increase% in%

Enterobacteria% and% other% gramQnegative% bacteria% (118).% The% elderly% also% have% a%

decrease% in% Faecalibacterium% prauznitzii% and% other% butyrateQproducing% bacteria%

which% are% associated%with% promoting% intestinal% epithelial% integrity% and% have% antiQ

inflammatory% properties% (117).% Findings% from% these% studies% suggest% that% the%

composition%of%the%old%gut%microbiome%might%either%contribute%to%or%be%affected%by%

ageQassociated%inflammation%(117).%%

We% have% characterized% the% fecal% microbiome% of% young% and% old% mice% using%

Illumina% sequencing% of% the% 16S% rRNA% gene.% The% findings% from% our% study% are%

consistent%with% previous% studies,%which% demonstrate% that% the% fecal%microbiome% is%

different% between% young% and% old% mice.%We% observed% a% significant% increase% in% the%

abundance% of% OTUs% belonging% to% the% Oscillibacter,% Clostridium,% Allobaculum,%

Ruminococcus% and% Bacteroides% genera% (a% complete% list% of% changes% is% provided% in%

Table% 1).% There% was% a% significant% reduction% in% the% OTUs% belonging% to% the%

Akkermansia,%Alistipes%and%Blautia%genera.%%

Gut%microbial%dysbiosis%with%age%has%been%associated%with%changes%in%shortQ

chain%fatty%acid%producers,%and%increases%in%the%abundance%of%facultative%anaerobes%

and%opportunistic%pathogens%(75).%It%has%been%suggested%that%these%changes%may%be%

cumulatively% contributing% to% an% increase% in% overall% frailty% and% intestinal%

inflammation% (75).% Studies% focusing% on% this% potential% relationship% have% indicated%

that% frailer% individuals% have% a% higher% prevalence% of% genera% belonging% to% the%
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Oscillibacter%and%Alistipes%groups.%These%individuals%also%have%a%reduction%in%bacteria%

belonging% to% the% Eubacteriaceae,% Faecalibacterium% and% Lactobacillus% genera% (75).%

Other% bacterial% groups% like% Akkermansia% are% also% commonly% found% within% the%

intestinal% tract.% The% abundance% of%Akkermansia% increases% significantly% throughout%

the%early%stages%of%life%to%adulthood.%However,%its%abundance%is%significantly%reduced%

in% the% elderly.% Akkermansia% is% a% mucinQdegrading% bacteria% that% plays% a% role% in%

producing%the%mucus%layer%within%the%GI%tract,%which%serves%as%a%source%of%nutrients%

for% other% residents% as% well% as% provides% a% barrier% to% prevent% the% entrance% of%

pathogens% (119).% In% fact,% in% vitro% studies% have% further% shown% that% Akkermansia%

muciniphila% has% the% capacity% to% strengthen% enterocyte% monolayer% integrity% and%

induce%a%less%proQinflammatory%response.%These%data%suggest%that%Akkermansia%has%

the% ability% to% increase% gut% barrier% integrity% and% reduce% inflammation% (120–122).%

Reduction% of% this% bacterial% group% in% our% aged% mice,% along% with% all% of% the% other%

microbial% changes,% suggest% that% defects%may%be%present% in% the%development% of% the%

mucosa%within% the% intestinal% tract% Q% ultimately% contributing% to% increased% intestinal%

permeability%and%inflammation%with%age.%

This% study% characterized% the% physiological% and% microbiological% changes% in%

aged%mice,%in%order%to%decipher%the%relationship%between%these%factors%in%chapter%4.%

The%overall% findings%suggest% that%old%mice%experience%ageQassociated% inflammation%

as% measured% by% plasma% levels% of% TNF% and% ILQ6% and% have% increased% paracellular%

permeability% with% age.% Furthermore,% our% old% mice% experience% microbial% dysbiosis%

within%their%colons.%By%understanding%the%differences%occurring%between%young%and%
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old%mice,%we%can%begin%to%unravel%the%relationship%between%the%altered%microbiome%

and% immune% dysfunction% in% order% to% better% understand% how% to% promote% healthy%

aging%within%the%elderly.%%
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INTRODUCTION-
The% gut% is% home% to% a% diverse% population,% including% resident% microflora,%

foreign%food%antigens%and%the%extensive%repertoire%of%immune%cells%contained%within%

the%gutQassociated%lymphoid%tissue%(GALT)%(42).%The%anatomical%proximity%of%these%

components% within% the% gut% makes% it% crucial% for% them% to% maintain% a% symbiotic%

relationship.% The% gut% is% particularly% exposed% to% infection% and% challenge% by%

pathogenic% bacteria% because% of% its% structure.% The% thin% permeable% membranes%

present% within% the%mucosal% tract% are% necessary% for% food% absorption.% The% entry% of%

foreign%antigens%also%occurs%readily%as%it%is%a%portal%of%entry%for%food.%As%a%result,%it%is%

important% that% the% resident% flora% and% the% immune% system% are% able% to% effectively%

maintain% a% healthy% microbiome% and% gut% integrity.% Changes% to% either% of% these%

components,%as%occurs%with%age,%can%have%detrimental%outcomes%in%the%host.%%

We%have%previously%shown% that%old%mice%experience%ageQassociated%defects,%

including% increased% systemic% inflammation,% decreased% paracellular% permeability,%

and%phenotypic%changes% in% the% immune%cells%of% the%myeloid% lineage,%along%with%an%

overall% change% in% the%composition%of% the%gut%microbiome.% In% this% chapter,%we%have%

utilized% gnotobiology% in% order% to% study% the% role% of% the%microbiome% in% influencing%

these%changes%in%old%mice.%Furthermore,%by%being%able%to%manipulate%the%microbiome%

compositions% of% young% and% old% GF% mice,% we% are% able% to% determine% whether% the%

composition%of%the%old%microbiota%directly%contributes%to%the%negative%changes%with%

age.%Furthermore,%we%can%investigate%the%ability%of%the%young%microbiota%to%promote%

healthy% outcomes% within% aged% mice.% Colonization% of% young% GF% mice% with% the% old%
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microbiota%resulted%in%increased%systemic%inflammation,%decreased%gut%integrity%and%

increased% recruitment% of% Ly6Chigh% monocytes% within% the% blood% and% colon% when%

compared% to% young% GF% mice% colonized% with% the% young% microbiota.% These% data%

suggest% that% the% composition% of% the% old% microbiome% directly% contributes% to% ageQ

associated%inflammation%in%old%mice.%This%chapter%provides%a%comprehensive%look%at%

the%relationship%between%the%aging%microbiome%and%the% immune%defects%seen%with%

age.%%

RESULTS-

Germ>free-mice-are-protected-from-age>associated-inflammation-
In%order%to%investigate%the%contribution%of%the%microbiome%in%ageQassociated%

inflammation,% we% utilized% germQfree% (GF)% mice.% Since% GF% mice% do% not% have% a%

microbiome,%we%hypothesized% that% aged%germQfree%mice% (>18%months%old)%may%be%

protected% from% some% ageQassociated% changes.% Old% SPF%mice% commonly% experience%

alopecia,% decreased% body% condition,% poor% posture/mobility,% and% develop% grey% fur.%

Visually,%our%old%GF%mice%seldom%show%signs%of%greying%fur%or%alopecia%(Figure%8A),%

and%live%longer%(Figure%8B).%Old%GF%mice%do%not%have%increased%plasma%levels%of%TNF%

(Figure% 8C)% and% ILQ6% with% age% (Figure% 8D).% Finally,% old% GF% mice% do% not% have%

significantly%increased%paracellular%permeability%when%compared%to%their%young%GF%

controls.%In%fact,%old%GF%mice%have%lower%paracellular%permeability%than%their%old%SPF%

counterparts%(p%=%0.06)%(Figure%8E).%Taken%together,%these%data%suggest,%that%in%the%

absence%of%the%microbiome,%old%germQfree%mice%are%protected%from%at%least%some%of%

the%ageQassociated%changes%observed%within%our%SPF%mice.%%
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%

Figure& 8:& Old& germWfree& mice& are& protected& from& ageWassociated& inflammation& and& have&
reduced&intestinal&permeability.&&
Old% germQfree%mice% (>18mo)% were% compared% to% old% SPF%mice% (>18mo)% in% terms% of% their% visual%
appearance,%total%life%span,%systemic%inflammation,%as%well%as%their%barrier%integrity.%Old%germQfree%
mice% show%a)%decreased%physical% signs%of% aging,% including%have% less%hairQloss,% improved%posture,%
and% decreased% grey% fur.% Furthermore,% old% germQfree% mice% b)% live% significantly% longer,% and% are%
protected% from%increases% in% their%circulating% levels%of%c)%TNF%and%d)% ILQ6.%Finally,%aged%germQfree%
mice% also% have% e)% reduced% permeability% within% the% colon% compared% to% old% SPF% mice.% Survival%
analysis%showing%allQcause%mortality%of%WT%and%GF%mice%up%to%600%days%of% life.%Differences% in%the%
survival% curves% were% analyzed% by% LogQrank% (MantelQCox)% test.% Circulating% levels% of% proQ
inflammatory%cytokines%were%measuring%in%young%and%old%wildtype%plasma%using%a%Luminex%assay.%
Each%sample%was%measured%in%duplicates%[n=5Q15/group].%For%Ussing%chamber%studies,%a%portion%of%
the% distal% colon% was% removed% from% the%mouse% and%mounted% on% the% chamber% in% order% to% study%
permeability% changes% within% the% colon% [n=% 3Q8% mice/group].% Values% are% the% mean% +/Q% SEM% of%
samples%within%each%category.%Statistical%significance%was%determined%using%unpaired%tQtests%where%
appropriate%[n%=%15Q%20/group].%P<0.05%was%considered%to%be%significant.%%

%

The-microbiota-influences-the-development-and-function-of-myeloid-lineage-cells-
To%determine%the%influence%of%the%microbiome%on%the%immune%system%within%

the%host,%we% compared% the% abundance%of% cells%belonging% to% the%myeloid% lineage% in%

young%and%old%germQfree%and%SPF%mice.% Specifically,%we%examined% the%macrophage%

and% monocyte% populations% within% these% groups.% Our% pilot% data% suggested% that%
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Ly6Chigh%monocytes%are%increased%in%the%colon%of%old%SPF%mice%(p%=%0.05).%Thus,%we%

next% investigated% whether% the% recruitment% of% these% Ly6Chigh% monocytes% are%

influenced%by%the%presence%of%the%microbiome.%Immune%cells%were%isolated%from%the%

colons% of% young% and% old% GF% mice.% Our% aged% GF% mice% do% not% have% an% increase% in%

Ly6Chigh%monocytes%when% compared% to% their% younger% counterparts% (Figure% 9A).% In%

fact,%old%GF%mice%have%significantly%reduced%Ly6Chigh%monocytes%when%compared%to%

their% old% SPF% controls,% suggesting% that% the% microbiome% plays% a% role% in% the%

recruitment% of% more% monocytes% within% the% intestines% with% age.% Analysis% of% the%

monocyte%population%within% the%colon%mirrors% the% trend%seen% in% the%blood%(Figure%

9B).% These% data% suggest% that% the% microbiome% plays% a% role% in% the% recruitment% of%

Ly6Chigh%monocytes%within%the%colon%and%the%blood%in%young%and%old%SPF%mice.%%
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Figure&9:&Increase&of&Ly6Chigh&monocytes&with&age&may&be&mediated&by&the&presence&of&the&
microbiome.%
Abundance% of% Ly6Chigh% monocytes% as% a% population% of% the% CD45%% population% was% determined%
using% flow%cytometry.%Ly6Chi%monocytes%are% increased%with%age% in%old%mice%within%the%a)%Bone%
marrow,% b)% Blood% and% c)% Colon.% However,% naïve% old% germQfree% mice% are% protected% from% this%
phenomenon.%Old%SPF%mice%(>18mo)%were%compared%to%young%SPF%(<3mo)%[n=5Q8%mice/group].%
As%well,% young%and%old%GF%mice% [n=4Q7%mice/group]%were%compared% to% their%SPF%counterparts.%
Values% are% the% mean% +/Q% SEM% of% samples% within% each% category.% Statistical% significance% was%
determined%using%unpaired%tQtests%where%appropriate.%*%indicates%p%<%.05,%**%indicates%p%<%0.005,%
***%indicates%p%<%0.0005%and%****%indicates%p%<%0.00005.%%

%

It%has%been%reported%that%the%hematopoietic%stem%cell%compartment%changes%

with%age%(123,%124).%Specifically,%they%experience%a%decrease%in%lymphopoiesis%and%a%

marked% increase% in%myelopoiesis% (123).%Thus,%we%next%examined%the%bone%marrow%

for%changes%in%the%monocyte%population.%Here,%we%were%able%to%see%that%the%Ly6Chigh%

population%within% the% bone%marrow% is% also% significantly% reduced% in% old% germQfree%

mice% when% compared% to% their% old% SPF% controls% (Figure% 9C).% This% suggests% that%

changes% in% the% monocyte% population% within% the% colon% and% circulation% may% be%

preceded%by%changes%occurring%in%the%bone%marrow.%%

Young Old Young Old
0

2

4

6

8

10

Ly
6C

hi
 M

on
oc

yt
es

 (%
 C

D
45

) *** ****
***

SPF GF

c)%



M.Sc.%Thesis%–%N.%Thevaranjan% % McMaster%University%–%Medical%Sciences%
%

% 65%

We% next% examined% the% functionality% of% Ly6Chigh%monocytes% in% the% blood,% as%

monocytes%are%potent%producers%of%inflammatory%cytokines%in%response%to%bacterial%

stimuli% (125).% % We% have% previously% shown% that% when% blood% monocytes% are%

stimulated%with%a%bacterial%product% such%as%LPS,% those% isolated% from%old%SPF%mice%

produce% a% hyperQinflammatory% response% compared% to% their% young% controls% (58).%

Thus,%we% decided% to% investigate%whether% this% phenomenon% in% our% aged% germQfree%

mice.%Using%flow%cytometry,%blood%monocytes%from%young%and%old%GF%mice%(and%their%

ageQmatched% SPF% controls)% were% stimulated% with% LPS% and% examined% for% TNF%

production.% Monocytes% from% old% GF% mice% produce% higher% amounts% of% TNF% in%

comparison%to%monocytes%from%young%GF%mice%in%response%to%LPS.%This%suggests%that%

the% functionality% of% monocytes% is% not% altered% with% age% in% the% absence% of% the%

microbiome%(Figure%10).%%%%%%

% Figure& 10:& Ly6Chigh& monocytes& within&
circulation&of&old&SPF&and&GF&mice&produce&
increased& levels& of& TNF& in& response& to& a&
bacterial&product.%
Whole% blood% was% stimulated% with%
lipopolysaccharide% (LPS)% for% 4% hours,% after%
which% the% production% of% TNF% by% Ly6Chi%
monocytes% was% quantified% using% flow%
cytometry.% Values% are% the% mean% +/Q% SEM% of%
samples% within% each% category% [n=% 3Q4%
mice/group].% Statistical% significance% was%
determined% using% unpaired% tQtests% where%
appropriate.% P<0.05% was% considered% to% be%
significant.%%
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Investigating-the-role-of-the-aging-microbiota-on-monocyte-reprogramming--
Monocytes%are%multiQfunctional%innate%cells%that%have%the%capacity%to%assist%in%

tissue% repair% and% maintenance,% as% well% as% help% fight% pathogens% during% infection.%

Local% signals% from% the%environment%direct%what%effector% functions%are%acquired%by%

monocytes%once%they%reach%the%tissue%(126).%Although%early%work%suggests%that%only%

the% adaptive% immune% system% maintains% the% capacity% to% build% immunological%

memory,%recent%studies%have%established%innate%cells%to%possess%this%memory%as%well.%

For% instance,% plants% and% invertebrates% are% protected% against% reQinfection% against%

pathogens% even% though% they% do% not% possess% an% adaptive% immune% response% (127).%

Early% studies%performed% in% the%1960s% suggested% that% exposure% to%bacterial% stimuli%

can% lead% to% the%production%of% IFNQy%by%NK% cells% and% this% in% turn% can% activate% local%

macrophages.% Not% only% does% this% help% combat% the% initial% infection,% it% can% also%

contribute% to% a% form% of% trained% immunity% within% the% innate% immune% system,%

resulting%in%a%heightened%response%against%a%secondary%infection%(127).%The%memory%

exhibited% in% this% scenario% is% different% from% the% classically% defined% immunological%

memory% acquired% by% cells% within% the% adaptive% immune% system.% In% this% case,% the%

memory%acquired% is%broad%and%can%be%used%against%a%secondary% infection%with% the%

same%pathogen%or%a%different%one%(127).%%

In% a% model% of% Candida% albicans% infection,% it% has% been% shown% that% memory%

towards%reinfection%with%the%fungi%can%occur%via%monocytes,%independent%of%T%and%B%

cell% populations% (128).% In% vitro% studies% have% shown% that% training% monocytes% via%

incubation% with% C.% albicans% results% in% increased% TNF% and% ILQ6% in% response% to% a%
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secondary% infection% (128).% Specifically,% βQglucans% derived% from% the% cell% wall% of% C.%

albicans%can%induce%epigenetic%changes%involving%histone%methylations%that%result%in%

the% training% of%monocytes% (128).% Such% epigenetic% changes% can% train%monocytes% to%

become% better% suited% to% tackle% secondary% infections% and% provide% nonQspecific%

protection% against% future% infections.% In% depth% analysis% of% the% epigenetic% changes%

occurring% within% trained% human% monocytes% against% βQglucan% reveal% that% training%

resulted% in% altered% metabolism% of% monocytes,% leading% to% increased% glucose%

consumption,% lactate% production% and% a% general% increase% in% glycolysis% (129,% 130).%

Histone%H3%methylation%has%been%specifically%identified%as%the%mechanism%involved%

in% the% epigenetic% training% of% monocytes% to% elicit% robust% longQterm% innate%

inflammatory%responses%(129).%%

%Recent% studies% have% shown% that% monocytes% can% be% trained% early% on% in%

development% within% the% bone% marrow% to% respond% to% bacterial% products% with%

regulatory% functions,% particularly%within% the% gut% (126).% This% phenomenon% is% called%

“monocyte% reprogramming,”% and% occurs% when% bacterial% products% from% the% gut%

microbiome%directly%or%indirectly%alter%monocyte%development%in%the%bone%marrow.%

In%models% of%T.%gondii% infection,% ILQ12%produced%within% the%MALT%during% infection%

can% provide% signals% necessary% for% NK% cells% in% the% bone%marrow% to% produce% IFNQγ%

(126).% This% contributes% to% the% education% of%myeloid% progenitors% and% subsequently%

affects% the% inflammatory%potential% of% Ly6Chigh%monocytes% towards% stimuli% received%

from% the% gut% microbiome.% Furthermore,% depletion% of% NK% cells% also% resulted% in%

reduced% changes% to% monocyte% phenotype% within% the% blood% (126).% These% data%
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suggested%that%NK%cells%are%the%primary%producers%of%IFNQγ%in%the%bone%marrow%and%

thus,%NK%cells%might%be%influencing%the%fate%and%function%of%monocytes%within%the%gut%

during%an%infection.%%

Our% previous% thus% far% has% shown% that% old% mice% experience% ageQassociated%

inflammation% and% have% increased% Ly6Chigh%monocytes%within% the% blood,% colon% and%

bone%marrow.%We%have% further% shown% that% in% the% absence%of% the%microbiome,% our%

aged% germQfree% mice% do% not% experience% these% effects.% We% hypothesized% that% cues%

presented%by%the%aging%gut%microbiome%might%have%the%capacity%to%prime%monocytes%

to%take%on%an%inflammatory%phenotype%even%prior%to%egress%from%the%bone%marrow.%

In%order%to%test%this%hypothesis,%we%depleted%the%NK%cell%population%intraperitoneally%

and% examined% the% blood% and% colon% monocyte% populations% in% old% mice.% If% signals%

provided% by% the% aging% gut% microbiota% activated% NK% cells% in% the% bone% marrow% to%

trigger%monocyte%reprogramming%and%result% in% increased%Ly6Chigh%monocytes,% then%

depletion%of%this%population%would%result%in%a%reduction%of%the%Ly6Chigh%population%in%

our% old% mice.% Following% intraperitoneal% injections% of% NK1.1% antibody,% the% NK% cell%

population%was%successfully%depleted%within%the%blood.%However,%we%did%not%see%any%

differences% in% the%Ly6Chigh%population%between%the%NK%cell%depleted%group%and% IgG%

treated% controls% (data% not% shown).% Furthermore,% in% the% colon,% we% did% not% see% a%

reduction%of%NK%cells%(Figure%11).%These%data%suggest%that%the%abundance%of%NK%cells%

in%old%mice%does%not%directly%contribute%to%monocyte%reprogramming%with%age.%Thus,%

further% experiments% are% required% to% fully% elucidate% the% mechanism% behind% this%

phenomenon.%%%
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% Figure&11:&Intraperitoneal&injection&of&antiW
NK1.1& antibody& did& not& result& in& a&
significant& reduction& in& the& NK& cell&
population&in&the&colon.&
Mice%were%intraperitoneally%injected%with%antiQ
NK1.1% antibody% every% other% day% for% a% week%
(receiving% a% total% of% three% injections).%
Following% depletion,% the% NK% cell% population%
was% examined% using% flow% cytometry.% Within%
the%live%population,%NK%cells%were%gated%as%the%
CD45+% CD3Q% CD11bQ%MHCIIQ%Ly6CQ%NK1.1+%cells.%
Values%are%represented%as%a%percentage%of%the%
total%CD45+%population.%n%=%4Q5%mice/group.%%

&

The-composition-of-the-old-microbiota-promotes-age>associated-inflammation--
To% determine% whether% the% relationship% between% the% ageQrelated% microbial%

dysbiosis% and% systemic% inflammation% in% old% mice% is% correlative% or% causative,% we%

performed%microbiota% transfers% in%young%and%old%germQfree%mice.%Briefly,%we%have%

colonized%young%and%old%GF%mice%with%either%the%young%or%old%microbiota%in%order%to%

determine%whether%it% is%the%age%of%the%mouse%or%the%composition%of%the%microbiota%

that% impacts% the% changes% seen% with% age.% Following% colonization% with% a% specific%

microbiota,%we%did%not%observe%any%global%changes% in% the%visual%appearance%of% the%

donor%SPF%and%recipient%GF%mice%(data%not%shown).%%

%

%

%

%

%

%

IgG Control NK1.1 Depleted
0.0

0.5

1.0

1.5

2.0

C
D

45
+ 

N
K

1.
1+

 (%
C

D
45

)

ns



M.Sc.%Thesis%–%N.%Thevaranjan% % McMaster%University%–%Medical%Sciences%
%

% 70%

%

%

SPF&Donors&

a)%i]%

a)%ii]%



M.Sc.%Thesis%–%N.%Thevaranjan% % McMaster%University%–%Medical%Sciences%
%

% 71%

% %
Figure&12:&GermWfree&mice&have&acquired&the&microbial&compositions&of&their&donor&at&the&
end&of&the&colonization.&%
GermQfree%mice% were% individually% coQhoused%with% either% a% young% or% old% specificQpathogen% free%
mouse%for%a%total%of%six%weeks.%At%the%end%of%the%colonization,%fecal%pellets%were%collected%in%order%
to%complete%16S%rRNA%sequencing.%A)%The%averaged%taxa%summary%plots%of%all%the%samples%within%
the% particular% group% [n=5Q16/group]% are% shown% for% the% i]% SPF% Donors% and% ii]% GF% colonized%
recipients.% The% bacterial% groups% are% labeled% according% to% phylum% and% then% specified% to% highest%
assigned% taxonomic% group.% The% height% of% the% bar% represents% the% relative% abundance% of% the%
associated%genus%within%young%and%old%mice.%Most%abundant%genera%are%labeled%on%the%group.%B)%
Bacterial% communities% of% the% donor% and% recipient%mice% clustered% according% to% i]% the% age% of% the%
microbiome%(Orange%=%old%SPF,%Blue%=%OGF%+%Old,%Red%=%YGF%+%Old,%Purple%=%YGF%+%Young,%Green%=%
OGF%+%Young)%and%ii]%did%not%cluster%in%terms%of%the%differing%housing%conditions%using%principal%
coordinate% analyses% (PCoA)% of% the% BrayQCurtis% distance% matrix% (Blue% =% SPF,% Red% =% GF).% For%
example,% GF% and% SPF%mice% did% not% cluster% separately.% Each% point% represents% one% sample% and% is%
differentiated%by%color%to%indicate%the%age%of%the%mouse.%Plots%represent%the%microbial%composition%
as%indicated%by%the% ︎Qdiversity%between%each%nasal%wash%sample.%%
GF%=%GermQfree,%SPF%=%Specific%pathogen%free,%OGF%=%Old%germQfree,%YGF%=%Young%germQfree%

%

%Following% six% weeks% of% colonization% via% coQhousing,% fecal% pellets% were%

collected%from%the%donor%SPF%and%recipient%mice%in%order%to%examine%their%bacterial%

profiles.%Taxa%summary%plots%reveal%that%the%compositions%of%the%fecal%microbiota%of%

b)%i]% b)%ii]%
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young% and% old% SPF% donor% mice% are% different% (Figure% 12A).% In% order% to% further%

determine% if% the% composition% of% the% fecal% microbiome% changed% with% age,% the% βQ

diversity%metric,%calculated%based%on%the%BrayQCurtis%distance,%was%visualized%using%a%

principal% coordinate% analysis% (PCoA)% plot.% This% revealed% that% the% young% and% old%

donor%mice% clustered% distinctly% from%one% another.% (Figure% 12C).% Furthermore,% our%

germQfree%mice%were%able%to%successfully%acquire%the%specific%SPF%donor%microbiota%

regardless% of% their% age% (Figure% 12B).% This% indicates% that% the% composition% of% the%

microbiome%is%not%influenced%by%the%age%of%the%recipient%mouse,%but%rather,%the%age%of%

the%donor%mouse.%Under%BrayQCurtis% calculations,% SPF%and%GF%mice%did%not% cluster%

separately% from%one%another.% In% fact,% visualizing% the%microbial% compositions%of% the%

mice% on% a% PCoA% plot% revealed% that% they% could% only% be% differentiated% based% on% the%

donor% microbiome% given% to% them% (Figure% 12D).% We% have% previously% identified%

unique% differences% between% the% young% and% old% gut% microbiome.% In% order% to%

investigate%whether%these%changes%was%transferred%to%the%colonized%germQfree%mice,%

we%analyzed%some%of%the%major%differences.%The%increase%in%Firmicutes/Bacteroidetes%

ratio%was% transferred%with% the% old%microbiota% as% this%was% seen% in% young% GF%mice%

colonized%with% the%old%microbiota%as%well% (Figure%13A).%Furthermore,%decreases% in%

the% abundance% of%Akkermansia% and%Alistipes% genera%were% transferred%with% the% old%

microbiota% in% both% young% and% old%GF%mice% (Figure% 13B% and%C).% This% suggests% that%

colonization%of%young%and%old%mice%was%successful%and%as%a%result,%we%were%able%to%

distinguish% between% the% effects% of% age% and% microbiome% composition% in% the%

subsequent%experiments.%%%
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Figure& 13:& Colonized& germWfree& mice& successfully& acquire& microbiome& characterized&
that&are&similar&to&their&donor&microbiome.&&
Key% microbial% changes% known% to% occur% with% the% old% microbiome% were% examined% in% the%
colonized%germQfree%mice%in%order%to%determine%the%success%of%the%colonization.%Mice%colonized%
with% the% old% microbiome% had% an% A)% increase% in% the% Firmicutes/Bacteroidetes% ratio,% B)% have%
reductions% in% the% number% of% OTUs% representing% the% Akkermansia% genus% as% well% as% the% C)%
Alistipes%genus.%The%panels%represent%the%mean%relative%abundance%of%each%bacterial%group%in%
each%category.%Statistical%significance%was%determined%using%multiple%t%test%where%appropriate%
(n%=%3%to%12/group).%P%=%0.05%was%considered%significant.%

%

Young%GF%mice%colonized%with%the%old%microbiota%have%significantly%increased%

paracellular% permeability% in% their% colon% (Figure% 14A)% and% systemic% inflammation%

(Figure% 14B)% when% compared% to% young% GF% mice% colonized% with% the% young%
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microbiome.%Since%the%ages%of%these%mice%are%the%same,%this%indicates%that%the%age%of%

the%microbiome%is%sufficient%to%induce%these%changes.%%

% %
Figure& 14:& The& old& microbiome& composition& induces& increased& immune& impairments& in&
germWfree&mice.&%
GermQfree%mice% were% individually% coQhoused% with% either% a% young% or% old% specificQpathogen% free%
mouse%for%a%total%of%six%weeks.%Following%colonization,%A)%Intestinal%permeability%differences%and%
B)% Systemic% levels% of% TNF%were%measured.% A% portion% of% the% distal% colon%was% removed% from% the%
mouse%and%mounted%on%an%Ussing%chamber%in%order%to%study%intestinal%permeability%changes%[n=5Q
12%mice/group].%Circulating%levels%of%TNF%in%plasma%were%measured%using%a%Luminex%assay.%Each%
sample%was%measured% in% duplicates% [n% =% 5Q8/group].% Values% are% the%mean% +/Q% SEM% of% samples%
within% each% category.% Statistical% significance% was% determined% using% multiple% tQtests% where%
appropriate.%P<0.05%was%considered%to%be%significant.%%

%

We% next% wanted% to% examine% whether% the% composition% of% the% aging%

microbiome%is%sufficient%to%induce%the%recruitment%of%more%inflammatory%monocytes.%

We%examined%the%immune%populations%within%the%blood%and%colon%of%young%GF%mice%

colonized%with%either% the%young%or%old%microbiome.%Young%GF%mice%colonized%with%

the% old% microbiome% have% significantly% increased% Ly6Chigh% populations% within% the%

blood%(Figure%15A)%and%colon%(Figure%15B).%These%data%reveal%that%even%though%the%

age% of% the% mice% in% both% of% these% populations% are% the% same% (<4% months% old),% the%
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composition% of% the% microbiome% alone% is% sufficient% to% induce% the% recruitment% of%

inflammatory% monocytes.% Put% together,% the% old% microbiome% has% the% ability% to%

influence% the% phenotype% of% immune% cells% within% circulation% and% within% the%

gastrointestinal%tract.%%

% %
Figure&15:&Colonization&of&germWfree&mice&with&the&old&microbiome&leads&to&the&increased&
recruitment&of&Ly6Chi&monocytes.&%
Ly6Chi%monocyte%populations%were%quantified%as%a%population%of%the%CD45+%population%within%the%
a)%Blood%and%b)%Colon%of%young%germQfree%mice%(<3mo)%that%were%colonized%with%either%a%young%
SPF%microbiome%or%an%old%SPF%microbiome%for%a%total%of%six%weeks.%Values%are%the%mean%+/Q%SEM%of%
samples%within%each%category%[n=%2Q7%mice/group].%Statistical%significance%was%determined%using%
unpaired%tQtests%where%appropriate.%P<0.05%was%considered%to%be%significant.%%

&

The-relationship-between-the-aging-gut-microbiome-and-insulin-resistance-in-old-mice-
% Along% with% decreased% protection% against% infectious% diseases% and% ageQ

associated%inflammation,%metabolic%dysfunction%is%also%common%among%the%elderly.%

In%particular,%the%elderly%often%experience%glucose%intolerance%and%insulin%resistance%

(131–134).% Insulin% resistance% is% defined% as% the% inability% of% insulin% to% effectively%

increase%the%uptake%of%glucose%and%inability%of%the%tissues%to%use%the%glucose%in%times%

of% need% (135).% Previous% data% has% suggested% that% aged% mice% experience% a% postQ
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receptor%defect%in%insulin%action%(131).%Although%no%differences%were%observed%in%the%

fasting% serum% glucose% levels% between% both% age% groups,% fasting% insulin% levels% are%

elevated% within% the% elderly% cohort% (131).% Even% though% the% elderly% have% elevated%

insulin%levels%within%the%serum%at%baseline%levels,%and%continue%to%have%higher%levels%

upon% glucose% challenge,% they% still% maintain% high% levels% of% glucose% upon% challenge.%

This%suggests%that%the%elderly%may%be%experiencing%resistance%against%insulin%(131).%

Although% this% phenomenon% has% been% observed% in% a% number% of% studies,% the%

mechanism%behind%it%is%still%undetermined.%We%hypothesized%that%the%change%in%the%

composition%of%the%microbiome%with%age%may%be%contributing%to%the%onset%of%insulin%

resistance%with%age.% In%order% to% study% this,%we%measuring% insulin% resistance% in%our%

young% and% old% germQfree% mice% that% were% colonized% with% either% the% young% or% old%

microbiota.%%

% We% did% not% observe% any% differences% in% the% fasting% blood% glucose% between%

young%and%old%SPF%donor%mice%(Figure%16A)%or%the%recipient%germQfree%mice%(Figure%

16B).%GermQfree%mice%colonized%with% the%old%microbiota%however,%showed%slighted%

elevated% insulin% resistance% compared% to% those% mice% colonized% with% the% young%

microbiome% (figure% 16C).% Although% this% data% was% not% significant,% it% suggests% a%

possible%contribution%of%both%the%age%and%composition%of%the%microbiome%on%insulin%

resistance%with%age.%%

%

%
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Figure&16:&Examining&the&impact&of&the&old&
microbiome& on& glucose& metabolism& with&
age.%&
Young% and% old% donor% SPF%mice% and% recipient%
germQfree% mice% were% fasted% for% 6% hours.%
Following% this,% fasting% blood% glucose% levels%
were%measured.%No%differences%were%observed%
in% the%A)%Donor%SPF%mice%or% the%B)%Recipient%
germQfree%mice.%HOMAQIR%(Homeostatic%model%
assessment% for% insulin% resistance)% was%
calculated% using% the% following% formula:%
[(fasting%blood%glucose%*%plasma%concentration%
of% insulin)% /%22.5].% Statistical% significance%was%
determined% using% multiple% t% test% where%
appropriate% (n% =% 2Q7/group).% P% =% 0.05% was%
considered%significant.%

--Microbiome-composition-influences-anti>pneumococcal-immunity--
& We% have% thus% far% shown% that% systemic% inflammation% and% monocyte%

mobilization% seen% in% our% aged% mice% can% be,% at% least% partly,% explained% by% the%

composition%of%the%gut%microbiota.%Previous%work%in%our%lab%has%shown%that%old%mice%

are%more%susceptible%to%pneumococcal% infections%(96).% In%fact,%when%young%and%old%

mice% are% intranasally% colonized% with% Streptococcus% pneumoniae,% the% majority% of%

young%mice%are%able%to%clear%the%bacteria%from%their%upper%respiratory%tract%21%days%
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after%colonization.%However,%old%mice%have%a%decreased%ability%to%clear%the%bacteria%

(57,%96).%Our%lab%has%previously%demonstrated%that%old%mice%have%delayed%clearance%

of%S.%pneumoniae%because%of%defects%in%Ly6Chigh%monocytes.%Since%we%have%shown%that%

the% composition% of% the% microbiota% alters% the% number% of% Ly6Chigh% monocytes% in%

circulation,%we%hypothesized%that%it%might%also%alter%susceptibility%to%S.%pneumoniae.%%%

Thus,% we% wanted% to% examine% whether% the% composition% of% the% microbiome%

could% influence% the% response% against% a% bacterial% stressor.% In% order% to% do% so,% we%

colonized% young% GF%mice%with% either% the% young% or% old%microbiome.% Following% six%

weeks%of%colonization,%all%donors%and%recipients%were%intranasally%colonized%with%S.%

pneumoniae.%Following%five%days%of%colonization%with%the%bacteria,%we%did%not%notice%

any%significant%changes%in%mortality%or%weight%loss%(data%not%shown).%Quantifying%the%

bacterial% CFUs%within% the% nasal%wash% of% the% infected%mice% revealed% an% increase% in%

bacterial%CFUs%within%the%young%GF%mice%colonized%with%the%old%microbiome%(Figure%

17).%However,%this%increase%was%not%significant.%%
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%

%

Figure& 17:& Colonization& of& young& germWfree&mice&with& the& young&microbiome& does& not&
lead&to&complete&protection&against&a&S.#pneumoniae#bacterial&challenge&when&compared&
to&young&germWfree&mice&colonized&with&the&old&microbiome.%
Young%germQfree%mice%were%colonized%with%either%the%young%[n%=%8]%or%old%[n%=%8]%microbiome%
using% the% coQhousing% method% for% a% total% of% six% weeks.% Following% coQhousing,% mice% were%
intranasally%colonized%with%10^7%CFU/mL%of%S.%pneumoniae%(strain%P1547).%Following%five%days%
of% colonization% with% the% bacterium,% bacterial% CFU’s% from% the% nasal% washes% were% quantified%
within% the% mice% to% measure% their% ability% to% clear% the% bacteria% five% days% after% colonization.%
Statistical%significance%was%determined%using%unpaired%tQtests%where%appropriate.&

%

% Plasma% levels% of% TNF% and% ILQ6% were% measured% within% the% donors% and%

recipients%in%order%to%determine%whether%bacterial%challenge%in%the%presence%of%the%

old%microbiome%induced%a%hyperQinflammatory%response.%We%hypothesized%that%mice%

colonized%with%the%old%microbiome%would%have%significantly%elevated% levels%of%proQ

inflammatory% cytokines% within% their% plasma% following% S.% pneumoniae% challenge.%

However,%we%did%not%observe%any%differences%in%plasma%levels%of%TNF%(Figure%18A)%

or%ILQ6%(Figure%18B).%%
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% %
Figure&18:&Colonization&of&young&germWfree&mice&with&the&old&microbiome&does&not&result&
in&the&induction&of&a&hyperWinflammatory&response&when&colonized&with&S.#pneumoniae.&%
Young%germQfree%mice%were%intranasally%colonized%with%either%the%young%[n%=%8]%or%old%[n%=%8]%
microbiome%using% the%coQhousing%method% for%a% total%of% six%weeks.%Following%coQhousing,%mice%
were%intranasally%colonized%with%10^7%CFU/mL%of%S.%pneumoniae%(strain%P1547).%Following%five%
days%of%colonization%with%the%bacterium,%plasma%was%collected%from%all%four%groups%in%order%to%
measure%the%circulating%levels%of%proQinflammatory%cytokines.%We%did%not%observe%a%significant%
increase% in%the%circulating% levels%of%A)%TNF%and%B)%ILQ6% in%young%germQfree%colonized%with%the%
old% microbiome.% Statistical% significance% was% determined% using% unpaired% tQtests% where%
appropriate%(n%=%4Q7%mice/group).%%

%

% In%order%to%examine%the%influx%of%inflammatory%monocytes%within%circulation,%

we% quantified% the% Ly6Chigh% population%within% the% blood% using% flow% cytometry.% The%

Ly6Chigh% population,% quantified% as% a% percentage% of% the% total% leukocyte% population,%

was%significantly%higher%within%old%SPF%mice,%when%compared%to%their%young%controls%

(Figure%19A).%Furthermore,%we%observed%a%significant%increase%in%Ly6Chigh%monocytes%

within% young% GF% mice% colonized% with% the% old% microbiota% compared% to% those%

colonized%with%the%young%microbiome.%These%data%suggest%that%the%old%microbiome%

promotes% the% recruitment% of% more% inflammatory% monocytes% within% circulation%

following%a%bacterial%challenge.%We%did%not%observe%any%differences%within%the%lungs%

(Figure%19B).%%
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Figure& 19:& Young& germWfree& mice& colonized& with& the& old& microbiota& have& increased&
Ly6Chigh& monocytes& in& circulation,& but& not& within& the& lungs,& following& S.# pneumoniae#
challenge&compared&to&young&germWfree&mice&colonized&with&the&young&microbiome.%
Ly6Chigh%monocyte%populations%were%quantified%as%a%population%of%the%CD45+%population%within%
the%a)%Blood%and%b)%Lungs%of%young%germQfree%mice%(<3mo)%that%were%colonized%with%either%a%
young% SPF% microbiome% or% an% old% SPF% microbiome% and% then% challenged% with% S.% pneumoniae.%
Values%are%the%mean%+/Q%SEM%of%samples%within%each%category%[n=%5Q8%mice/group].%Statistical%
significance%was%determined%using%unpaired%tQtests%where%appropriate.%P<0.05%was%considered%
to%be%significant.%%

DISCUSSION-
% The%idea%that%the%intestinal%microbiome%could%potentially%influence%the%health%

of% an% individual% and% contribute% to% the% onset% of% senility% within% the% elderly% was%

suggested% early% in% the% 1900s% by% Elie% Metchnikoff% (136).% Since% then,% the% idea% that%

microbial%translocation%across%the%intestinal%barrier%could%cause%immune%activation,%

and% subsequent% systemic% inflammation% has% been% studied% in% the% context% of% other%

diseases%like%HIV%(137–140).%Work%conducted%in%our%lab%has%shown%that%naïve%germQ

free%mice%are%protected%from%a%number%of%ageQassociated%defects%when%compared%to%

aged% SPF%mice,% indicating% that% the% presence% of% the% aging%microbiome% drives% these%

changes% in% old% mice.% We% have% investigated% the% relationship% between% the% aging%

microbiome%and%its%impact%on%the%immune%system%of%the%elderly%by%colonizing%young%
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and%old%germQfree%mice%with%an%ageQspecific%microbiota.%Furthermore,%when%young%

GF%mice%are%colonized%with%the%aged%microbiome,%we%observed%changes%within%these%

mice% that% were% similar% to% that% observed% within% the% old% SPF% donors.% These% data%

suggest% that% the% composition% of% the% old% microbiome% facilitates% the% onset% of% ageQ

associated%inflammation%and%the%accompanying%defects.%%

% Tissue% resident% intestinal%macrophages%have%highly%plastic% functions%within%

the% intestines.%Their% functional%diversity% allows% them% to%perform%various% activities%

during% healthy% and% inflamed% conditions.% The% intestinal% macrophage% pool% requires%

constant% replenishment% via% the% circulating% blood% monocytes% (44).% Although%

monocyte%recruitment%to%the%intestinal%mucosa%is%dependent%on%CCR2,%the%source%of%

this%chemokine%is%still%unclear.%Others%and%we%have%proposed%that%signals%provided%

by%the%composition%of%the%microbiome%might%be%playing%a%role%in%the%recruitment%of%

monocytes%to%the%intestine%and%this%in%turn%may%be%impacting%the%differentiation%and%

abundance%of%macrophages%within%this%region%as%well%(44)%.%%%%%%%

% We%have%observed%an% increase% in%Ly6Chigh%monocytes%within% the%colon.%This%

population% is% often% referred% to% as% “inflammatory”% monocytes% because% of% their%

tendency% to%migrate% towards% regions% of% inflammation,% their% likelihood% to% develop%

into%proQinflammatory%macrophages,%produce%more%proQinflammatory%cytokines%and%

less% PGE2% and% IL10.% Furthermore,% the% balance% between% resident% and% proQ

inflammatory%macrophages%within% the% colon% are% influenced% by% the% recruitment% of%

monocyte%subsets%via%CCR2%(141).%During%times%of%inflammation,%the%phenotype%and%

abundance% of% resident%macrophages% has% not% been% shown% to% change.% They% tend% to%
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maintain% function%by%producing%high% levels% of% IL10%and% remain%hyporesponsive% to%

TLR% stimulation.% Inflammation% within% the% colon% however,% is% partly% mediated% via%

recruited% Ly6Chigh% monocytes% that% are% able% to% differentiate% into% proQinflammatory%

macrophages% and% contribute% to% inflammation% within% the% colon.% The% increase% in%

Ly6Chigh% monocytes% within% the% colon% with% age% may% be% contributing% indirectly% to%

negative% consequences,% like% increased%paracellular%permeability,%within% the% gut.% In%

an% inflamed% gut,% Ly6Chigh% monocytes% have% shown% to% upregulate% TLR2% and% NOD2,%

which%make%them%more%susceptible%to%recognize%and%become%activated%by%bacterial%

products.% This% in% turn% skews% their% differentiation% pattern% and% promotes% proQ

inflammatory% effector% cells% in% models% of% acute% inflammation% (48).% Furthermore,%

other%studies%have%shown%that%reducing%the%abundance%of%Ly6Chigh%monocytes%within%

the%intestine%by%either%using%models%of%CCR2Q/Q%mice%or%by%administrating%antiQCCR2%

antibody,% results% in% the% reduction% of% susceptibility% towards% colitis% and% as% well,%

reduces% colonic% inflammation% as% measured% by% ILQ6% and% IL1b% (48,% 141).% Ly6Chigh%

monocytes% are% effectively% recruited% to% inflamed% tissues% within% the% intestine.%

Furthermore,%inflammation%has%been%shown%to%promote%the%differentiation%of%these%

monocytes% from% antiQinflammatory% macrophages% to% more% proQinflammatory%

dendritic%cells%(142).%In%models%of%IBD,%data%suggest%that%the%inflammation%mediated%

by%monocytes%are% the%key%contributors% to%colitis% following%DSS%treatment%(143).% In%

such%models,%monocyte%derived%lamina%propria%dendritic%cells%were%examined%as%the%

source%of%pathology.%Reconstitution%of%TNFQdeficient%monocytes%into%lamina%propria%

DC% depleted% mice% resulted% in% only% mild% pathology% upon% DSS% treatment% when%
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compared% to%wildtype%monocyte% recipients% (143).%Put% together,% these%data% suggest%

that%inflammation%can%promote%the%recruitment%of%Ly6Chigh%monocytes%and%influence%

their%differentiation%into%macrophages%as%well.%This%constant%recruitment%of%Ly6Chigh%

monocytes%and%expansion%of% intestinal%macrophages%during%an% inflamed%state%may%

lead%to%excessive%inflammation%and%intestinal%damage%as%well.%%

Intestinal% macrophages% are% geographical% positioned% to% mediate% the%

relationship%between%the%host%intestinal%epithelium%as%well%as%the%diverse%intestinal%

microbiome.%Within% this%particular% region,%macrophages%are% constantly% scavenging%

for%bacterial%products,%pathogens%and%other%foreign%particles%that%can%be%detrimental%

to% the% host.% Under% the% steady% state,% intestinal%macrophages% are% able% to% effectively%

remove% debris%without% provoking% excessive% inflammation% or% epithelial% disruption.%

However,% in% cases% of% chronic% inflammation,% as% seen% with% the% aging% process,%

differentiation% of% this% cell% type% can% be% disrupting,% leading% to% the% differentiation% of%

proQinflammatory%macrophages%within%this%region%(144).%Although%the%mechanisms%

behind%what%may%be%contributing%to%disruption%in%balance%between%homeostatic%and%

proQinflammatory%macrophages%within%the%colon%are%unclear,%we%have%proposed%that%

the%composition%of%the%aging%resident%microbiome%might%be%a%contributing%factor.%%%

% Within% the% large% intestine,% the% resident% microbiome% has% been% shown% to%

influence%the%homeostatic%function%of%macrophages.%Specifically,%IL10%production%by%

intestinal%macrophages%has%been%shown%to%be%largely%dependent%on%the%presence%of%

the%microbiome% (145).%Lamina%propria%macrophages% isolated% from%germQfree%mice%

have%been%shown%to%have%significant%reductions%in%the%production%of%IL10%compared%
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to% those% isolated% from% SPF% mice% (145).% Furthermore,% stimulation% of% these%

macrophages%from%GF%mice%with%LPS%resulted%in%an%increased%production%of%TNF%and%

ILQ6,% suggesting% that% the% LPS% hyporesponsiveness% seen% in% resident% lamina% propria%

macrophages%in%the%steady%state%is%partly%mediated%by%the%gut%microbiome.%Specific%

members%of% the%gut%microbiome% like%Bacteroides% fragilis,%have%also%been%shown% to%

play%a%role%in%mediating%the%adaptive%immune%system%within%the%gut%as%well%(145).%In%

particular,% polysaccharide%A% that% is% derived% from%B.% fragilis% is% able% to% promote% the%

development% of% IL10% Q% producing% T% regulatory% cells% (145,% 146).% Moreover,% the%

presence% of% the% microbiome% itself% is% necessary% for% the% efficient% recruitment% of%

Ly6Chigh%monocytes%within% the% colonic%mucosa.%This%has%been%shown% following% the%

depletion%of%the%microbiome%using%broad%spectrum%antibiotics%(46).%We%and%others%

have% also% shown% that% the% abundance% of% Ly6Chigh% monocytes% are% also% markedly%

reduced% within% the% colons% of% adult% germQfree% mice% (46).% This% suggests% that% the%

microbiome%influences%the%recruitment%of%Ly6Chigh%monocytes%within%the%colon%and%

can% also% determine% the% phenotype% and% function% of% the% differentiated%macrophages%

within%these%tissues.%%%

% In%models%of%IBD,%both%the%presence%and%the%composition%of%the%microbiome%

have% been% associated% with% the% onset% and% severity% of% disease.% GF% mice% have% been%

shown%to%be%more%resistant%to%the%development%of%colitis%upon%treatment%with%DSS%

(147).%Furthermore,%transfer%of%a%specific%microbiome%into%germQfree%mice%has%been%

able% to% recapitulate% the% disease% state% in% a% number% of% IBD% models.% For% example,%

colonization% of% GF%mice% with%microbiome% samples% isolated% from% ulcerative% colitis%
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patients%have%shown%to% increase%the%susceptibility% towards% intestinal% inflammation%

(147).% In% our% mouse% model% of% aging,% we% wanted% to% determine% whether% the% ageQ

associated% effects% seen% within% our% old% mice% were% in% part% mediated% by% the%

composition%of%the%aging%microbiome.%Thus,%we%have%utilized%gnotobiology%in%order%

to% determine% the% relationship% between% these% two.% Colonization% of% young% GF%mice%

with% the% old% microbiome% resulted% in% increased% systemic% levels% of% TNF,% increased%

intestinal%permeability%and%increased%recruitment%of%Ly6Chigh%monocytes%within%the%

blood% and% colon% when% compared% to% young% GF% mice% colonized% with% the% young%

microbiome.%This%reveals%that%regardless%of%the%age%of%the%mouse,%colonization%with%

the% aged% microbiome% is% sufficient% to% induce% some% of% the% ageQrelated% changes%

observed%within%our%old%mice.%We%are%suggesting%that%intestinal%microbial%dysbiosis%

occurring% with% age% contributes% to% the% chronic% inflammation% observed% within% old%

mice.% Systemic% inflammation,% as% discussed% in% the% previous% chapter,% has% been%

associated%with%decreased%barrier%integrity%in%a%number%of%studies.%This%increase%in%

paracellular%permeability%within% the%colon%may%be%resulting% in% the% translocation%of%

bacterial%products%into%circulation,%ultimately%feeding%back%to%the%cycle%of%increasing%

inflammation%with%age.%

Ultimately,% our%goal% is% to%determine%whether% the% change% in% the%microbiome%

with% age% has% a% physiological% relevance% in% old% mice.% Upon% infection% with% S.%

pneumoniae,% our% pilot% data% suggested% that% young% GF%mice% colonized%with% the% old%

microbiome%may%have%increases%in%the%total%bacterial%CFU%numbers%within%the%nasal%

wash.% However,% we% did% not% find% a% hyperQinflammatory% response% in% the% plasma% of%
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mice% colonized%with% the%old%microbiota.%This%experiment%needs% to%be% replicated% in%

order%to%fully%elucidate%the%role%of%the%aging%gut%microbiome%on%antiQpneumococcal%

immunity%in%the%elderly.%%%

The%old%gut%microbiome%contributes% to%ageQassociated% inflammation% in%aged%

mice.%Transferring%the%old%microbiota%composition%to%a%young%germQfree%mouse%was%

able%to%recapitulate%various%outcomes%observed%in%old%SPF%mice.%We%are%suggesting%

that% components% of% the% aging% gut% microbiome% may% be% contributing% to% increased%

paracellular%permeability%within%the%colons%of%old%mice.%This%in%turn%may%be%leading%

to%increased%systemic%inflammation%and%decreased%immune%function%with%age.%This%

work%provides%a%broad%understanding%of%how%the%composition%of%the%old%microbiome%

causes% immune% dysfunction% in% old% mice.% By% understanding% what% changes% occur%

within%old%mice%and%determining%the%effects%of%these%changes,%we%are%able%to%better%

target% aspects% that% can% be% modified% in% old% mice% and% promote% healthy% aging% and%

protection%against%infectious%diseases.%%%

%
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Chapter(5:(Combating(age>associated)
inflammatory+defects+in+old+mice+by+
targeting(the(pro>inflammatory+

cytokine,*TNF.-
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INTRODUCTION-
Tumor%necrosis%factor%(TNF)%is%a%multiQfunctional%proQinflammatory%cytokine%

that%is%produced%by%a%broad%range%of%cell%types%including%macrophages,%monocytes,%

and%endothelial%cells%(148).%Release%of%this%cytokine%in%response%to%an%injury%or%insult%

is% crucial% for% its% clearance% and% recovery% processes.% However,% chronic% exposure% to%

TNF,%as%occurs%with%age,%has%detrimental%effects%on%the%host,%including%gut%microbial%

dysbiosis% and% immunosenesence% (10,% 96,% 100).% Our% lab% has% previously% identified%

immune%dysfunctions%due%to%TNF%using%TNFQ/Q%mice%(58).%Specifically%we%have%shown%

changes% in% the% monocyte% and% macrophage% phenotype% and% function% in% old% TNFQ/Q%

mice.% Old% TNFQ/Q%mice% have% fewer% Ly6Chigh% monocytes% in% the% blood.% In% accordance%

with% this,% stimulation% of% whole% blood% from% old% WT% mice% with% LPS% for% 24% hours%

results%in%a%significant%increase%in%ILQ6%production.%However,%old%TNFQ/Q%mice%do%not%

show%these%changes.%Furthermore,%we%have%shown%that% the%deficiency%of%TNF%with%

age%contributes%to%improved%immunity%against%pneumococcal%colonization%(58).%%

In%this%chapter,%we%have%shown%that%that%aged%TNFQ/Q%mice%are%protected%from%

ageQassociated% inflammation% as% measured% by% systemic% levels% of% ILQ6.% We% also%

observed%a%lack%of%gut%microbial%dysbiosis%in%TNFQ/Q%mice%which%we%hypothesize%may%

contribute%to%protection%against%increases%in%paracellular%permeability%in%the%colon.%

Reduction% of% TNF% using% antiQTNF% in% old% mice% resulted% in% an% overall% decrease% in%

systemic% inflammation% and% reduced% the% degree% of% microbial% dysbiosis.%

Understanding%the%effects%of%elevated%TNF%levels%in%old%mice%will%allow%us%to%identify%
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and% target% components% of% the% inflammatory% cascade% that% ultimately% result% in%

immune%dysfunction%with%age.%

RESULTS-

TNF>/>-mice-are-protected-from-age>associated-inflammation,-barrier-defects-and-the-
degree-of-microbial-dysbiosis-with-age-
% In% order% to% investigate% the% role% of% TNF% in% ageQassociated% inflammation,% we%

examined%young%and%old%TNF%knockout%(TNFQ/Q)%mice,%which%are%inherently%deficient%

in%the%TNF%gene.%We%hypothesized%that%aged%TNFQ/Q%mice%would%be%protected%by%some%

of% the% defects,% caused% by% chronic% ageQassociated% inflammation,% as% a% result% of% their%

knockout% status.% Using% a% Luminex% ELISA% kit% (Millipore),% we% found% that% old% TNFQ/Q%

mice%have%significantly%lower%systemic%levels%of%ILQ6%(Figure%20).%This%is%presumably%

due%to%the%fact%that%ILQ6%functions%downstream%of%TNF%(149).%This%suggested%that%old%

TNFQ/Q% mice% do% not% experience% chronic% inflammation% and% thus,% we% sought% to%

investigate% whether% our% old% TNFQ/Q%mice% were% protected% from% the% ageQassociated%

defects%that%we%have%previously%identified.%
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%

Figure&20:&TNFW/W&mice&are&protected&from&
increases&in&systemic&levels&of&ILW6.&&
Circulating% levels% of% ILQ6% was% measured% in%
the% plasma% of% young% and% old% wildtype% and%
TNFQ/Q% mice% using% a% Luminex% assay.% Each%
sample% was% measured% in% duplicates.% Values%
are%the%mean%+/Q%SEM%of%samples%within%each%
category.% Statistical% significance% was%
determined% using% unpaired% tQtests% where%
appropriate% [n% =% 3Q% 13/group].% P<0.05% was%
considered%to%be%significant.%
%
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%
%

%

Figure&21:&16S&sequencing&of&the&gut&microbiome&from&young&and&old&WT&and&TNFW/W&mice&
reveals&differences&in&the&old&TNFW/W&microbiome.&
Bacterial% communities%were% analyzed% using% Qiime% software.% A)% Communities% clustered% using%
principal%coordinate%analyses%(PCoA)%of%the%BrayQCurtis%distance%matrix.%Each%point%represents%
one%sample%and% is%differentiated%by%color% to% indicate% the%group.%Plots% represent% the%microbial%
composition% as% indicated% by% the% βQdiversity% between% each% fecal% sample.% Communities% of% old%
TNFQ/Q%mice%clustered%closely%with%young%WT%mice.%[Green%=%young%WT,%Blue%=%old%WT,%Red%=%old%
TNFQ/Q,%Orange%=%young%TNFQ/Q.%B)%The%Firmicutes/Bacteroidetes%ratio%was%quantified%in%all% four%
groups.% C)% Average% taxa% summary% plot% of% all% samples% within% a% particular% group% (n% =% 5% to%
16/group).% The% bacterial% groups% are% labeled% according% to% phylum% and% then% specified% to% the%
highest%assigned%taxonomic%group.%The%height%of%the%bar%represents%the%relative%abundance%of%
the%associated%genus.%The%most%abundant%genera%are%labeled%on%the%group. 

%

In% the% previous% chapters,%we% have% extensively% characterized% the% role% of% the%

microbiome%in%contributing%to%ageQassociated%inflammation.%By%colonizing%germQfree%

mice%with%microbiota%derived%from%young%and%old%mice,%we%have%demonstrated%that%

the% old% microbiota% significantly% increases% systemic% inflammation% and% paracellular%

permeability.%In%order%to%determine%if%the%microbial%dysbiosis%that%we%observe%with%

age% is% a% result% of% immune% defects% attributable% to% ageQassociated% inflammation,%we%

compared%microbial%dysbiosis%in%young%and%old%TNFQ/Q%mice%to%that%of%young%and%old%

WT%mice.% If%microbial% dysbiosis% occurs% as% a% result% of% ageQassociated% inflammation,%

c)%
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then%the%old%TNFQ/Q%mice%should%not%experience%the%same%degree%of%dysbiosis%as%old%

SPF%mice.% If%age%related%microbial%dysbiosis% is% independent%of%TNF,% then%old%TNFQ/Q%

mice% should%have% the% same%degree%of%dysbiosis% as%old%WT%mice.%We%examined% the%

fecal% microbiome% composition% using% Illumina% sequencing% of% the% 16S% rRNA% gene.%

Examining% the% βQdiversity of% young% and% old% WT% and% TNFQ/Q% mice% using% Principle%

Coordinate% Analyses% Plots% under% the% BrayQCurtis% calculations% revealed% that,% wildQ

type%mice%clustered%distinctly%between%their%age%groups%(Figure%21A).%Furthermore,%

the%βQdiversity%of%old%TNFQ/Q%mice%clustered%closely%with%young%WT%mice.%%

% In% order% to% observe% these% characteristics% in%more% details,%we% examined% the%

microbial% community%using% taxa%summary%plots.%When%examining% the%composition%

of% the% microbiome% at% the% genus% level,% it% is% evident% that% although% the% general%

compositions% of% the% microbiome% in% old% WT% and% TNFQ/Q% mice% are% the% same,% the%

abundances%of%specific%bacterial%groups%change%(Figure%21C).%One%such%difference%is%

the%ratio%between%the%Firmicutes/Bacteroides%phylas.%We%have%observed%increases%in%

this%ratio%with%age%in%our%old%wildQtype%mice;%however,%the%ratio%of%these%two%phylas%

does%not%change%with%age%in%our%old%TNFQ/Q%mice%(Figure%21B).%%

% In% chapter% 3,% we% extensively% characterized% the% composition% of% the% old%

microbiota%and%identified%which%bacterial%groups%are%altered%with%age%(Table%1%and%

2).% Interestingly,% old% TNFQ/Q% mice% may% not% experience% some% of% these% age% related%

changes% in% the%microbial% composition.% Several%OTUs% representing%bacterial% groups%

that%are%increased%or%decreased%in%old%WT%mice,%but%not%old%TNFQ/Q%mice%are%tabulated%

in%Table%1%and%2.%Examples%of%bacterial%genera%that%were%decreased%with%age%in%the%
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WT%mice%but%unaffected%in%TNFQ/Q%mice%include%Akkermansia%and%Blautia%(Table%2).%

Furthermore,% the% old% WT% mouse% microbiome% had% a% significant% increase% in% OTUs%

belonging% to% the% Lactobacilli,% Clostridium,% Allobaculum,% Bifidobacterium,% and%

Oscillospira% groups% (Table%1).%TNFQ/Q%mice%did%not%have%ageQassociated% increases% in%

the% OTUs% representing% these% genera.% Therefore,% although% we% observe% ageQrelated%

microbial%changes%in%the%WT%microbiome,%our%data%suggests%that%old%TNFQ/Q%mice%do%

not% experience% the% same% degree% of% microbial% dysbiosis% when% compared% to% their%

young%TNFQ/Q%counterparts.%%%

In%this%chapter,%we%have%thus%far%shown%that%TNFQ/Q%mice%are%protected%from%

increases% in% systemic% inflammation% and% do% not% experience% ageQrelated% microbial%

dysbiosis.% Since% our% aged% TNFQ/Q%mice% are% protected% from% these% two% common% ageQ

associated%defects,%we%hypothesized% that% they%would%as%a% result%be%protected% from%

the%structural%changes%observed%in%the%gut%as%well.%Specifically,%if%microbial%dysbiosis%

drives% intestinal% permeability% than% old% TNFQ/Q% mice% should% be% protected% from%

intestinal% permeability% increases,% as% they% do% not% experience% the% same% degree% of%

microbial% dysbiosis% observed% in% old% WT% mice.% In% another% manner,% if% intestinal%

permeability% is% driven% by% systemic% inflammation,% then% aged% TNFQ/Q% mice% will% be%

protected%as%well.%In%order%to%test%these%hypotheses,%we%first%examined%whether%old%

TNFQ/Q% mice% experience% increase% intestinal% permeability.% After% examining% this,% we%

tested%the%effects%of%blocking%TNF%on%both%microbial%dysbiosis%and%barrier%integrity.%

Old%TNFQ/Q%mice%do%not%have%increased%paracellular%permeability%in%the%colon%(Figure%

22),%and%as%a%result,%there%was%no%detectable%MDP%within%circulation%(11).%
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% Figure&22:&Old&TNFW/W&mice&have&
significantly&reduced&paracellular&
permeability&in&the&colon&when&compared&
to&old&wildtype&mice.&
A%portion%of%the%distal%colon%was%removed%
from%the%mouse%and%mounted%on%an%Ussing%
chamber%in%order%to%study%intestinal%
permeability%changes%[n%=%4Q%11/group].%
Values%are%the%mean%+/Q%SEM%of%samples%
within%each%category.%Statistical%significance%
was%determined%using%multiple%tQtests%where%
appropriate.%P<0.05%was%considered%to%be%
significant.%

%%

With%a%reduction%in%microbial%dysbiosis%and%ageQassociated%inflammation,%we%

hypothesized% that% old% TNFQ/Q%mice% would% also% be% protected% from% the% phenotypic%

changes% observed% in% the% myeloid% cell% lineage% with% age.% Old% TNFQ/Q% mice% have% a%

significant% reduction% in% the% abundance% of% Ly6Chigh% monocytes% within% the% colon%

(Figure%23A).%Others%in%our%lab%have%shown%that%these%mice%are%also%protected%from%

an% increase% in% Ly6Chigh% monocytes% within% circulation% (58).% Interestingly,% fewer%

colonic% macrophages% were% found% in% mice% presumed% to% be% protected% from% gut%

microbial% dysbiosis% (ie.% young% and% old% TNFQ/Q% and% GF% mice)% (Figure% 23B).% Put%

together,%these%data%suggest%that%without%the%constant%exposure%to%TNF%throughout%

life,%old%TNFQ/Q%mice%are%protected%from%a%number%of%the%physiological,%immunological%

and%microbiome%changes%observed%in%aging%wildQtype%mice.%%%
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%

%

Figure&23:&Monocyte&and&macrophage&numbers&are&elevated&in&wildtype&mice.%
A)%Abundance%of%Ly6Chigh%monocytes%as%a%population%of%the%CD45%%population%was%determined%
using% flow% cytometry.% Ly6Chigh% monocytes% are% significantly% reduced% in% old% TNFKO% mice%
compared%to%their%old%WT%counterparts%within%the%colon.%Old%SPF%mice%(>18mo)%were%compared%
to% old% TNFKO%mice% (>18mo)% [n% =% 9Q10%mice/group].% B)% Colonic%macrophage% population%was%
quantified% in% young% and% old% wildtype,% TNFQ/Q% and% germQfree% mice% using% flow% cytometry.%
Macrophages% were% gated% in% the% live% cell% population% as% CD45+% CD3Q% CD11b+% SSClo%CD64+%cells.%
Values% are% the% mean% +/Q% SEM% of% samples% within% each% category.% Statistical% significance% was%
determined%using%unpaired%tQtests%where%appropriate.%*%indicates%p%<%.05.%%

Anti>TNF-therapy-helps-reduce-some-of-the-age>associated-changes-in-old-mice-
% We%next%investigated%whether%removing%systemic%TNF%by%administering%antiQ

TNF% therapy% to% our% young% and% old% mice% would% reduce% ageQassociated% microbial%

dysbiosis.%We%administered%the%antiQTNF%drug,%Adalimumab%(Humira)%or%an%isotype%

control% i.p.% to%young%and%old%mice%at% a% concentration%of%40ug/g.% Since%Humira% is% a%

human%monoclonal%antibody%that% functions% to%bind%to%TNF%and% inhibit% its% function,%

we%hypothesized%that%administering%this%drug%would%result%in%an%overall%decrease%in%

TNF% and% systemic% inflammation% in% old%mice.% Previous%work% in% our% laboratory% has%

shown% that% administration% of% Humira% to% old% mice% results% in% a% reduction% in% the%

circulating% levels%of%Ly6Chigh%monocytes% (58).%Furthermore,% the%number%of%Ly6Chigh%

monocytes%in%the%blood%was%reduced%with%Humira%treatment,%suggesting%that%fewer%
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monocytes% are% egressing% from% the% bone% marrow% in% response% to% reduced% TNF.%

Intracellular% staining% on% blood% monocytes% from% HumiraQtreated% old% mice% had%

reduced%production%of%TNF%and%ILQ6%in%comparison%to%isotypeQtreated%old%controls%as%

well%(58).%In%our%HumiraQtreated%old%mice,%we%found%a%decrease%in%the%plasma%levels%

of%TNF%(Figure%24A)%and%ILQ6%(Figure%24B),%suggesting%that%antiQTNF%therapy%was%not%

only%able%to%specifically%target%systemic%levels%of%TNF,%but%it%was%able%to%reduce%the%

overall%levels%of%inflammation%as%well.%%

In%order%to%determine%if%the%microbiome%composition%was%altered%in%old%mice%

treated%with%Humira,%fecal%pellets%were%collected%following%the%last%day%of%injections%

and%sequenced%using%Illumina%sequencing.%We%hypothesized%that%reducing%systemic%

inflammation% in% old% mice% would% shift% the% microbiome% composition% to% that% more%

similar%of%a%young%control%treated%mouse.%Without,%highly%elevated%levels%of%TNF,%we%

predicted% that% HumiraQtreated% old% mice% would% experience% reduced% microbial%

dysbiosis%within%the%gut.%%

%

%

%
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%

Figure& 24:& AntiWTNF& results& in& a& significant& reduction& of& systemic& inflammation& in& old&
mice.&
Young% (n=6)% and% old% (n=6)% mice% were% treated% with% antiQTNF% (Humira)% or% an% IgG% control%
intraperitoneally.%Plasma%A)%TNF%and%B)% ILQ6% levels%were%measured% following%drug% treatment%
using% a% Luminex% assay.% Statistical% significance% was% determined% using% multiple% t% test% where%
appropriate.%P%=%0.05%was%considered%significant.%%

%

Examining%the%taxa%summary%plots%indicates%these%changes%more%specifically%

(Figure%25A).%We%found%that%antiQTNF%therapy%was%able%to%reverse%some%of%the%key%

changes%observed% in%old%wildQtype%mice.% Specifically,% antiQTNF% therapy% in%old%mice%

resulted% in% increases% in% the% number% of% OTUs% representing% the% Bacteroides,%

Adlercreutzia,% Peptococcaceae,% Coriobacteriaceae% and% Subdoligranulum% groups% and%

decreases%in%the%number%of%OTUs%belonging%to%the%Roseburia%and%Anaerofustis%groups%

(Table% 1% and% 2).% Examining% the% βQdiversity% using% a% Principle% Coordinate% Analyses%

plot%revealed%that%although%HumiraQtreated%mice%did%not%cluster%closely%with%young%

controls,%they%did%have%a%microbial%composition%that%was%different%from%old%control%

mice% (Figure% 25B).% These% data% suggest% that% reducing% systemic% inflammation% by%
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administering% antiQTNF% therapy% does% change% the% composition% of% the% fecal%

microbiome.%%

%

%

Figure& 25:& Treatment&with& antiWTNF& alters&
the&fecal&microbiome&of&old&WT&mice.&%
Mice% were% injected% intraperitoneally% with% an%
IgG%control%or%antiQTNF%(Humira)%at%40ug/g%for%
a% period% of% 2.5% weeks.% Fecal% pellets% were%
collected% at% the% end% of% injections% from% young%
(<3mo)% and% old% (>18mo)% IgG% control% treated%
or% Humira% treated% mice% and% bacterial%
communities%were%examined%to%determine%the%
differences% between% groups.% A)% The% averaged%
taxa% summary% plots% of% all% the% samples%within%
the% particular% group% [n=3Q5/group].% The%
bacterial% groups% are% labeled% according% to% the%
highest%assigned%taxonomic%group.%The%height%
of%the%bar%represents%the%relative%abundance%of%
the% associated% genus% within% young% and% old%
mice.%Most%abundant%genera%are%labeled%on%the%
group.% B)% Communities% clustered% using%
Principal% coordinate% analyses% (PCoA)% of% the%
Bray% Curtis% distance% matrix.% Each% point%
represents%one%sample%and%is%differentiated%by%

a)%

b)%
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colour%to% indicate%their%group.%Plots%represent%
the%microbial%composition%as% indicated%by% the%
βQdiversity% between% each% fecal% pellet% sample.%
Green% =% Young% IgG% treated;% Blue% =% Old% IgG%
treated;%Orange%=%Young%Humira% treated;%Red%
=%Old%Humira%treated.%

Examining-whether-the-old-TNFKO-microbiome-is-protective-against-age>associated-
inflammation-
% Our%data% thus% far%has% suggested% that% the%old%microbiome% is% associated%with%

increased% ageQassociated% inflammation% and% decreased% in% gut% barrier% integrity.%

Furthermore,%we%have%shown%that%the%onset%of%these%changes%with%age%is%directly%or%

indirectly%mediated%by%the%elevated%levels%of%TNF%in%old%mice.%Furthermore,%old%TNFQ

/Q% mice% experienced% reduced% microbial% dysbiosis% with% age% in% comparison% to% their%

wildQtype% counterparts.% This% led% us% to% hypothesize% that% the% reduction% in%microbial%

dysbiosis% in% old% TNFQ/Q%mice%may% help% prevent% some% of% the% negative% changes% seen%

with%age%(ie.% increased%systemic%inflammation,%decreased%barrier%integrity,%changes%

in%the%myeloid%cell%lineage).%%

In% order% to% test% this% hypothesis,% we% administered% the% old% wildQtype% or% old%

TNFQ/Q%fecal%microbiota%to%young%germQfree%mice%using%the%fecal%gavage%technique%(n%

=% 7Q8% mice/group).% Following% six% weeks% of% colonization,% we% did% not% observe% any%

changes%in%systemic%inflammation%as%measured%by%plasma%levels%of%TNF%(Figure%26A)%

or%ILQ6%(Figure%26B).%%

%
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% %
Figure&26:&Colonized&young&germWfree&mice&with&the&old&TNFW/W&mouse&microbiome&does&not&
result&in&reduced&systemic&inflammation.&
Young%germQfree%mice%were%colonized%with%either%the%old%wildtype%(OWT)%or%old%TNFQ/Q%(OTNFQ/Q)%
mouse% microbiome% (n% =% 8% mice/group)% via% the% fecal% gavage% method.% Following% six% weeks% of%
colonization,% systemic% inflammation% was% measured% using% a% Luminex% assay.% No% differences% in%
plasma%levels%of%A)%TNF%or%B)%ILQ6%were%observed.%Statistical%significance%was%determined%using%
unpaired%tQtests%where%appropriate.%%

%

Furthermore,% when% we% examined% changes% in% permeability% throughout% the%

entire%intestinal%tract,%we%did%not%observe%any%changes%in%permeability%between%the%

young% germQfree% mice% colonized% with% the% old% wildtype% or% old% TNFQ/Q% microbiota%

(Figure%27A).%No%difference% in%paracellular%permeability%was%observed%in%the%colon%

as%well%(Figure%27B).%Finally,%examining%the%myeloid%cells%present%in%these%colonized%

germQfree% revealed% that% colonized% with% the% old% TNFQ/Q% microbiome% resulted% in% a%

significant% reduction% of% Ly6Chigh% monocytes% in% the% colon% of% young% germQfree%mice%

(Figure%28A).%However,%we%did%not%observe%an%overall%systemic%reduction%of%Ly6Chigh%

monocytes%in%the%blood%(Figure%28B).%This%preliminary%data%suggests%that%although%

the%composition%of%the%old%TNFQ/Q%microbiome%appears%to%reduce%the%recruitment%of%
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Ly6Chigh%monocytes%to%the%gut,%it%is%not%sufficient%to%completely%reverse%the%outcomes%

of%ageQassociated%inflammation.%%

% %
Figure&27:&Colonization&of&young&germWfree&mice&with& the&old&TNFW/W&mouse&microbiome&
does&not&result&in&improved&barrier&integrity.&
Young% germQfree% mice% were% colonized% with% either% the% old% wildtype% or% old% TNFQ/Q% mouse%
microbiome%(n%=%8%mice/group)%via%the%fecal%gavage%method.%No%differences%were%observed%in%A)%
overall% intestinal% permeability% using% the% FITCQdextran% gavage% and% in% the% B)% paracellular%
permeability% in% the%colon.%For%FITCQdextran%gavages,%mice%were% fasted% for% four%hours%prior% to%
oral% gavage%with% FITCQdextran% at% a% concentration% of% 80%mg/mL.% Four% hours% after% the% gavage,%
mice%were%bled%and%the%mean%fluorescence%was%quantified%in%whole%blood.%For%Ussing%chamber%
studies,%a%portion%of%the%distal%colon%was%removed%from%the%mouse%and%mounted%on%the%chamber%
in% order% to% study% permeability% changes% within% the% colon.% Values% are% the% mean% +/Q% SEM% of%
samples% within% each% category.% Statistical% significance% was% determined% using% unpaired% tQtests%
where%appropriate.%

%
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% %
Figure&28:&Ly6Chigh&monocytes&are&significantly&reduced&in&the&colon&of&young&germWfree&
mice&colonized&with&the&old&TNFW/W&mouse&microbiome,&but&not&within&the&blood.&
Young% germQfree% mice% were% colonized% with% either% the% old% wildtype% or% old% TNFQ/Q% mouse%
microbiome% (n% =% 8% mice/group)% via% the% fecal% gavage% method.% Following% six% weeks% of%
colonization,% the% abundance% of% Ly6Chigh%monocytes%was% quantified% using% flow% cytometry.% The%
Ly6Chigh%monocyte%population%was%significantly%reduced%in%the%A)%colon%but%B)%not%in%the%blood.%
Ly6Chigh%monocytes%were% gated% in% the% live% cell% population% as% CD45+% CD3Q% CD11b+% SSClo%CD64Q%
Ly6C+high% cells.% Values% are% the% mean% +/Q% SEM% of% samples% within% each% category.% Statistical%
significance%was%determined%using%multiple% tQtests%where%appropriate.%P<0.05%was%considered%
to%be%significant.%%

DISCUSSION--
% Although%originally%known%for%it’s%ability%to%induce%cytotoxicity%and%necrosis%

in%tumors,%TNF%is%now%known%to%be%a%pleiotropic%cytokine%(148,%150).%This%is%because%

of% its% diverse% inflammatory% roles% in% infection,% injury,% and% cancer% (148).% In% many%

models% of% disease,% ablation% of% TNF% or% TNF% signalling% has% been% shown% to% improve%

outcomes.%For%example,%reducing%the%systemic%levels%of%TNF%using%antiQTNF%therapy%

has% shown% to% slow% down% disease% progression% and% reduce% pathology% in% cases% of%

inflammatory%bowel%diseases%(IBD),%rheumatoid%arthritis%and%ankylosing%spondylitis%

(151).%We%and%others%have%observed%that%the%elderly%experience%lowQgrade%chronic%
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inflammation%which% is% characterized% by% increased% levels% of% systemic% TNF% (11,% 71,%

152).%%

% The% major% findings% outlined% in% this% chapter% were% that% old% TNFQ/Q% mice% are%

protected%from%systemic%increases%in%ILQ6,%decrease%in%the%colonic%barrier%integrity,%

and% as% well,% have% reduced% recruitment% of% Ly6Chigh% monocytes% in% the% colon.%

Furthermore,% antiQTNF% therapy% administration% speaks% to% the% reversibility% of% these%

changes% in% old.% The% conclusion% from% these% studies% was% that% increases% in% TNF%

contribute%to%ageQassociated%changes%observed%in%old%mice.%%

Changes%to%the%composition%of%the%gut%microbiome%have%been%associated%with%

increased% TNF% levels% and% increased% intestinal% permeability% (153).% For% example,% in%

obesity% studies,% mice% that% were% fed% a% high% fat% diet% had% decreased% transepithelial%

resistance% and% expression% of% tight% junction% proteins,% in% addition% to% increased%

expression%TNF%mRNA%in%the%colon%(153).%This%inflammatory%intestinal%environment%

was% associated% with% specific% gut% microbiome% changes% as% well.% In% particular,% a%

negative% correlation% between% gut% integrity% and% Lactobacillus% abundance,% and% a%

positive% correlation%between%gut% integrity% and%Oscillibacter%was%observed% in%obese%

mice%(153).%Key%changes% in% the%microbiota%have%also%been% identified% in%other%TNFQ%

mediated% inflammatory% conditions.% Specifically,% in% rheumatoid% arthritis% (RA)%

patients,%microbiome%studies%have%revealed%alterations%in%bacteria%belonging%to%the%

Lactobacillus%communities%and%have%elevated% levels%of%Prevotella,% a%bacteria% that% is%

often%associated%with% inflammatory%conditions% (154).%These%studies%have%begun% to%
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identify% the% specific% microbiome% changes% occurring% in% the% gut% in% response% to% the%

chronic%exposure%to%TNF.%%

Our TNF-/- mice are protected from increases in paracellular permeability within 

their colons. The role of TNF in modulating intestinal epithelial barrier function has been 

studied extensively in the past (155–159). Intestinal inflammation leads to the increased 

recruitment of immune cells in the gut. These immune cells produce extensive amounts of 

pro-inflammatory cytokines including TNF, IL-6 and INF-y (157). Increased expression 

of these cytokines in the gut can lead to re-modelling of the apical junctional complex, 

comprised of tight junctions and adherens (157). Disruption of the gut barrier integrity by 

the influx of cytokines is proposed to occur independently of apoptosis (157). In vitro 

studies completed in Caco-2 intestinal epithelial monolayers have shown that treatment 

with TNF for 24 hours resulted in reduced transepithelial resistance and increased 

paracellular permeability (159). TNF treatment also resulted in the reduced expression of 

the tight junction protein occludin (159). Therefore, the general consensus is that TNF 

modulates the intestinal gut barrier by remodelling tight junction proteins during times of 

inflammation. Although the mechanism behind has not been fully elucidated, the current 

understanding is that TNF causes in increase in the myosin light chain kinase (MLCK) 

protein expression (156, 160). This increase has been correlated to reducing tight junction 

permeability in in vitro models. Furthermore, this process is regulated by the activation of 

the NFQκB% pathway,% as% inhibition% of% this% pathway% prevented% the% increased%

transcription%of%MLCK%by%TNF%and%ultimately%reversed%the%changes%in%permeability%

as% well% (156).% Clinical% studies% examining% the% effect% of% TNF% on% inducing% barrier%
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integrity%changes%have%further%supported%the%in%vitro%data.%Specifically,%in%models%of%

IBD,% antiQTNF% therapy% has% been% shown% to% reduce% intestinal% inflammation% and%

permeability%as%well%(156).%In%fact,%concentrations%between%1Q10ng/ml%in%humans%is%

sufficient%to%cause%an%increase%in%intestinal%tight%junction%permeability%(156,%161).%%%%%

% The%increased%concentration%of%TNF%observed%in%old%mice%has%been%linked%to%

immunosenesence% in%our% laboratory.%We%have%previously% shown% that%old%mice%are%

impaired% in% their% ability% to% clear% S.% pneumoniae% colonization% from% the% nasal% tract%

effectively%(57,%96).%Interestingly,%colonization%of%old%TNFQ/Q%mice%with%S.%pneumoniae%

resulted%in%significantly%fewer%CFUs%within%the%nasal%wash%in%comparison%to%their%old%

wildQtype%counterparts% (96).%We%have%suggested% that% the%elevated% levels%of%TNF% in%

old%mice% impair%monocyte%development% and%ultimately% result% in% reduced%bacterial%

clearance.%TNF%has%the%ability% to%regulate% inflammatory%responses%as% it%can% initiate%

acute% inflammation% upon% identifying% a% pathogen% and% is% also% able% to% aid% in% the%

recovery% process% (150).% Because% of% it’s% multiQfunctional% roles,% excessive%

inflammation%measured% by% the% levels% of% systemic% TNF% can% alter% the% balance% of% its%

functions%and%lead%to%immune%dysfunction,%as%seen%in%the%elderly.%%

In%models%of% atherosclerosis,% high% levels% of%plasma%TNF% in% the% elderly%were%

positively% correlated%with% the% development% of% atherosclerosis% (104).% Interestingly,%

when% the% elderly% cohort% from% this% study% was% divided% into% two% groups% based% on%

whether%they%were%TNFQlow%or%TNFQhigh,% it%was%observed%that%individuals%who%fell%

in% the% TNFQhigh% category% had% an% even% greater% risk% of% developing% disease% (104).%

Finally,%reducing%inflammation%via%the%use%of%TNF%knockout%mice%or%with%the%use%of%
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antiQTNF%therapy%results%in%improved%tumor%immunotherapy%responses%in%aged%mice%

(162).%Administering% tumor% immunotherapy% to%old%wildQtype%mice%often% results% in%

lethal% toxicities% and% tissue% pathology.% It% is% hypothesized% that% the% increased%

inflammation%in%old%mice%causes%excessive%inflammatory%responses%to%the%treatment,%

ultimately% resulting% in% even% worse% outcomes% in% these% mice.% This% was% further%

supported% by% that% fact% that% depletion% of% macrophages% prior% to% administering% the%

treatment% resulted% in% improved%outcomes.%Put% together,%when%aged%TNF%knockout%

mice% or% antiQTNF% therapy%was% used,% increased% longevity% and% decreased% pathology%

was%observed%(162).%

% To% summarize,% our% data% suggests% that% much% of% the% ageQassociated%

changes% observed% in% old% mice% are% modulated% by% the% lifelong% exposure% to% TNF.%

Moving%forward,%it%would%be%beneficial%to%examine%ways%to%reduce%systemic%levels%of%

TNF%in%the%elderly.%This%may%be%an%effective%strategy%towards%decelerating%the%onset%

of% gut%microbial% dysbiosis% and% limit% structural% damages% in% order% to% help% promote%

health%aging%in%these%individuals.%%%
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% Immunosenescence% renders% the% elderly% population% at% a% higher% risk% of%

experiencing% infections%and%ageQrelated%diseases.%Although%the%mechanisms%behind%

immunosenescence% have% not% been% completely% characterized,% others% and% we% have%

proposed% that% changes% in% the% gut%microbiome% composition%with% age% contribute% to%

changes% in% gut% physiology% and% ultimately% impact% the% host’s% immune% responses.% In%

Chapter% 3% of% this% thesis,% we% have% attempted% to% characterize% the% physiological,%

immunological% and%microbiome% changes% occurring% in% young% and% old% SPF%mice.% By%

doing%so,%we%were%first%able%to%identify%the%key%differences%found%with%age.%Then,%in%

Chapter% 4,% we% focused% on% determining% what% component% of% the% aging% process%

contributes% to% immune%dysfunction%observed% in%old%mice.%Specifically,%we%aimed%to%

determine% whether% it% was% the% age% of% the% mouse,% or% the% composition% of% the%

microbiome%that%led%to%these%changes.%Finally,%in%Chapter%5,%we%narrowed%down%the%

component%of%that%drives%ageQassociated%inflammation.%We%found%that%TNF%is%a%major%

contributing%factor%to%ageQassociated%inflammation%in%old%mice.%The%ultimate%goal%of%

this%thesis%was%to%determine%the%casual%relationship%between%gut%microbial%dysbiosis%

and%immune%dysfunction%in%old%mice.%%

The-cycle-of-inflamm>aging-in-old-mice-
One% of% the% biggest% challenges% in% studying% inflammation% in% old% mice% is%

determining% its%etiology.%Although%we%are%aware%that%such%changes%occur%with%age,%

we%are%unclear%about%what%the%root%cause%of%this%inflammation%is.%We%have%suggested%

that% changes% in% the% gut% microbiome% can% result% in% immune% dysfunction% with% age.%

However,% immune%dysfunction% in% the% elderly% is% a% cumulative% effect% of% increases% in%
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systemic% inflammation,% changes% in% intestinal% permeability% and% phenotypic% and%

functional%changes%in%the%myeloid%cells.%These%changes%ultimately%contribute%back%to%

causing% even% more% inflammation% in% the% elderly.% Eventually,% this% becomes% a%

downward%spiraling%phenomenon%that%continues%to%progress%with%age.%As%a%result,%it%

is% difficult% to% determine%which% change% in% the% elderly% begins% this% vicious% cycle% that%

results%in%inflammQaging%in%old%mice.%%%%

We%have%suggested%that%changes%in%the%gut%microbiome%are%one%of%the%first%steps%

to% starting% this% cycle.%Data% supporting% this% is% seen% in% the% analysis% of% our% naïve% old%

germQfree%mice.%Without%the%burden%of%the%old%microbiome,%we%found%that%old%germQ

free%mice%did%not%experience%increased%systemic%inflammation,%decreased%intestinal%

barrier% integrity% and% as%well% do%not% show% changes% in% the%myeloid% cell% populations%

within%the%bone%marrow,%blood%and%colon.%Furthermore,%when%young%germQfree%mice%

are%colonized%with%the%old%microbiota,%we%observed%changes%that%were%similar%to%that%

seen% in% old% SPF%mice.% In% particular,% they% have% increased% circulating% levels% of% TNF,%

have% increased% paracellular% permeability%within% their% colons% and% as%well,% have% an%

increase%in%the%number%of%Ly6Chigh%monocytes%within%circulation%and%in%their%colon.%

Therefore,%although%these%recipient%germQfree%mice%were%not%aged,%we%were%able%to%

begin% the% cycle% resulting% in% inflammQaging% by% simply% providing% them% with% the%

composition%of%the%old%gut%microbiome.%%

Impact-of-gut-microbiome-on-health-in-the-elderly-
& The%presence%of%the%gut%microbiome%has%long%been%implicated%in%the%health%of%

individuals.% In% fact,% in%1989,%Dr.%Strachan%invented%the%“hygiene%hypothesis,”%which%
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he% described% as% the% increase% in% the% incidence% of% allergic% diseases% as% a% result% of% a%

decrease%in%the%number%of%infections%experienced%throughout%childhood%(163).%This%

concept% has% now% been% broadened% to% suggest% that% early% microbial% exposure% is%

important% in% shaping% robust% immune% responses% and% preventing% allergic% and% skin%

atopic%diseases.%The%hygiene%hypothesis%further%suggests%that%the%early%exposure%to%

bacteria% and% endotoxins% can% help% prime% the% gut% microbiome% to% later% help% fight%

infectious%diseases.%For%example,% it%has%been%shown%that%probiotics%(typically%made%

of% lactic%acid%producing%bacteria% like%Lactobacillus%and%Bifidobacterium)%are%able% to%

prime% the% intestinal%microbiome% to%maintain% a% healthy% state% and% promote% barrier%

integrity.% This% contributes% to% protection% against% atopic,% allergic% and% infectious%

diseases%(163).%%%

& Exposure% to% bacteria% during% early% life% is% important% in% maintaining% health.%

However,% changes% to% the%microbiome%during% the% later% stages%of% life,% as% seen% in% the%

elderly,% can% have% detrimental% effects% on% health% as% well.% The% data% presented% in%

Chapter% 3% provides% evidence% for% changes% in% the% gut%microbiome% composition%with%

age.%Examining%the%betaQdiversity%of%young%and%old%mice%reveal%that%old%mice%cluster%

distinctly%on%a%PCoA%plot%when%compared%to%their%young%SPF%controls.%Furthermore,%

examining%the%bacterial%changes%at%the%genus%level%reveal%specific%changes%that%may%

be%contributing%to%the%increased%inflammation%observed%with%age.%Then%in%Chapter%4,%

we%were% able% to% show% that% the% composition% of% the% old%microbiome% is% sufficient% to%

induce%systemic%inflammation,%decreases%in%intestinal%barrier%integrity%and%changes%

in% the%phenotype%of%myeloid%cells.%Put% together,%all%of% these%changes%occurring%as%a%
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result% of% gut% microbial% dysbiosis% with% age% may% be% ultimately% contributing% to%

immunosenescence%in%the%elderly.%%

% Proof% of% concept% studies% have% shown% that%manipulating% the% composition% of%

the% microbiome% can% exacerbate% disease% conditions% in% certain% states% or% work% as% a%

therapeutic%(164).%For%example,%studies%examining%the%link%between%obesity%and%the%

microbiome%have%shown%that%humanized%germQfree%mice%that%received%a%microbiome%

composition% from% obese% individuals% resulted% in% increased% adiposity% (165).% In%

contrast,% several% studies% have% also% shown% that% treatment% of% gastrointestinal%

abnormalities% or% Clostridium% difficile% infections% can% be% substantially% improved% by%

administering% probiotics% or% by% completing% fecal% transplantations% (164).% These%

studies% show% that% strategically% manipulating% the% microbiome% can% function% as% a%

therapeutic%in%diseased%states.%

As%we% age% and% develop% from% infancy% into% old% age,% so% does% our%microbiome%

(166).%Although%several%studies%have%characterized%the%gut%microbiome%throughout%

childhood,%particularly%because%of% its%role% in%developing%robust% immune%responses,%

very%few%have%examined%in%detail%the%changes%that%occur%with%age.%The%changes%to%the%

composition%of%our%gut%microbiome%can%alter%host% immune%responses,%affecting%the%

health% and% longevity% of% the% elderly.% In% general,% the% gut% microbiome% of% elderly%

individuals% is% characterized% with% reduced% diversity% and% stability% (167).% However,%

with%regards%the%specific%changes,%a%lot%of%variability%is%observed.%A%number%of%factors%

such% as% age,% nationality,% geographic% location% and% health% status% impact% the% specific%

microbial%changes%in%the%elderly.%Some%of%the%most%common%changes%observed%with%
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age%include%a%decrease%in%“protective”%bacteria%like%Faecalibacterium%prausnitzii%and%

bifidobacteria.%These%bacteria%are%known%to%have%antiQinflammatory%functions%in%the%

gut.%Decreased%abundance%of% these%groups%have%often%been%associated%with% frail%or%

hospitalized%elderly%(167).%However,%even%with%regards%to%these%changes,%variability%

has%been%observed%in%the%literature.%Other%changes%observed%with%age%are%the%general%

increase% in% facultative% anaerobes,% like% streptococci,% staphylococci,% enterococci,% and%

enterobacteria.% These% bacterial% groups,% commonly% referred% to% as% pathobionts,% are%

commonly%found%in%the%healthy%GI%tract%but%can%also%function%as%a%pathogen%during%a%

diseased%state%(167).%%%

Driving-force-of-gut-microbial-dysbiosis-with-age-
& In%chapter%4,%we%have%shown%a%causal%link%between%the%composition%of%the%old%

microbiome%and%some%of%the%pathophysiology%observed%with%age.%Colonizing%young%

germQfree% mice% with% the% old% microbiome% resulted% in% increased% systemic%

inflammation,% decreased% barrier% integrity% and% alterations% in% the% phenotype% of%

myeloid% cells% when% compared% to% young% germQfree%mice% colonized%with% the% young%

microbiome.% Since% the% age% of% these% mice% were% all% the% same,% the% main% difference%

between%the%two%groups%was%the%composition%of%the%microbiome.%Thus,%we%were%able%

to%conclude%that%the%composition%of%the%old%microbiome%is%sufficient%to%induce%these%

changes.%However,%we%did%not%study%what%factors%in%the%aged%mice%might%be%driving%

the% changes% in% the% gut% microbiome.% It% has% been% suggested% that% the% onset% of% gut%

microbial%dysbiosis%with%age%occurs%as%a%result%of% the%deterioration%of% the% immune%
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system% along% with% the% reduction% in% motility% in% the% gastrointestinal% tract.% These%

changes%result%in%the%loss%of%homeostasis%in%the%gut%microbiome.%%

% Briefly,% during% a% healthy% state,% homeostasis% is% maintained% within% the% gut%

microbiome% and% mechanisms% are% in% place% to% prevent% unnecessary% immune%

responses%against%the%host%microbiome.%In%particular,%the%microbiome%is%abundant%in%

the%upper%portion%of%the%mucus%layer%and%is%located%away%from%the%epithelial%surface%

to%avoid%interactions%with%the%immune%system%(168).%In%particular%enterocytes%play%a%

crucial% role% in% limiting% the% interactions% between% the% host% microbiome% and% the%

immune% system% by% producing% antiQmicrobial% peptides% and% mucin.% % As% a% result,%

inflammation% is% kept% at% a% minimum% and% the% environment% subsequently% promotes%

tolerance%signals,%further%promoting%an%antiQinflammatory%state%(90,%167).%However,%

during%an%inflamed%state,%as%seen%with%age,%reduced%production%of%IgA,%antiQmicrobial%

peptides%and%mucus%results%in%the%failure%in%maintaining%the%microbiome%away%from%

the%epithelial%surface%(167).%The%close%proximity%of%enterocytes%and%the%microbiome%

results% in% increased%activation%of% the% immune%system.%This%ultimately% results% in%an%

elevated% proQinflammatory% status% in% the% gut.% An% inflamed% state% then% promotes% the%

outgrowth%of%pathobionts,%which%contributes%to%microbial%dysbiosis%with%age%(167).%

Once%gut%microbial%dysbiosis%is%triggered%in%the%elderly,%it%initiates%a%number%

of% pathologies% observed% with% age.% We% found% that% the% composition% of% the% old%

microbiome% results% in% a% decrease% in% gut% barrier% integrity.% Decreases% in% barrier%

integrity% can%have%profound%effects%on% the%health%of%old%mice.% In% fact,% in%models%of%

aging%using%Drosophila,% loss%in%gut%integrity%has%been%shown%to%be%a%more%effective%
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predictor% of% mortality% than% age% itself% (169).% % % Furthermore,% recent% studies% have%

shown%that%changes% in%the%composition%of% the%gut%microbiome%can% lead%to% immune%

activation% and% can% dictate% the% changes% in% barrier% function% (170).% The% increase% in%

immune% activation% caused%by%microbial% dysbiosis% is% one% of% the%major% contributing%

factors% towards% decreased% barrier% function.% In% fact,% it% has% been% shown% that% the%

resulting%increase%in%the%expression%of%inflammatory%signaling%pathways%contributes%

to%increases%in%intestinal%permeability%and%accelerated%mortality%in%aged%Drosophila%

(170).%%

Targeting-TNF-as-a-potential-therapeutic--

% Increases% in% TNF% are% one% of% the% major% hallmarks% of% “inflammQaging.”%

Throughout% Chapters% 3% and% 4,% we% determined% that% old% mice% have% increased%

circulating%levels%of%TNF%and%this%increase%is%mainly%mediated%by%the%composition%of%

the%old%microbiome.%In%Chapter%5,%we%focused%specifically%on%determining%the%impact%

of%TNF%on%ageQassociated%inflammation.%We%found%that%the%key%myeloid%producers%of%

TNF,%monocytes%and%macrophages,%are%altered%with%age.%Specifically,%we%observed%an%

increase%in%the%Ly6Chigh%monocyte%population%in%the%bone%marrow,%blood%and%colon%

of% old% SPF% mice,% which% were% largely% driven% by% the% composition% of% the% aged%

microbiome.% This% was% supported% by% the% fact% that% old% germQfree% mice% did% not%

experience% these% changes.% Furthermore,% we% found% functional% differences% in% the%

colonic% macrophage% populations% of% old% SPF% mice.% Macrophages% isolated% from% old%

mice% constitutively% produce% increased% amounts% of% TNF% when% compared% to% those%

isolated%from%young%mice.%Moreover,%macrophages%isolated%from%old%mice%revealed%a%
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hyperQinflammatory% response% towards% stimulation%with% a%bacterial% product.%These%

data%suggest%that%changes%in%the%myeloid%cell%populations%with%age%contribute%to%the%

amount% of%TNF%produced% in% old%mice.% In% fact,% by% reducing% the% levels% of% circulating%

TNF%using%transgenic%mice%or%antiQTNF%therapy,%we%were%able%to%rescue%some%of%the%

pathologies% observed%with% age.% These% data% suggest% that% targeting% the% reduction% of%

TNF%may%be%one%avenue%to%help%promote%healthy%aging%in%the%elderly.%%

% Data% from% our% studies% and% others% have% shown% that% removing% TNF% is%

associated% with% reducing% inflammation% and% altering% the% composition% of% the% gut%

microbiome%(171).%As%a%result,% identifying% the%changes%occurring% in%a%TNFQ/Q%mouse%

microbiome% and% implementing% them% in% elderly% individuals% may% be% one% potential%

avenue%to%reducing%systemic%inflammation%with%age.%TNFQ/Q%mice%have%been%observed%

to% have% significantly% reduced% alpha% diversity% when% compared% to% their% wildtype%

counterparts%(171).%Furthermore,%similar%to%what%we%have%shown,%the%Firmicutes%to%

Bacteroidetes% ratio% is% elevated% in% wildtype% mice% in% comparison% to% TNFQ/Q% mice.%

Examining%microbial%changes%at%the%genus%level%reveal%that%TNFQ/Q%mice%tend%to%have%

an% increase% in%a%number%of%beneficial%bacteria% like%Ruminococcus,%Turicibacter,% and%

unclassified%Ruminococcus.%Our%aged%TNFQ/Q%mice%also%do%not%have%a%decrease%in%the%

number%of%OTUs%representing%the%Akkermansia%and%Blautia%genera%in%old%TNFQ/Q%mice.%

Another%potential%method%to%reduce%the%circulating%abundance%of%TNF%with%age,%is%by%

completing%regular%exercise.%In%the%recent%literature,%a%strong%link%has%been%formed%

between% diet% and% exercise% and% inflammation.% As% a% result,% this%may% be% a% potential%

route% to% explore% as% a% therapeutic% (172,% 173).% Put% together,% directly% or% indirectly%
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altering% the% aged% gut% microbiome% composition% to% reduce% intestinal% inflammation%

may%be%a%promising%strategy%to%reduce%ageQassociated%inflammation%and%potentially%

reverse%some%of%the%pathologies%observed%in%the%elderly.%

Limitations-in-using-a-mouse-model-of-aging-for-microbiome-studies--
% %We% have% utilized% a%mouse%model% to% study% the% changes% observed%with% age.%

Specifically,%we%have%utilized%young%(<3%months%old)%and%old%(>18%months%old)%SPF%

and% germQfree% mice.% Although% mouse% models% of% aging% are% effective% methods% for%

studying%human%aging,%there%are%still%drawbacks%that%must%be%addressed.%Especially%

when% examining% microbiome% changes% with% age,% it% is% important% to% minimize% the%

variability%between%subjects.%Ideally,%we%would%like%to%use%human%subjects%for%these%

studies%but%there%are%some%limitations%that%prevent%us%from%doing%so.%The%intraQ%and%

interindividual%heterogeneity%observed%in%humans%limits%the%interpretations%that%can%

be%made%about%changes%in%the%gut%microbiome%(164).%By%using%mice,%we%are%able%to%

control% for% factors% like% genetics,% diet% (enabling% is% to% minimize% changes% associated%

with%obesity),%residence,%social%interactions,%drug%administrations%and%gender.%Since%

many% studies% have% shown% that% changes% in% any% of% these% factors% can% impact% the%

composition%of%the%gut%microbiome,%it%is%important%to%keep%all%of%these%factors%stable%

so% that% we% can% solely% determine% the% impact% of% the% age% of% the% mouse% on% the%

composition% of% its% microbiome% (174–176).% Although% we% are% able% to% control% for% a%

number% of% these% variables,% there% are% still% some% differences% that% we% inevitability%

experience.% In% fact,% even%after% controlling% for%all%of% the%above%mentioned%variables,%
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variation% between% mice% can% result% from% interindividual% changes,% cage% effects% and%

genetics%(164).%%%%

In%order%to%determine%the%casual%effects%of%the%gut%microbiome%in%ageQassociated%

inflammation,% we% utilized% germQfree% mice.% GermQfree% mice% allow% us% to%

conventionalize% mice% with% a% unique% gut% microbiome% composition% and% determine%

casual%links%between%the%microbiome%and%health%outcomes%(164).%Although%there%are%

a%number%of%ways%to%complete%this,%including%at%birth%(by%transferring%embryos%into%a%

potential%recipient),%immediately%following%birth%(germQfree%pups%can%be%fostered%by%

another%mouse),%or%by%administering%bacteria%to%germQfree%mice%at%a%later%time%point%

(via% oral% gavage,% intrarectal% gavage% or% by% coQhousing)% (164).% We% have% chosen% to%

conventionalize%our%young%and%old%germQfree%mice%with%either%the%young%or%old%gut%

microbiota%using%the%coQhousing%method%to%prevent%inducing%stress%in%our%old%mice.%

With% this% method,% germQfree% mice% are% able% to% acquire% the% donor% microbiome% via%

coprophagy% or% by% grooming% themselves% or% their% littermates% (164).% In% order% to%

optimize% successful% microbiota% transfer% and% minimize% variation,% we% minimized%

handing% of% the%mice,% maximized% the% number% of% cages% used% (to% limit% cageQeffects),%

collected% fecal% samples% to% study% the%variations%of% the% gut%microbiome% composition%

throughout%colonization,%standardize%the%diet%and%housing%conditions%and%coQhouse%

germQfree%and%SPF%mice% for%an%extended%period%of% time%(164).%Although%germQfree%

mice%allow%us% to%study% the%direct%casual% relationship%between% the%microbiome%and%

changes%with% age,% there% are% still% flaws% that%must% be% addressed% as% germQfree%mice%

have% defects% in% the% development% of% gutQassociated% lymphoid% tissues,% and% have%
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defects% in% immune% responses% (164).% Furthermore,% although% these% mice% do% not%

contain%any%live%bacteria,%they%may%still%be%exposed%to%microbial%products%(from%their%

food% and% water% sources),% that% may% contribute% to% the% development% of% some% host%

responses% (164,% 177).% Therefore,% it% is% important% to% keep% these% limitations% in%mind%

when%extrapolating%these%results%into%a%human%population.%%%
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Concluding*Remarks*&
& The%purpose%of%the%work%presented%in%this%thesis%was%to%determine%the%effect%

of%gut%microbial%dysbiosis%on%immune%dysfunction%with%age.%We%have%demonstrated%

that% the% composition% of% the% gut% microbiome% contributed% to% increases% in% systemic%

inflammation,% intestinal% permeability% and% phenotypic% changes% in% the% myeloid% cell%

populations% with% age.% The% findings% from% this% study% are% crucial% to% identifying% the%

effects%of%ageQassociated%microbial%dysbiosis%on%immune%function%and%will%contribute%

to% unraveling% alternatives% to% protect% the% elderly% from% such% infections.% We% have%

suggested%two%major%interventions%to%improving%health%in%the%elderly.%This%includes%

either% directly% reducing% ageQassociated% inflammation% or% reversing% gut% microbial%

dysbiosis%to%indirectly%promote%health%in%the%elderly.%Future%directions%for%this%study%

could% involve% examining% whether% the% young% microbiome% is% protective% against%

infectious% diseases.% Although% we% briefly% studied% the% impact% of% the% microbiome%

composition% against% S.% pneumoniae% colonization,% this% needs% to% be% repeated% and%

studied% in% greater% detail.% These% studies% will% ultimately% indicate% whether% the%

microbiome%in%aged%mice%is%driving%the%immune%dysfunction%and%impaired%bacterial%

clearance% with% age. The% overQarching% goal% of% our% research% is% to% characterize% and%

identify%the%etiologies%of%ageQassociated%pathologies%in%the%elderly.%By%targeting%these%

changes,%we%can%help%promote%healthy%aging%and%longevity%in%the%elderly%population.%%

%

%
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Streptococcus pneumoniae Colonization Disrupts the Microbial
Community within the Upper Respiratory Tract of Aging Mice

Netusha Thevaranjan,a,b,c Fiona J. Whelan,d,e Alicja Puchta,a,b,c Eta Ashu,a,b,c Laura Rossi,d Michael G. Surette,c,d,e,f
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Canadab; Michael G. DeGroote Institute for Infectious Disease Research, McMaster University, Hamilton, Canadac; Farncombe Family Digestive Health Research Institute,
McMaster University, Hamilton, Canadad; Department of Biochemistry and Biomedical Sciences, McMaster University, Hamilton, Canadae; Department of Medicine,
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Nasopharyngeal colonization by the Gram-positive bacterium Streptococcus pneumoniae is a prerequisite for pneumonia and
invasive pneumococcal diseases. Colonization is asymptomatic, involving dynamic and complex interplay between commensals,
the host immune system, and environmental factors. The elderly are at an increased risk of developing pneumonia, which might
be due to changes in the respiratory microbiota that would impact bacterial colonization and persistence within this niche. We
hypothesized that the composition of the upper respiratory tract (URT) microbiota changes with age and subsequently can con-
tribute to sustained colonization and inefficient clearance of S. pneumoniae. To test this, we used a mouse model of pneumococ-
cal colonization to compare the composition of the URT microbiota in young, middle-aged, and old mice in the naive state and
during the course of colonization using nasal pharyngeal washes. Sequencing of variable region 3 (V3) of the 16S rRNA gene was
used to identify changes occurring with age and throughout the course of S. pneumoniae colonization. We discovered that age
affects the composition of the URT microbiota and that colonization with S. pneumoniae is more disruptive of preexisting com-
munities in older mice. We have further shown that host-pathogen interactions following S. pneumoniae colonization can im-
pact the populations of resident microbes, including Staphylococcus and Haemophilus. Together, our findings indicate altera-
tions to the URT microbiota could be detrimental to the elderly, resulting in increased colonization of S. pneumoniae and
decreased efficiency in its clearance.

Streptococcus pneumoniae colonizes the mucosal surfaces of the
upper respiratory tract (URT), which includes the nose, nasal

cavity, pharynx, and larynx (1). Although colonization within the
nasal passage often is asymptomatic, access to the airways can
result in pneumonia, with further dissemination causing invasive
pneumococcal disease (i.e., otitis media, bacteremia, and menin-
gitis) (1, 2). Previous studies analyzing the nasopharyngeal culture
of 1,704 samples, including children and adults from the same
population, revealed that 53% of children carried S. pneumoniae
within the nasopharyngeal tract as opposed to only 4 to 11% that
were adult carriers (3–5). Furthermore, S. pneumoniae carriage
rates positively correlate with age in young children and then be-
gin to drop in adults (3, 6, 7). These results have been confirmed in
epidemiological studies conducted in several locations around the
world (7–9).

Despite having significantly lower carriage rates than children
(3, 10), colonization within the upper respiratory tract of elderly
individuals often leads to the progression and development of
pneumonia and invasive pneumococcal disease (11–13). Pneu-
monia in particular affects elderly individuals approximately four
times more often than individuals under the age of 65 (14). The
elderly account for approximately 60% of the hospitalizations
caused by pneumococcal pneumonia in the United States (15).
Since colonization is a prerequisite for infection, the microbe-
microbe interactions that contribute to sustaining colonization or
promoting expansion must be further studied to understand dis-
ease progression in elderly patients.

Using Illumina sequencing of the 16S rRNA gene, we charac-
terized the URT microbiome in young (10 to 14 weeks), middle-
aged (12 to 14 months), and old (18 to 22 months) mice in the

naive state and throughout the course of nasopharyngeal coloni-
zation with Streptococcus pneumoniae. We show that the compo-
sition of the URT microbiome differs in the naive state between
young, middle-aged, and old mice. Old mice are unable to clear
bacterial colonization as effectively as their young counterparts.
We observed a number of interspecies interactions between S.
pneumoniae and the existing mouse microbiome (e.g., Staphylo-
coccus) that have been reported previously only in experimental
models (16–24). In particular, Streptococcus interacted competi-
tively with Staphylococcus and synergistically with Haemophilus.
This study begins to characterize how aging impacts bacterial col-
onization, which will ultimately explain the progression of upper
respiratory tract infections in the elderly.
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MATERIALS AND METHODS
Mice. C57BL/6 female mice were from The Jackson Laboratory and were
housed under specific-pathogen-free (SPF) conditions at the McMaster
Central Animal Facility. The animals were assigned to three groups: 10- to
14-week-old mice (young), 12- to 14-month-old mice (middle-aged), and
18- to 22-month-old mice (old) (n ! 72 total). Within each age group,
mice were sacrificed at various time points throughout pneumococcal
colonization (at day 0, 3, 14, and 21) in order to obtain nasopharyngeal
washes (25). Mice that reached the endpoint prematurely were found to
have bacteria in the lungs or spleens and were not used in this study. In
general, "5% of young mice and 20 to 25% of old mice were euthanized
prematurely (26). All procedures were performed in accordance with the
McMaster Animal Research Ethics Board guidelines.

Murine model of pneumococcal colonization and nasopharyngeal
wash preparation. Mice were colonized with 107 CFU of a clinical strain
of S. pneumoniae, P1547 (serotype 6A), obtained from Jeff Weiser (NYU
School of Medicine) as described previously (27, 28). The bacteria were
grown in tryptic soy broth medium (Life Technologies) at 37°C and 5%
CO2 until cultures reached log phase, with an optical density at 600 nm
(OD600) of between 0.45 and 0.55 (27). Anesthetized mice were eutha-
nized by exsanguination. The trachea was expanded and a small incision
was made 2 cm above the lungs. Briefly, 1-ml syringes containing 350 #l of
sterilized phosphate-buffered saline (PBS) attached to a 26-gauge needle
were connected to a 4-cm PE-20 polyethylene tube. The syringe was in-
serted into the trachea and tied off using a silk suture (Ethicon), and the
contents used to wash the nares were collected in 1.5-ml flat-top micro-
tubes (Diamed) (28). Nasal washes then were collected at day 0 (young,
n ! 5; middle-aged, n ! 4; old, n ! 7), 3 (young, n ! 6; middle-aged, n !
5; old, n ! 5), 14 (young, n ! 9; middle-aged, n ! 6; old, n ! 4), and 21
(young, n ! 4; middle-aged, n ! 3; old, n ! 4) after colonization with
Streptococcus pneumoniae as previously described (28).

PCR amplification of the 16S rRNA gene. DNA extraction and 16S
variable region 3 (V3) amplification were carried out as described in our
recent studies of human nasal swabs (8, 29). The primers were based on
the method described in Bartram et al., except the barcodes were incor-
porated into the forward primer (30).

Briefly, each PCR mixture contained the following in order to amplify
V3 of the 16S rRNA gene by PCR: 5 #l of 10$ buffer (Life Technologies),
1.5 #l of MgCl2 (50 mM) (Life Technologies), 1 #l of deoxynucleoside
triphosphate (dNTP) (10 mM) (Invitrogen), 2 #l of bovine serum albu-
min (BSA) (10 mg/ml made in pure water and irradiated for 30 min) (Life
Technologies), 5 #l of V3F primer (1 #M) (27), 5 #l of V3R primer (1
#M) (27), 0.5 #l of Taq polymerase (Life Technologies), and 200 ng of
DNA. The reaction then was run for 30 cycles (94°C for 2 min, 94°C for 30
s, 50°C for 30°C, 72°C for 30 s), with a final polymerization step at 72°C for
10 min (Eppendorf). The products were separated by electrophoresis in a
2% agarose gel and visualized under a UV transilluminator light, and the
products corresponding to the amplified V3 (%300 bp) were excised and
purified using standard gel extraction kits (Qiagen).

Illumina sequencing and processing. Samples were sent to the Mc-
Master DNA Sequencing Facility and sequenced using an Illumina MiSeq
per the manufacturer’s instructions. The completed run was demulti-
plexed with Illumina’s Casava software. The resulting sequenced data
were processed as previously described (8, 29). Briefly, Cutadapt was used
to trim the forward and reverse paired-end reads at the opposing primers
for input into PANDAseq for assembly (31, 32). Sequences were orga-
nized into operational taxonomic units (OTUs) with a clustering thresh-
old of 97% using AbundantOTU& (33). Single-sequence OTUs (single-
tons) were removed prior to all analyses using Quantitative Insights into
Microbial Ecology (QIIME) (34). All beta diversity plots were generated
in R using the Phyloseq package and taxonomic summaries (34). A total of
10,312,391 paired-end reads were observed from the sequencing data
(with a minimum of 1,193 reads and a maximum of 347,295 reads). This
gave an average of 132,210 counts per sample with a standard deviation of

77,464. These counts corresponded to 7,100 unique OTUs observed
within the samples.

Quantitative PCR. Real-time PCR (quantitative PCR [qPCR]) was
used to assess the total bacterial load and lytA abundance using a previ-
ously published protocol (8, 35). Briefly, levels of S. pneumoniae in the
nasal wash samples using GoTaq qPCR master mix (Promega, WI, USA)
and an ABI StepOnePlus (Applied Biosystems, CA, USA) according to the
manufacturer’s instructions. Forward and reverse primers used for 16S
rRNA were the following: 341Fwd, 5=-CCTACGGGAGGCAGCAG-3=;
518Rev, 5=-ATTACCGCGGCTGCTGG-3= (36). Forward and reverse
primers used to measure lytA were the following: Fwd, 5=-AGTACCAGT
TGCCGTCTGTG-3=; Rev, 5=-AAATGGGGCATTAGCCGTGA-3=. lytA
levels were found to accurately represent CFU, which were previously
quantitated and published (26).

Statistics. Unless otherwise mentioned in the figure legend, statistical
significance was determined by unpaired t tests (two-tailed) or a one-way
analysis of variance (ANOVA). Data were analyzed with Prism (version 6;
GraphPad). Statistical significance of groups by '-diversity (Bray-Curtis)
was determined using permutational ANOVA (PERMANOVA) in R phy-
loseq (37). This was calculated using the ADONIS function, which con-
ducts a permutational multivariate analysis of variance within the samples
using distance matrices. Statistical significance was defined as a P value of
0.05.

RESULTS
Upper respiratory microbial communities differ between
young, middle-aged, and old mice. The composition of the mi-
crobial community in nasopharyngeal washes from 10-week-old,
12-month-old, and 20-month-old naive mice were compared.
There was no detectable difference in total bacterial load between
age groups, as measured by qPCR of the 16S rRNA gene (246 (
106 pg in young mice, 168 ( 38 pg in middle-aged mice, and
379 ( 384 pg in old mice). In order to determine if the composi-
tion of the nasopharyngeal tract microbial community changed
with age, the '-diversity metric, calculated based on the Bray-
Curtis distance, was visualized using a principal coordinate anal-
ysis (PCoA) plot (Fig. 1A). Under Bray-Curtis calculations, the
samples are statistically different by age (P ! 0.04) (Fig. 1A; also
see Table S1 in the supplemental material).

Taxonomic summaries prior to colonization indicate that the
most abundant phyla are Firmicutes, Proteobacteria, Bacteroidetes,
and Actinobacteria (Fig. 1B). The Proteobacteria are present at a
relative abundance of 41.9% in young mice but only 27.9% in old
mice. In contrast, young mice contain a significantly lower abun-
dance of Bacteroidetes (9.7%) than old mice (19.5%). All three age
groups contain comparable levels of Firmicutes (young, 44.0%;
middle aged, 44.6%; old, 45.2%), and young and old mice had
comparable levels of Actinobacteria (young, 2.1%; middle aged,
7.2%; old, 4.1%).

Old mice do not effectively clear nasopharyngeal coloniza-
tion. We next determined whether old mice differed in their abil-
ity to clear pneumococcal colonization. Mice were intranasally
inoculated with Streptococcus pneumoniae and were monitored up
to 21 days (25). The pneumococcal autolysin gene lytA was mea-
sured by qPCR to quantitate the levels of S. pneumoniae present in
nasal wash samples over the course of the colonization (Fig. 2A).
As expected, lytA was not detectable at day 0. Peak levels of S.
pneumoniae occurred at day 3 postcolonization in young and mid-
dle-aged mice. Levels of S. pneumoniae decreased in young mice
by 14 days postcolonization, and most mice had levels of S. pneu-
moniae that were below the limit of detection by day 21, consistent
with their ability to clear pneumococcal colonization. In contrast,
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lytA levels peak around day 14 in old mice and persist through to
day 21 of colonization. At day 21, nasal washes from old mice have
considerably higher levels of S. pneumoniae than young mice.

Furthermore, the abundance of OTUs representing the strep-
tococci decreased to very low levels by day 21 in young mice (ap-
proximately 1.6% of OTUs). However, this was not seen in the
elderly mice. Unlike the young, the elderly mice had a high relative
abundance of streptococci at day 21 postcolonization (approxi-
mately 17.3% of OTUs) (Fig. 2B). It is important to note that
OTUs corresponding to the Streptococcus genus include all strep-
tococci and are not specific to S. pneumoniae. In fact, the OTUs
representing the streptococci include a wide array of species, and
some of the abundant OTUs assigned to this genus are phyloge-
netically similar to our bacterium of interest, S. pneumoniae (see
Fig. S1 in the supplemental material).

Nasopharynx microbial communities respond differently to
pneumococcal colonization with age. The microbial communi-
ties for the nasal wash samples at days 3, 14, and 21 postcoloniza-
tion were compared to baseline conditions (day 0) (Fig. 1A and 3).
Clustering of samples between the age groups was evident at days
3 and 21 postcolonization, suggesting that the microbial commu-
nities of mice within the same age group respond similarly to the
introduction of S. pneumoniae (Fig. 3A and C). Specifically, 3 days
postcolonization, the young, middle-aged, and old microbiota
cluster according to their specific age group as visualized using the
Bray-Curtis distance metric (Fig. 3A; also see Table S1 in the sup-
plemental material). By day 21, this clustering becomes more dis-
tinct between the three age groups, suggesting that the bacterial
communities present within young and old mice are distinctly
separate after 21 days of colonization (Fig. 3C; also see Fig. S1).

Taxonomic summaries of microbial communities within the
nasopharynx of these mice indicated that the proportion of the
four most abundant phyla, Proteobacteria, Firmicutes, Bacte-
roidetes, and Actinobacteria, changed during the course of pneu-
mococcal colonization (Fig. 3). Proteobacteria comprised the ma-

FIG 2 Old mice do not effectively clear nasopharyngeal colonization of S.
pneumoniae. S. pneumoniae clearance was examined within young, middle-
aged, and old mice using lytA expression (A) and the OTUs representing the
Streptococcus genus (B). lytA expression was measured in nasal wash samples of
these mice using quantitative PCR. All samples were normalized to the total
bacterial load, which was measured by 16S rRNA gene quantitative PCR. Rel-
ative abundances of Streptococcus in the nasal microbiome were calculated
from all OTUs associated with the Streptococcus genus within each sample.
Values are the means ! SEM of samples within each category. Statistical sig-
nificance was determined using multiple t tests where appropriate (n " 3 to
9/group). A P value of #0.05 was considered significant.

FIG 1 16S rRNA sequencing of nasopharyngeal washes from young, middle-aged, and old mice under naive conditions reveal significant differences within the
overall bacterial composition and specific phyla. Bacterial communities were examined under naive conditions to examine the differences between age groups.
(A) Communities clustered using principal coordinate analyses (PCoA) of the Bray-Curtis distance matrix. Each point represents one sample and is differentiated
by color to indicate the age of the mouse. Plots represent the microbial composition as indicated by the $-diversity between each nasal wash sample. Clustering
was observed between the young, middle-aged, and old mice before colonization was statistically significant by PERMANOVA. (B) The four most abundant
phyla present in young, middle-aged, and old mice under naive conditions were quantified within the young, middle-aged, and old samples prior to pneumo-
coccal colonization (young, 10 weeks old [10wo], n " 5; middle-aged, 12 months old [12mo], n " 4; old, 20 months old [20mo], n " 7). Values are the means !
standard errors of the means (SEM) of samples within each category. Statistical significance was determined using multiple t tests where appropriate (n " 3 to
9/group). A P value of #0.05 was considered significant. D0, day zero.
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FIG 3 During colonization, the microbial community changes with age. Principal coordinate analyses (PCoA) plots showing the similarity of the aging URT
microbiome postpneumococcal colonization as well as relative abundance plots of the four most abundant phyla were analyzed at day 3 (A), day 14 (B), and day
21 (C) postcolonization. !-Diversity measures were completed using Bray-Curtis calculations and visualized using PCoA. The age groups of the samples are
indicated by the designated color. The distance between each of the samples reflects how similar their microbiomes are to one another. Statistical analyses were
completed using PERMANOVA. The results are summarized in Table S1 in the supplemental material. The panels on the right represent the mean relative
abundances of each phyla within each sample " SEM of samples within each category. Statistical significance was determined using multiple t test where
appropriate (n # 3 to 9/group). P $ 0.05 was considered significant.
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jority of the nasal microbiota within young mice prior to
colonization (Fig. 1B), and this was relatively consistent across the
course of colonization (Fig. 3). In fact, immediately after coloni-
zation at day 3, the OTUs representing Proteobacteria increased
from about 40% to 72% relative abundance, and this was main-
tained throughout colonization until clearance at day 21 (Fig. 3A).
The relative abundances of Proteobacteria within young mice were
comparable at day 14 postcolonization (68%) and were slightly
elevated at day 21 (84.4%) (Fig. 3B). In contrast, although levels of
Proteobacteria were elevated in old mice at day 3 postcolonization
(74.7%), they continued to decrease throughout colonization,
comprising about 21.2% of OTUs by day 14 and only 13.6% by
day 21 (Fig. 3C). In fact, by day 21, old mice contained signifi-
cantly lower levels (P ! 0.0001) of OTUs representing the Proteo-
bacteria phylum compared to the levels present at day 3 (Fig. 3C;
also see Fig. S2 in the supplemental material).

It was evident that the abundant OTUs within the Firmicutes
phylum (which includes S. pneumoniae) were similar between all
three age groups at baseline (young, 44%; middle-aged, 44.6%; old,
45.2%) (Fig. 1B). However, within the day 3, 14, and 21 microbiota,
there was a decrease in relative abundance of OTUs within the Firmi-
cutes phylum in young mice (day 3, 15.7%; day 14, 19%; day 21,
8.8%) and an increase within the old mice (day 3, 14.3%; day 14,
38.7%; day 21, 64.3%) (Fig. 3C). In fact, by day 21, there is a
significantly greater abundance of OTUs (P ! 0.0001) represent-
ing Firmicutes within the old mice relative to the young and middle-
aged samples (see Fig. S2B in the supplemental material).

The abundance of bacterial groups within the URT is altered
throughout colonization. The presence of Streptococcus pneu-
moniae, Staphylococcus aureus, and Haemophilus influenzae in the
nasopharynx previously has been shown to influence subsequent
colonization (19). In particular, S. pneumoniae and S. aureus ap-
pear to have an antagonistic relationship, while S. pneumoniae and
H. influenzae demonstrate a synergistic relationship to promote
cocolonization within this microbial niche (17, 18, 20, 21). To
further investigate these interactions in a natural community, we
examined how existing populations of Staphylococcus and Haemo-
philus are altered following S. pneumoniae colonization. Prior to
colonization (day 0), there is a higher abundance of Staphylococcus
than Streptococcus within the URT. However, throughout coloni-
zation with S. pneumoniae, the abundance of OTUs representing
Staphylococcus appears to decrease as the abundance of Streptococ-

cus increases (Fig. 4A). This trend is particularly evident within the
middle-aged and old mice, as the abundance of Streptococcus
within their nasopharyngeal washes continues to increase
throughout colonization. In contrast, the interaction with Hae-
mophilus appeared to be synergistic, as the relative abundance of
Streptococcus throughout colonization was mirrored by the in-
creased abundance of Haemophilus (Fig. 4B). These results sup-
port previously published data indicating that colonization with S.
pneumoniae can greatly influence the survival and growth of the
existing residents within the environment.

Microbial communities do not return to their baseline com-
position following S. pneumoniae colonization. In order to fur-
ther examine the resolution phase of colonization, the microbiota
was examined at days 14 and 21. Taxon summary plots illustrate
that the introduction of S. pneumoniae alters the existing bacterial
composition, and these changes continue to progress throughout
colonization, as examined at the phylum level (see Fig. S3 in the
supplemental material) and even more specifically at the genus
level (Fig. 5). The microbial communities of mice colonized with
S. pneumoniae did not return to baseline composition, as the day
21 microbial communities contained differing abundances of bac-
terial groups compared to baseline conditions (Fig. 5A and C).
Young mice maintained high levels of Proteobacteria throughout
colonization with S. pneumoniae. Although the role of Proteobac-
teria within the URT still remains unclear, some studies have
shown its presence to be quite common within this niche (38).

Examining the mice following colonization with S. pneu-
moniae revealed similar results, as this introduction altered the
abundance of existing bacteria within the community (Tables 1 to
3). Indeed, the introduction of S. pneumoniae led to the reduction
of certain bacterial groups below the level of detection. The most
frequently observed genera showing considerable changes upon
colonization were examined in greater detail. These included
Streptococcus, Haemophilus, Staphylococcus, Clostridium, and
Escherichia. In young mice, Streptococcus OTUs appeared to in-
crease slightly until day 14 and then decreased by day 21 (Table 1).
The middle-aged and old mice contained a higher abundance of
Streptococcus OTUs that continued to increase until day 21 (Tables
2 and 3). There was a 2-fold increase in the Streptococcus OTU
abundance between day 3 and day 21 in the middle-aged mice and
an 11-fold increase in the old mice. Bacterial genera such as Hae-
mophilus tended to briefly increase throughout colonization in all

FIG 4 Staphylococcus decreases while Haemophilus increases in proportion to Streptococcus during nasopharyngeal colonization. Relative abundances of OTUs
representing Staphylococcus (A) or Haemophilus (B) in correlation to OTUs representing Streptococcus. Each data point within an age group represents the average
abundance within nasopharyngeal washes at day 0, 3, 14, or 21 postcolonization (n " 3 to 9/group). The age groups of the samples are indicated by color.
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FIG 5 Bacterial communities within the URT microbiome diverge significantly from precolonization levels. Shown is an averaged taxon summary plot of all
samples within a particular group (n ! 3 to 9/group). The bacterial groups are labeled according to phylum and then specified to the highest assigned taxonomic
group. The height of the bar represents the relative abundance of the associated genus within the day 0 (control) mice (A) and day 14 (B) and day 21 (C)
postcolonization mice. The most abundant genera are labeled on the group.
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three age groups, whereas Escherichia remained constant at low
levels postcolonization. Taken together, these data indicated that
even if the host is able to clear the pneumococcal infection, their
microbiota do not necessarily return to preinfection state, which
might ultimately determine future responses to secondary infec-
tions from resident or newly acquired infections.

DISCUSSION

Nasopharyngeal colonization is a prerequisite for pneumonia or
invasive pneumococcal disease (39). In young adults, colonization
is cleared within 3 to 6 weeks due to adequate immune control,

and the bacteria rarely translocate from the nasopharynx. As a
result, disease is rare (3). However, despite the low carriage rates in
the elderly (8, 40), Streptococcus pneumoniae is the most common
cause of pneumonia in this cohort (41–43). Furthermore, vacci-
nation of older adults does not reduce pneumonia and leads to
only a trivial reduction in invasive pneumococcal disease (44, 45).
Since S. pneumoniae colonization is influenced by the composi-
tion of the nasopharyngeal microbiome, we hypothesized that
age-related microbial dysbiosis influences the kinetics of pneumo-
coccal colonization.

Within the upper respiratory tract (URT), Streptococcus pneu-

TABLE 1 Genera most affected by S. pneumoniae within the young URT microbiomea

a Shown are the differences that occur compared to baseline conditions (day 0) in young mice within each genus. Regions
shaded in green indicate an increase from baseline conditions, while regions shaded in red indicate a decrease from baseline
conditions.

TABLE 2 Genera most affected by S. pneumoniae within the middle-aged URT microbiomea

a Shown are the differences that occur compared to baseline conditions (day 0) in middle-aged mice within each genus. Regions
shaded in green indicate an increase from baseline conditions, while regions shaded in red indicate a decrease from baseline
conditions.
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moniae can reside as an asymptomatic commensal or a pathogen,
resulting in invasive pneumococcal disease (46). As a result of this
dual role, a combination of factors within this microbial niche
determines how it behaves. Inter- and intraspecies competition
between S. pneumoniae and members of the upper respiratory
tract microbiome contribute to the ability of S. pneumoniae to
establish colonization, the ability of the host to mount a robust
antibacterial response, and the expression of virulence factors re-
quired to establish disease (47–51). For example, by sensing pep-
tides released by neighboring bacterial species, S. pneumoniae
stops replication, initiates a stress response (including the induc-
tion of competence), and becomes more adept at maintaining
pneumococcal colonization in mouse models (52). Many clinical
studies in children demonstrate that pneumococcal carriage is
positively associated with Haemophilus influenzae carriage but
negatively associated with the carriage of Staphylococcus aureus
(17, 23). Furthermore, adults who had more diverse nasal micro-
biota with a lower number of dominant species, such as Coryne-
bacterium, were more likely to be natural S. pneumoniae carriers
and more likely to become experimentally colonized by the pneu-
mococcus (53). Our previous study of nursing home elderly found
that the nasal microbiome had more diverse species and a lower
percentage of protective Corynebacterium (8), which mimics the
colonization-permissive phenotype of the previous study (53).
Thus, the composition of the URT microbiome in youth and
young adulthood contributes to the ability of S. pneumoniae to
establish colonization and, ultimately, infection.

A previous study examining the bacterial profiles of the adult
nostril and oropharynx niches in humans revealed a few dominant
phyla within each region. Specifically, the nostril bacteria were
comprised of Firmicutes and Actinobacteria, while the oropharynx
bacteria were comprised of Firmicutes, Proteobacteria, and Bacte-
roidetes (54–58). Despite the genus- and species-level differences
that exist between humans and mice, we observed similar charac-
teristics in our murine URT microbiome at the phylum level. Fur-
thermore, healthy adults are reported to have an inverse correla-

tion between Firmicutes and Actinobacteria within the nasal
microbiota (55). This trend was observed within our murine
model as well, further revealing the similarities within the two
communities.

It is well documented that the gut microbiota changes with age
(59–61), and it appears that this may correlate with changes in
health (60); however, there are fewer studies on how the airway
microbiota changes with age (8) and whether these changes influ-
ence the ability of S. pneumoniae to establish colonization. We
have shown that the microbial communities of the URT are sig-
nificantly different with age under steady-state conditions, consis-
tent with a previous report (62). Thus, we sought to further exam-
ine the impact of these differences within the old mice on their
ability to allow S. pneumoniae colonization and persistence. S.
pneumoniae colonization is reported to be influenced by the pres-
ence of its community members, including Haemophilus influen-
zae and Staphylococcus aureus. Since both of these genera are pres-
ent within the murine URT microbiome, this model allows us to
study the natural interactions between S. pneumoniae and the na-
sopharyngeal microbiota community members.

We examined the changes in the microbial community that
occur within the URT following colonization with S. pneumoniae,
at least some of which are due to immunosenescence. Antibacte-
rial immunity is impaired in the elderly due to complex changes in
innate and adaptive immunity called immunosenescence (63–65).
As an example, we have identified that age-related changes in
monocytes impair the nasopharyngeal clearance of S. pneumoniae
(26). Others have demonstrated that immunity in the lung is im-
paired because Toll-like receptor (TLR) expression and signaling
decreases with age, and this impairs macrophage responses to S.
pneumoniae (66). Similarly, the quality of the adaptive antipneu-
mococcal antibodies also have been demonstrated to decrease
with age, demonstrating that the adaptive immune response also
is impaired (67, 68). The extent to which immunosenescence im-
pairs the maintenance of commensal and microbial communities
is not known.

TABLE 3 Genera most affected by S. pneumoniae within the elderly URT microbiomea

a Shown are the differences that occur compared to baseline conditions (day 0) in old mice within each genus. Regions shaded in
green indicate an increase from baseline conditions, while regions shaded in red indicate a decrease from baseline conditions.
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In our mouse model, young mice were able to return to pre-
colonization levels of the streptococci. However, this was not mir-
rored in the middle-aged and old mice. PCoA plots reveal that
young, middle-aged, and old mice cluster within their own age
groups following colonization, as shown in a previous publication
(62). This trend becomes more distinct by day 21, suggesting that
the bacterial community present in each age group responds sim-
ilarly to colonization. Also, throughout colonization, old mice
have an increased abundance of OTUs representing the Firmicutes
phylum, which includes S. pneumoniae. Tolerance to commensal
bacteria is a key contributor in initiating an immune response
against pathogenic bacteria. It has been proposed that changes
occurring at the upper respiratory tract barrier within the elderly
result in the inability of commensal residents to differentiate be-
tween commensal and pathogenic species, ultimately resulting in
alterations within innate host defense mechanisms and ineffective
bacterial clearance with age (1). Specifically, inhibitors of the
NF-!B pathway have been shown to be elevated at the respiratory
epithelium in old mice. This increase might be inhibiting the ini-
tiation of proinflammatory signaling pathways during bacterial
infection and could result in either a more tolerogenic response or
a delayed immune response in old mice (1).

Host-pathogen interactions within the nasopharyngeal niche
can impact resident microbes. Our data recapitulate experimental
models of S. pneumoniae competition or cooperation with other
members of the microbiome. We observe that the streptococci
appeared to have a competitive interaction with resident Staphy-
lococcus and a synergistic relationship with Haemophilus, as has
been described previously (16–18, 21). It is proposed that the in-
verse relationship with Staphylococcus is a form of bacterial inter-
ference (16, 17, 19). It has been suggested that the hydrogen per-
oxide produced by S. pneumoniae inhibits a variety of competing
organisms in the aerobic environment of the URT, including
Staphylococcus (16, 17, 20). Contrary to S. pneumoniae’s interac-
tion with Staphylococcus, Haemophilus facilitates S. pneumoniae’s
survival, as shown in previous studies using nasopharyngeal sam-
ples of children between 0 and 35 months of age (23). Although
the exact mechanisms are unclear, it has been suggested that this
phenomenon is related to the downregulation of pneumococcal
autolysis and fratricide genes, as well as an increase in pneumo-
coccal biofilm formation (19, 23, 24). As a result, there is de-
creased production of pneumococcal cell wall hydrolase and a
subsequent decrease in pneumococcal lysis during the presence of
Haemophilus influenzae. Our observations suggest that the com-
position of the natural mouse microbiome influences the effec-
tiveness of experimental colonization. Whether this is a factor
contributing to differences in susceptibility between mouse
strains is not known.

This study examined how age may affect the composition of
the microbial community during S. pneumoniae colonization and,
in turn, how this phenomenon can play a role in either the clear-
ance or proliferation of a pathogenic species. The overall trends
from this study revealed that the elderly mice were not able to clear
S. pneumoniae as effectively as the young mice, as they maintained
high levels of bacteria even 21 days postcolonization. Character-
izing the URT and determining factors driving pneumococcal col-
onization are important, as pneumonia is a frequently occurring
and costly disease in the elderly. Using these data, we can under-
stand the relationship between the aging system and its impact on

bacterial colonization to help create alternatives to protect the
elderly from age-associated infections.
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JP, Bogaert D, Sanders EAM, Trzciński K. 2015. Carriage of Streptococ-
cus pneumoniae in aged adults with influenza-like-illness. PLoS One 10:
e0119875. http://dx.doi.org/10.1371/journal.pone.0119875.

12. Perez-Trallero E, Marimon JM, Larruskain J, Alonso M, Ercibengoa M.
2011. Antimicrobial susceptibilities and serotypes of Streptococcus pneu-
moniae isolates from elderly patients with pneumonia and acute exacer-
bation of chronic obstructive pulmonary disease. Antimicrob Agents Che-
mother 55:2729 –2734. http://dx.doi.org/10.1128/AAC.01546-10.

13. Stupka JE, Mortensen EM, Anzueto A, Restrepo MI. 2009. Community-
acquired pneumonia in elderly patients. Aging Health 5:763–774. http:
//dx.doi.org/10.2217/ahe.09.74.

14. Janssens J, Krause K. 2004. Pneumonia in the very old. Lancet Infect Dis
4:112–124. http://dx.doi.org/10.1016/S1473-3099(04)00931-4.

15. Wroe PC, Finkelstein JA, Ray GT, Linder JA, Johnson KM, Rifas-
Shiman S, Moore MR, Huang SS. 2012. Aging population and future
burden of pneumococcal pneumonia in the United States. J Infect Dis
205:1589 –1592. http://dx.doi.org/10.1093/infdis/jis240.

16. Bosch AATM, Biesbroek G, Trzcinski K, Sanders EAM, Bogaert D.
2013. Viral and bacterial interactions in the upper respiratory tract. PLoS
Pathog 9:e1003057. http://dx.doi.org/10.1371/journal.ppat.1003057.

17. Regev-Yochay G, Dagan R, Raz M, Carmeli Y, Shainberg B, Derazne E,
Rahav G, Rubinstein E. 2004. Association between carriage of Strepto-
coccus pneumoniae and Staphylococcus aureus in children. JAMA 292:
716 –720. http://dx.doi.org/10.1001/jama.292.6.716.

18. Margolis E, Yates A, Levin BR. 2010. The ecology of nasal colonization of
Streptococcus pneumoniae, Haemophilus influenzae and Staphylococcus au-
reus: the role of competition and interactions with host’s immune response.
BMC Microbiol 10:59. http://dx.doi.org/10.1186/1471-2180-10-59.

19. Shiri T, Nunes MC, Adrian PV, Van Niekerk N, Klugman KP, Madhi
SA. 2013. Interrelationship of Streptococcus pneumoniae, Haemophilus
influenzae and Staphylococcus aureus colonization within and between
pneumococcal-vaccine naïve mother-child dyads. BMC Infect Dis 13:483.
http://dx.doi.org/10.1186/1471-2334-13-483.

20. Regev-Yochay G, Trzcinski K, Thompson CM, Malley R, Lipsitch M.
2006. Interference between Streptococcus pneumoniae and Staphylococ-
cus aureus: in vitro hydrogen peroxide-mediated killing by Streptococcus
pneumoniae. J Bacteriol 188:4996 –5001. http://dx.doi.org/10.1128/JB
.00317-06.

21. Quintero B, Araque M, van der Gaast-de Jongh C, Escalona F, Correa
M, Morillo-Puente S, Vielma S, Hermans PWM. 2011. Epidemiology of
Streptococcus pneumoniae and Staphylococcus aureus colonization in
healthy Venezuelan children. Eur J Clin Microbiol Infect Dis 30:7–19.
http://dx.doi.org/10.1007/s10096-010-1044-6.

22. Murphy TF. 2006. Otitis media, bacterial colonization, and the smoking
parent. Clin Infect Dis 42:904 –906. http://dx.doi.org/10.1086/500942.

23. Chien YW, Vidal JE, Grijalva CG, Bozio C, Edwards KM, Williams JV,
Griffin MR, Verastegui H, Hartinger SM, Gil AI, Lanata CF, Klugman
KP. 2012. Density interactions between Streptococcus pneumoniae, Hae-
mophilus influenzae and Staphylococcus aureus in the nasopharynx of
young Peruvian children. Pediatr Infect Dis J 32:72–73.

24. Tikhomirova A, Kidd SP. 2013. Haemophilus influenzae and Streptococ-
cus pneumoniae: living together in a biofilm. Pathog Dis 69:114 –126.
http://dx.doi.org/10.1111/2049-632X.12073.

25. Puchta A, Verschoor CP, Thurn T, Bowdish DME. 2014. Characteriza-

tion of inflammatory responses during intranasal colonization with Strep-
tococcus pneumoniae. J Vis Exp 2014:e50490.

26. Puchta A, Naidoo A, Verschoor CP, Loukov D, Thevaranjan N, Man-
dur TS, Nguyen PS, Jordana M, Loeb M, Xing Z, Kobzik L, Larche MJ,
Bowdish DM. 2015. TNF drives monocyte dysfunction with age and re-
sults in impaired anti-pneumococcal immunity. PLoS Pathog 12:
e1005368.

27. Siegel SJ, Tamashiro E, Weiser JN. 2015. Clearance of pneumococcal
colonization in infants is delayed through altered macrophage trafficking.
PLoS Pathog 11:e1005004. http://dx.doi.org/10.1371/journal.ppat
.1005004.

28. Dorrington MG, Roche AM, Chauvin SE, Tu Z, Mossman KL, Weiser
JN, Bowdish DME. 2013. MARCO is required for TLR2- and Nod2-
mediated responses to Streptococcus pneumoniae and clearance of pneu-
mococcal colonization in the murine nasopharynx. J Immunol 190:250 –
258. http://dx.doi.org/10.4049/jimmunol.1202113.

29. Stearns JC, Davidson CJ, McKeon S, Whelan FJ, Fontes ME, Schryvers
AB, Bowdish DME, Kellner JD, Surette MG. 2015. Culture and molec-
ular-based profiles show shifts in bacterial communities of the upper re-
spiratory tract that occur with age. ISME J 9:1246 –1259. http://dx.doi.org
/10.1038/ismej.2014.250.

30. Bartram AK, Lynch MDJ, Stearns JC, Moreno-Hagelsieb G, Neufeld JD.
2011. Generation of multimillion-sequence 16S rRNA gene libraries from
complex microbial communities by assembling paired-end Illumina
reads. Appl Environ Microbiol 77:3846 –3852. http://dx.doi.org/10.1128
/AEM.02772-10.

31. Martin M. 2011. Cutadapt removes adapter sequences from high-
throughput sequencing reads. EMBnet J 17:10. http://dx.doi.org/10.14806
/ej.17.1.200.

32. Masella AP, Bartram AK, Truszkowski JM, Brown DG, Neufeld JD.
2012. PANDAseq: paired-end assembler for Illumina sequences. BMC
Bioinformatics 13:31. http://dx.doi.org/10.1186/1471-2105-13-31.

33. Ye Y. 2010. Identification and quantification of abundant species from
pyrosequences of 16S rRNA by consensus alignment. Proc IEEE Int Conf
Bioinformatics Biomed 2010:153–157. http://dx.doi.org/10.1109/BIBM
.2010.5706555.

34. Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD,
Costello EK, Fierer N, Peña AG, Goodrich JK, Gordon JI, Huttley GA,
Kelley ST, Knights D, Koenig JE, Ley RE, Lozupone CA, McDonald D,
Muegge BD, Pirrung M, Reeder J, Sevinsky JR, Turnbaugh PJ, Walters
WA, Widmann J, Yatsunenko T, Zaneveld J, Knight R. 2010. QIIME
allows analysis of high-throughput community sequencing data. Nat
Methods 7:335–336. http://dx.doi.org/10.1038/nmeth.f.303.

35. Carvalho MDGS, Tondella ML, McCaustland K, Weidlich L, McGee L,
Mayer LW, Steigerwalt A, Whaley M, Facklam RR, Fields B, Carlone G,
Ades EW, Dagan R, Sampson JS. 2007. Evaluation and improvement of
real-time PCR assays targeting lytA, ply, and psaA genes for detection of
pneumococcal DNA. J Clin Microbiol 45:2460 –2466. http://dx.doi.org/10
.1128/JCM.02498-06.

36. Sauder LA, Engel K, Stearns JC, Masella AP, Pawliszyn R, Neufeld JD.
2011. Aquarium nitrification revisited: Thaumarchaeota are the dominant
ammonia oxidizers in freshwater aquarium biofilters. PLoS One 6:e23281.
http://dx.doi.org/10.1371/journal.pone.0023281.

37. McMurdie PJ, Holmes S. 2014. Waste not, want not: why rarefying
microbiome data is inadmissible. PLoS Comput Biol 10:e1003531. http:
//dx.doi.org/10.1371/journal.pcbi.1003531.

38. Park H, Shin JW, Park S-G, Kim W. 2014. Microbial communities in the
upper respiratory tract of patients with asthma and chronic obstructive
pulmonary disease. PLoS One 9:e109710. http://dx.doi.org/10.1371
/journal.pone.0109710.

39. Bogaert D, De Groot R, Hermans PWM. 2004. Streptococcus pneu-
moniae colonisation: the key to pneumococcal disease. Lancet Infect Dis
4:144 –154. http://dx.doi.org/10.1016/S1473-3099(04)00938-7.

40. Ridda I, Macintyre CR, Lindley R, McIntyre PB, Brown M, Oftadeh S,
Sullivan J, Gilbert GL. 2010. Lack of pneumococcal carriage in the hos-
pitalised elderly. Vaccine 28:3902–3904. http://dx.doi.org/10.1016/j
.vaccine.2010.03.073.

41. Ahmed AE, Nicholson KG, Nguyen-Van-Tam JS. 1995. Reduction in
mortality associated with influenza vaccine during 1989-90 epidemic.
Lancet 346:591–595. http://dx.doi.org/10.1016/S0140-6736(95)91434-X.

42. File TM. 2003. Community-acquired pneumonia. Lancet 362:1991–2001.
http://dx.doi.org/10.1016/S0140-6736(03)15021-0.

43. Polverino E, Dambrava P, Cillóniz C, Balasso V, Marcos MA, Esquinas

S. pneumoniae Disrupts URT Community in Old Mice

April 2016 Volume 84 Number 4 iai.asm.org 915Infection and Immunity

 on April 10, 2016 by guest
http://iai.asm

.org/
D

ow
nloaded from

 



C, Mensa J, Ewig S, Torres A. 2010. Nursing home-acquired pneumonia:
a 10 year single-centre experience. Thorax 65:354 –359. http://dx.doi.org
/10.1136/thx.2009.124776.

44. Rudnick W, Liu Z, Shigayeva A, Low DE, Green K, Plevneshi A, Devlin
R, Downey J, Katz K, Kitai I, Krajden S, Ostrowska K, Richardson D,
Richardson S, Sarabia A, Silverman M, Simor AE, Tyrrell G, McGeer A.
2013. Pneumococcal vaccination programs and the burden of invasive
pneumococcal disease in Ontario, Canada, 1995-2011. Vaccine 31:5863–
5871. http://dx.doi.org/10.1016/j.vaccine.2013.09.049.

45. Leventer-Roberts M, Feldman BS, Brufman I, Cohen-Stavi CJ, Hoshen
M, Balicer RD. 2015. Effectiveness of 23-valent pneumococcal polysac-
charide vaccine against invasive disease and hospital-treated pneumonia
among people aged !65 years: a retrospective case-control study. Clin
Infect Dis 60:1472–1480.

46. Bogaert D, Keijser B, Huse S, Rossen J, Veenhoven R, van Gils E, Bruin
J, Montijn R, Bonten M, Sanders E. 2011. Variability and diversity of
nasopharyngeal microbiota in children: a metagenomic analysis. PLoS
One 6:e17035. http://dx.doi.org/10.1371/journal.pone.0017035.

47. Lijek RS, Luque SL, Liu Q, Parker D, Bae T, Weiser JN. 2012. Protection
from the acquisition of Staphylococcus aureus nasal carriage by cross-
reactive antibody to a pneumococcal dehydrogenase. Proc Natl Acad Sci
U S A 109:13823–13828. http://dx.doi.org/10.1073/pnas.1208075109.

48. Lijek RS, Weiser JN. 2012. Co-infection subverts mucosal immunity in
the upper respiratory tract. Curr Opin Immunol 24:417– 423. http://dx
.doi.org/10.1016/j.coi.2012.05.005.

49. Lysenko ES, Lijek RS, Brown SP, Weiser JN. 2010. Within-host compe-
tition drives selection for the capsule virulence determinant of streptococ-
cus pneumoniae. Curr Biol 20:1222–1226. http://dx.doi.org/10.1016/j
.cub.2010.05.051.

50. Marks LR, Davidson BA, Knight PR, Hakansson AP. 2013. Interking-
dom signaling induces Streptococcus pneumoniae biofilm dispersion and
transition from asymptomatic colonization to disease. mBio 4:1–13. http:
//dx.doi.org/10.3391/mbi.2013.4.1.01.

51. Lysenko ES, Ratner AJ, Nelson AL, Weiser JN. 2005. The role of innate
immune responses in the outcome of interspecies competition for coloni-
zation of mucosal surfaces. PLoS Pathog 1:0003– 0011.

52. Hathaway LJ, Bättig P, Reber S, Rotzetter JU, Aebi S, Hauser C, Heller
M, Kadioglu A, Mühlemann K. 2014. Streptococcus pneumoniae detects
and responds to foreign bacterial peptide fragments in its environment.
Open Biol 4:130224. http://dx.doi.org/10.1098/rsob.130224.

53. Cremers AJ, Zomer AL, Gritzfeld JF, Ferwerda G, van Hijum SA,
Ferreira DM, Shak JR, Klugman KP, Boekhorst J, Timmerman HM, de
Jonge MI, Gordon SB, Hermans PW. 2014. The adult nasopharyngeal
microbiome as a determinant of pneumococcal acquisition. Microbiome
2:44. http://dx.doi.org/10.1186/2049-2618-2-44.

54. Gao Z, Kang Y, Yu J, Ren L. 2014. Human pharyngeal microbiome may
play a protective role in respiratory tract infections. Genomics Proteomics
Bioinformatics 12:144 –150. http://dx.doi.org/10.1016/j.gpb.2014.06.001.

55. Lemon KP, Klepac-Ceraj V, Schiffer HK, Brodie EL, Lynch SV, Kolter
R. 2010. Comparative analyses of the bacterial microbiota of the human
nostril and oropharynx. mBio 1:e00129-10. http://dx.doi.org/10.1128
/mBio.00129-10.

56. Pei Z, Bini EJ, Yang L, Zhou M, Francois F, Blaser MJ. 2004. Bacterial
biota in the human distal esophagus. Proc Natl Acad Sci U S A 101:4250 –
4255. http://dx.doi.org/10.1073/pnas.0306398101.

57. Spor A, Koren O, Ley R. 2011. Unravelling the effects of the environment
and host genotype on the gut microbiome. Nat Rev Microbiol 9:279 –290.
http://dx.doi.org/10.1038/nrmicro2540.

58. Hibbing ME, Fuqua C, Parsek MR, Peterson SB. 2010. Bacterial com-
petition: surviving and thriving in the microbial jungle. Nat Rev Microbiol
8:15–25. http://dx.doi.org/10.1038/nrmicro2259.

59. O’Sullivan O, Coakley M, Lakshminarayanan B, Conde S, Claesson MJ,
Cusack S, Fitzgerald AP, O’Toole PW, Stanton C, Ross RP. 2013.
Alterations in intestinal microbiota of elderly Irish subjects post-antibiotic
therapy. J Antimicrob Chemother 68:214 –221. http://dx.doi.org/10.1093
/jac/dks348.

60. Claesson MJ, Jeffery IB, Conde S, Power SE, O’Connor EM, Cusack S,
Harris HMB, Coakley M, Lakshminarayanan B, O’Sullivan O, Fitzger-
ald GF, Deane J, O’Connor M, Harnedy N, O’Connor K, O’Mahony D,
van Sinderen D, Wallace M, Brennan L, Stanton C, Marchesi JR,
Fitzgerald AP, Shanahan F, Hill C, Ross RP, O’Toole PW. 2012. Gut
microbiota composition correlates with diet and health in the elderly.
Nature 488:178 –184. http://dx.doi.org/10.1038/nature11319.

61. Claesson MJ, Cusack S, O’Sullivan O, Greene-Diniz R, de Weerd H,
Flannery E, Marchesi JR, Falush D, Dinan T, Fitzgerald G, Stanton C,
van Sinderen D, O’Connor M, Harnedy N, O’Connor K, Henry C,
O’Mahony D, Fitzgerald AP, Shanahan F, Twomey C, Hill C, Ross RP,
O’Toole PW. 2011. Composition, variability, and temporal stability of the
intestinal microbiota of the elderly. Proc Natl Acad Sci U S A 108(Suppl):
4586 – 4591. http://dx.doi.org/10.1073/pnas.1000097107.
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Abstract:$(In(1901,(Elie(Metchnikoff(hypothesized(that(the(ill(health(that(accompanies(aging(occurred(40 
because(the(intestinal(microbiota.(He(believed,(and(we(have(now(demonstrated(that,(bacterial(products(41 
pass(through(the(intestinal(barrier,(activate(macrophages(and(cause(systemic(inflammation.(We(42 
demonstrated(that(germ/free(mice(live(longer,(healthier(lives(than(their(WT(counterparts(and(are(43 
protected(from(age/associated(inflammation(and(macrophage(dysfunction.(Co/housing(germ/free(mice(44 
with(old,(but(not(young,(mice(increased(levels(of(pro/inflammatory(cytokines(in(the(blood,(demonstrating(45 
the(role(of(microbial(dysbiosis(in(driving(age/associated(inflammation.(In(TNF(knockout(mice,(which(are(46 
protected(from(age/associated(inflammation,(microbial(dysbiosis(does(not(occur.(Furthermore(age/related(47 
microbial(dysbiosis(can(be(reversed(by(reducing(levels(of(the(cytokine(TNF(using(anti/TNF(therapy.(These(48 
data(suggest(that(reversing(the(microbial(dysbiosis(that(occurs(with(age(may(be(a(viable(strategy(for(49 
reducing(age/associated(inflammation(and(the(morbidity(that(accompanies(it.(50 
$51 

Introduction(52 
Metchnikoff(proposed(that(tissue(destruction(and(senescence(was(a(consequence(of(chronic(53 

systemic(inflammation(due(to(increased(permeability(in(the(colon(and(the(escape(of(bacteria(and(their(54 
products(Metchnikoff,(1907).(He(believed(that(these(bacterial(products(drove(the(activation(of(phagocytes,(55 
resulting(in(inflammation(that(led(to(the(deterioration(of(surrounding(tissues.(Metchnikoff(had(remarkable(56 
foresight:(his(identification(of(the(microbiota(of(the(gut(as(a(community(whose(composition(could(be(57 
altered,(and(his(belief(that(bacterial(products(or(“toxins”(could(alter(health(and(behavior(have(since(been(58 
proven(experimentally(Cryan(and(Dinan,(2012;(Gevers(et(al.,(2012).(Metchnikoff’s(theory(that(declining(59 
health(with(age(is(caused(by(systemic(inflammation(due(to(exposure(to(bacterial(components(from(the(gut(60 
has(been(hypothesized(by(others(Biagi(et(al.,(2010;(Franceschi(and(Campisi,(2014;(Guigoz(et(al.,(2008),(but(61 
until(now,(has(not(been(experimentally(validated.((62 

Chronic(inflammation(caused(by(increased(mucosal(barrier(permeability(and(microbial(63 
translocation((defined(as(the(translocation(of(microbes(and/or(their(products(from(the(mucosal(64 
compartment(to(the(circulation(without(overt(bacteremia)(has(been(implicated(in(the(increased(systemic(65 
inflammation(and(accelerated(immunosenescence(observed(in(HIV(patients(Appay(et(al.,(2007;(Brenchley(66 
et(al.,(2006).(Aging(is(also(characterized(by(a(state(of(chronic,(low/grade,(systemic(67 
inflammation(Franceschi(et(al.,(2000).(Higher(than(average(levels(of(age/associated(inflammation(are(a(68 
strong(predictor(of(overall(ill/health,(development(of(chronic(inflammatory(conditions,(and(all/cause(69 
mortality(in(the(elderly.(High(levels(of(age/associated(inflammation(also(influence(susceptibility(to(70 
pneumococcal(infection,(and(are(a(predictor(of(disease(severity(and(survival(Antunes(et(al.,(2002;(Yende(et(71 
al.,(2005).(Although(age/associated(inflammation(clearly(influences(the(aging(process,(it(is(unclear(why(72 
levels(of(cytokines(in(the(tissues(and(circulation(increase(with(age.(It(has(been(theorized(that(gradual,(73 
cumulative,(sub/clinical(tissue(damage(occurs(with(age,(increasing(the(burden(of(tissue(repair(and(74 
resulting(in(increasing(background(levels(of(pro/inflammatory(cytokine(production(Franceschi(et(al.,(75 
2000);(however,(the(experimental(evidence(which(would(definitively(prove(this(hypothesis(is(lacking.(76 

Although(it(has(been(demonstrated(that(gut(microbial(composition(correlates(with(levels(of(77 
circulating(cytokines(and(markers(of(health(in(the(elderly(Claesson(et(al.,(2012),(it(is(not(known(whether(78 
this(is(merely(correlative(or(whether(the(gut(microbiota(is(a(driver(of(age/associated(inflammation.(Herein,(79 
we(report(that,(in(agreement(with(Metchnikoff’s(theory(of(aging,(microbial(translocation(occurs(with(age(80 
due(to(increased(permeability(in(the(intestinal(tract.(We(demonstrate(that(microbial(products(enter(the(81 
bloodstream(in(aged(mice(where(they(trigger(systemic(inflammation((i.e.(elevated(levels(of(serum(IL/6).(82 
Chronic(exposure(to(inflammation(alters(macrophage(function,(rendering(these(cells(poor(bacterial(killers,(83 
but(potent(producers(of(inflammatory(cytokines,(and(ultimately(contributing(to(age/associated(84 
inflammation.(By(colonizing(aged(germ/free(mice,(which(do(not(have(age/associated(inflammation(until(85 
they(are(colonized(with(microbiota(from(aged(SPF(mice,(we(demonstrate(that(the(microbiota,(and(86 
specifically(age/associated(microbial(dysbiosis(drives(the(inflammation(that(accompanies(aging.((87 
(88 
TNF$drives$age:associated$defects$in$macrophage$function$89 

We(found(that(after(normalizing(for(differences(in(bacterial(uptake(between(mice,(resident(90 



peritoneal((Fig(1A)(and(bone(marrow(derived((Fig(1B)(macrophages(from(old(wild/type((WT)(mice((18/22(91 
mo)(were(impaired(in(their(ability(to(kill(Streptococcus*pneumoniae(as(compared(to(those(from(young(WT(92 
(10/14(wk)(mice.(Following(internalization,(bacterial(lysis(was(observable(in(macrophages(from(young(93 
mice,(but(reduced(or(delayed(in(old(mice((Suppl(Fig(1A).(Maturation(markers(on(macrophages(from(young(94 
and(old(mice(were(expressed(at(equal(levels,(indicating(that(differences(observed(with(age(were(not(due(to(95 
altered(differentiation(or(maturity((data(not(shown).((96 

Levels(of(pro/inflammatory(cytokines(such(as(IL6(and(TNF(in(the(circulation(and(tissues(increase(97 
with(age,(both(in(humans(and(mice(Bouchlaka(et(al.,(2013;(Franceschi(et(al.,(2007).(In(keeping(with(98 
previous(reports,(levels(of(TNF(and(IL6(in(the(circulation((Fig(1C(&D)(and(IL6(in(the(lungs((Fig(1E)(were(99 
found(to(be(higher(in(older(mice.(Peribronchiolar(cellular(infiltration(was(observed(in(the(lungs(of(old(mice(100 
in(the(absence(of(stimulation(or(overt(infection((Fig(1F).(In(addition,(ex*vivo(lung(tissue(slices((Fig(1G)(or(101 
whole(blood((Fig(1H)(from(old(mice(produced(higher(baseline(levels(of(IL6(than(young(mice(and(were(102 
hyper/reactive(when(stimulated(with(S.*pneumoniae(or(LPS,(respectively,(demonstrating(significantly(103 
enhanced(pro/inflammatory(responses(to(live(bacterial(and(bacterial(products.(This(phenotype(was(also(104 
observed(using(bone(marrow(derived(macrophages(from(old(mice,(which(produced(more(IL6(following(105 
stimulation(with(LPS(or(S.*pneumoniae(compared(to(young(mice((Figure(1I).((106 

It(has(been(frequently(observed(that(individuals(with(higher(levels(of(age/associated(inflammation(107 
are(at(increased(risk(of(both(developing,(and(dying(from(S.*pneumoniae*infection(Antunes(et(al.,(2002;(108 
Yende(et(al.,(2005).(Furthermore,(infusion(of(TNF(into(mice(impairs(anti/pneumococcal(immunity(and(109 
increases(levels(of(S.*pneumoniae*in(experimental(models(Hinojosa(et(al.,(2009).(We(therefore(110 
hypothesized(that(the(chronically(elevated(levels(of(TNF(that(occur(with(age(could(have(a(direct(effect(on(111 
macrophage/mediated(killing(of(S.*pneumoniae.(Exogenous(addition(of(TNF((10(ng/ml)(to(culture(media(112 
was(indeed(found(to(reduce(bacterial(killing(by(macrophages(from(young(or(old(mice((Fig(2A),(replicating(113 
the(defective(killing(phenotype(of(macrophages(from(old(mice(in(cells(from(young(mice.((114 
( Since(acute(exposure(to(TNF(impaired(macrophage(killing(of(S.*pneumoniae,(we(postulated(that(115 
chronic(age/associated(inflammation,(characterized(by(high(systemic(levels(of(TNF,(might(underpin(the(116 
defects(we(observed(in(macrophage(anti/bacterial(function.(In(contrast(to(wild/type(animals,(aged(TNF(117 
knockout((KO)(mice(did(not(have(greater(levels(of(IL6(in(the(circulation(in(the(steady(state((Fig(2B)(and(118 
when(LPS(was(added(to(whole(blood,(old(mice(did(not(produce(higher(amounts(of(IL6(than(the(stimulated(119 
blood(of(young(mice((Fig(2C).(Constitutive(IL/6(production(was(not(affected(by(age(in(TNF(KO((lung(slices(120 
(Fig((2D)(and(pulmonary(cellular(infiltrates(were(not(observed(in(old(mice,(demonstrating(protection(from(121 
inflammation(in(the(lungs((Fig(2E)((Finally,(bone(marrow(derived(macrophages(from(old(TNF(KO(mice(did(122 
not(have(the(impaired(pneumococcal(killing(observed(in(WT(mice((Fig(2F).(Thus,(age/associated(123 
inflammation,(and(more(specifically,(chronic(exposure(to(TNF,(contributes(to(changes(in(macrophage(124 
function,(resulting(in(decreased(S.*pneumoniae*killing(capacity.(125 
(126 
Intestinal$permeability$and$levels$of$circulating$bacterial$products$increase$with$age$$127 
(128 

Although(our(data(demonstrated(that(the(presence(of(TNF(promoted(systemic(inflammation(and(129 
impaired(macrophage(function,(the(cause(of(increased(TNF(production(with(age(was(unclear.(Based(on(130 
Metchnikoff’s(hypothesis(that(bacterial(components(from(the(gut(microbiota(could(cause(systemic(131 
inflammation,(we(investigated(whether(increased(intestinal(permeability(and(translocation(of(bacterial(132 
products(occurred(in(aged(mice.((133 

Intestinal(permeability(was(measured(in(WT(mice((3,(12,(15(and(18(month(old),(by(performing(oral(134 
gavages(with(3/5kDa(FITC/labelled(dextran(and(measuring(translocation(of(fluorescence(into(the(plasma(135 
and(was(found(to(significantly(increase(with(age((Fig(3A).(We(next(assessed(whether(this(was(due(to(136 
altered(paracellular(and/or(passive(permeability(in(the(ileum(and(colon(of(young(and(old(WT(mice.(137 
Although(there(were(no(gross(differences(in(intestinal(architecture((Fig(3B),(paracellular(permeability(was(138 
higher(in(the(colons(of(old(mice((Fig(3C),(as(determined(by(mucosal/to/serosal(flux(by(using(51chromium/139 
EDTA((51Cr/EDTA).(Consistent(with(evidence(of(increased(permeability(in(the(colon,(where(bacterial(140 
numbers(are(highest,(plasma(levels(of(the(bacterial(cell(wall(component(muramyl(dipeptide((MDP)(were(141 
also(significantly(higher(in(old(WT(mice(as(compared(to(young(mice((Fig(3D).(Thus,(increased(leakiness(of(142 



the(gut(is(a(consequence(of(aging.(143 
(144 

Germ:free$mice$are$protected$from$age:associated$inflammation$and$dysregulated$145 
macrophage$function$146 

The(central(postulate(of(Metchnikoff's(theory(of(aging(is(that(the(microbiome(drives(age/associated(147 
inflammation(and(macrophage(dysfunction.(If(the(increase(in(circulating(microbial(products(is(a(driving(148 
force(in(age/associated(inflammation(and(mortality,(we(reasoned(that(germ/free((GF)(mice,(which(have(no(149 
detectable(MDP(in(the(circulation((data(not(shown),(nor(age/associated(increase(in(intestinal(permeability(150 
(Fig(4A),(would(be(protected.(Aging(GF(mice(lived(longer(than(their(specific(pathogen(free((SPF)(WT(151 
counterparts((Fig.(4B),(similar(to(what(has(been(previously(shown(in(germ/free(mice (Gordon(and(Pesti,(152 
1971)(and(rats (Snyder(et(al.,(1990).(These(GF(mice(were(protected(from(age/associated(inflammation,(153 
lacking(the(high(circulatiing(IL6(levels(found(in(old(control(animals((Fig(4C).(They(also(did(not(have(154 
peribronchiolar(cellular(infiltrates(in(their(lungs((Fig(4D)(or(increased(levels(of(IL6(in(the(lungs((Fig(4E)(155 
compared(to(young(germ/free(mice.(Furthermore,(baseline(and(LPS/induced(IL6(in(the(whole(blood(was(156 
not(age(dependent(in(GF(mice,(in(contrast(to(the(significantly(enhanced(inflammatory(phenotype(in(old(157 
SPF(WT(mice((Fig.(4F).(Finally,(bone(marrow(derived(macrophages(from(old(GF(mice(did(not(have(158 
impaired(S.*pneumoniae(killing(capacity((Fig.(4G)(or(produce(more(IL6(than(young(GF(mice(either(basally(159 
or(after(stimulating(responses(with(LPS(ex*vivo((Fig.(4H).(These(data(demonstrate(that(chronic(age/160 
associated(inflammation(requires(the(presence(of(a(microbiome.(((161 

(162 
The$composition$of$the$microbial$community$influences$intestinal$permeability$and$age:163 
associated$inflammation$$164 
( We(envisioned(two(possibilities(that(could(explain(how(the(microbiome(drives(age/associated(165 
inflammation.(In(the(first,(the(presence(of(any(microbiota,(even(a(minimal(microbiota,(could(become(166 
metabolically(costly(and(over(time,(result(in(increased(intestinal(permeability.(The(second(hypothesis(was(167 
that(microbial(dysbiosis(occurs(with(age(to(drive(increased(intestinal(permeability.(168 

To(test(the(first(hypothesis,((i.e.(whether(a(low/diversity(microbial(community(was(sufficient(to(169 
drive(age/associated(inflammation),(mice(with(a(minimal(microbiome(were(used.((Mice(were(colonized(170 
with(the(altered(Schaedler(flora((ASF)(and(bred(for(two(generations(during(which(time(their(microbiota(171 
diversified(naturally(as(previously(described(Slack(et(al.,(2009).(Similar(to(old(SPF(WT(mice,(old(ASF/172 
derived(mice(had(greater(intestinal(permeability((Fig.(5A),(higher(levels(of(plasma(IL6((Fig.(5B)(and(higher(173 
IL6(production(in(whole(blood(following(PBS(or(LPS(stimulation((Fig.(5C)(than(in(young(mice.((Despite(174 
having(a(minimal(microbiota(these(mice(also(experienced(age/related(microbial(dysbiosis((Fig(5D).((175 
( Although(our(data(demonstrated(that(colonization(with(a(microbiota(of(initially(limited(diversity(176 
was(sufficient(to(elicit(age/associated(changes(in(permeability(and(inflammation,(we(next(investigated(177 
whether(the(microbial(composition(might(have(altered(with(aging(and(whether(there(was(any(effect(of(178 
differential(microbial(composition(on(phenotypes.(Similar(to(what(others(have(reported,(we(found(that(179 
there(were(changes(in(the(composition(of(the(microbiome(of(the(SPF(mice(with(age((Table(1,(Fig(6A)(180 
including(the(orders(Bacteroidales,(Clostridiales*and*Erysipelotrichales*(Claesson(et(al.,(2011;(Mariat(et(al.,(181 
2009).(To(determine(whether(this(age/associated(dysbiosis(could(increase(age/associated(inflammation,(182 
young(and(old(germ/free(mice(were(colonized,(via(co/housing,(with(microbiota(from(either(young(or(old(183 
SPF(mice.(The(microbial(dysbiosis(that(was(evident(in(the(fecal(microbiota(of(the(donor(mice(was(184 
maintained(in(the(colonized(recipient(mice((over(the(timecourse(of(this(study((Fig(6A).(After(a(minimum(of(185 
6(wks,(changes(in(paracellular(permeability(were(assessed(in(the(colonized(mice.((The(paracellular(186 
permeability(was(measured(from(all(the(germ/free(mice(colonized(with(the(microbiota(sourced(from(old(187 
mice((n=23(total,(n=11(young(mice(+(n=12(old(mice)(compared(to(young(microbiota((n=13,(n=6(young(188 
mice(+n=7(old(mice).(Microbiota(sourced(from(old(mice(significantly(increased(paracellular(permeability(189 
(Fig(6B).((The(age(of(the(host(did(influence(the(development(of(paracellular(permeability(since(young(190 
germ/free(mice(colonized(with(old(microbiota(had(a(greater(increase(in(paracellular(permability(than(old(191 
mice((In(contrast(to(the(paracellular(permeability,(the(age(of(the(host(contributed(to(levels(of(circulating(192 
TNF.((Fig(6D).(Young(GF(mice(that(were(colonized(with(old(SPF(microbiota(had(higher(levels(plasma(TNF(193 
than(those(recolonized(with(young(SPF(microbiota((Fig(6E)(indicating(that(the(specific(composition(of(the(194 



aging(microbial(community(contributes(to(age/associated(inflammation(but(this(is(exentuatedin(the(old(195 
mice((Fig(6E).((These(data(indicate(that(the(composition(of(the(aged(microbiome(is(a(stronger(driver(of(196 
intestinal(permeability(than(the(age(of(the(host(but(that(other(age/related(changes(in(the(host(predispose(197 
to(systemic(inflammation.((198 

Age/associated(inflammation(contributes(to(susceptibility(to(Streptococcus*pneumoniae*infection(199 
(Puchta(et(al.,(2016)((Antunes(et(al.,(2002;(Yende(et(al.,(2005).(To(determine(if(age/related(microbial(200 
dysbiosis(alters(responses(to(S.*pneumoniae,*young(germ/free(mice(were(colonized(with(young(and(old(201 
microbiota(and(intranasally(colonized(with(S.*pneumoniae*.(Although(there(was(no(difference(in(intranasal(202 
CFUs((Fig(6G),(there(was(an(increase(in(cellular(inflammation(as(measured(by(Ly6Chigh(inflammatory(203 
monocytes((Fig(6F),(a(response(which(we(have(previously(shown(becomes(dysregulated(with(age((Puchta(204 
et(al.,(2016).((205 
Age:associated$inflammation$drives$microbial$dysbiosis$206 

Our(data(demonstrate(that(gut(microbiota(and/or(age/related(microbial(dysbiosis(can(lead(to(207 
increased(gut(permeability(with(age(and(result(in(age/associated(inflammation.(However,(since(expression(208 
of(TNF,(has(been(shown(to(increase(intestinal(permeability(in*vitro(Soderholm(et(al.,(2004)(,(and(anti/TNF(209 
treatment(can(alter(intestinal(permeability(in*vivo(Noth(et(al.,(2012)(we(also(considered(the(possibility(210 
that(age/associated(increases(in(TNF(could(exacerbate(intestinal(permeability(and(subsequent(release(of(211 
bacterial(products.((We(hypothesised(that(if(age/associated(increases(in(TNF(promoted(increased(212 
intestinal(permeability,(old(TNF(KO(mice(would(be(protected(and(would(not(have(higher(levels(of(213 
circulating(bacterial(components(than(young(TNF(KO(mice.((Consistent(with(this,(intestinal(barrier(214 
function(in(old(TNF(KO(mice(was(equivalent(to(young(TNF(KO(mice,(young(SPF(WT(mice(and(to(young(or(215 
old(germ/free(mice((Fig(6A)(and(circulating(levels(of(MDP(in(these(mice(did(not(increase(with(age((Fig(6B)(216 
demonstrating(a(critical(role(for(inflammation.(Although(TNF(is(proposed(to(alter(permeability(in(217 
epithelial(barriers,(the(mechanism(remains(unclear.(We(hypothesized(that(TNF(may(be(a(driver(of(218 
microbial(dysbiosis.(We(therefore(compared(the(extent(to(which(the(intestinal(microbiota(diverged(in(old(219 
TNF(KO(mice(compared(to(young(TNF(KO(mice,(and(contrasted(this(to(the(divergence(observed(in(WT(220 
controls.((In(contrast(to(the(clear(divergence(that(occurs(in(WT(mice(with(aging,(TNF(KO(mice(did(indeed(221 
have(less(dramatic(changes(with(aging(and(did(not(demonstrate(clear(separation(between(old(and(young(222 
intestinal(microbiome((Fig(6C,(Table(1).(To(further(evaluate(the(potential(of(TNF(to(induce(changes(to(the(223 
intestinal(microbiome,(young(and(old(WT(mice(were(treated(with(the(anti/TNF(drug(Humira(for(2(weeks,(224 
which(reduced(TNF(levels(in(old(mice(to(below(the(limit(of(detection((data(not(shown).(Anti/TNF(but(not(225 
an(IgG(control(altered(the(composition(of(the(intestinal(microbiota(of(old(mice((Fig(7D)(but(had(virtually(226 
no(effect(on(the(composition(of(the(faecal(microbiota(of(young(mice,(indicating(that(the(microbiota(can(be(227 
manipulated(by(altering(the(inflammatory(status(of(the(host.(Specific(changes(observed(during(anti/TNF(228 
treatment(are(described(in(Table(2.(Despite(altering(microbiome,(Humira(had(no(measurable(effect(on(229 
intestinal(permeability,(as(measured(by(translocation(of(FITC/dextran((data(not(shown),(indicating(that(230 
these(changes(to(the(composition(of(the(intestinal(microbiota(were(not(a(consequence(of(altered(TNF(231 
levels(having(any(direct(effect(on(intestinal(permeability.((Although(these(experiments(do(not(rule(out(a(232 
role(for(age/associated(increases(in(TNF(driving(intestinal(permeability(by(directly(altering(intestinal(233 
barrier(function,(they(do(demonstrate(a(critical(role(for(TNF(in(the(development(of(age/associated(234 
microbial(dysbiosis,(intestinal(permeability(and(translocation(of(bacterial(products(to(drive(accelerated(235 
age/associated(inflammation(and(impaired(cellular(antimicrobial(function,(a(model(for(which(is(presented(236 
in(Fig(8.(237 
(238 
Discussion$239 

Age/associated(inflammation(is(a(strong(risk(factor(for(overall(mortality(in(this(population.(In fact, 240 
individuals having higher than age-average levels of inflammatory markers are more likely to be 241 
hospitalized(de Gonzalo-Calvo et al., 2012a), have higher all-cause mortality rates(Giovannini et al., 242 
2011), be frail(Leng et al., 2007), be less independent(de Gonzalo-Calvo et al., 2012b) and are more 243 
likely to have a variety of late-life diseases(Artz et al., 2014; Bruunsgaard et al., 1999; Bruunsgaard et 244 
al., 2000; Ershler and Keller, 2000; Kuhlmann et al., 2013; Luciano et al., 2012; Nerpin et al., 2012). 245 



Age/associated(inflammation(has(also(been(shown(to(increase(susceptibility(to(pneumococcal(246 
infection(Yende(et(al.,(2013;(Yende(et(al.,(2005),(and(is(associated(with(increased(disease(severity(and(247 
decreased(survival(from(pneumococcal(infection(in(older(adults(Antunes(et(al.,(2002;(Reade(et(al.,(2009).(248 
Despite(the(clinical(importance(of(age/associated(inflammation,(the(etiological(factors(that(lead(to(its(249 
development(have(not(been(identified.((This(study(demonstrates(in*vivo,(for(the(first(time,(that(age/250 
associated(inflammation(and(microbial(dysbiosis(drive(intestinal(permeability(and(translocation(of(251 
bacterial(components,(further(fueling(inflammation(and(impairing(cellular(antibacterial(function.(These(252 
data(specifically(implicate(the(critical(importance(of(TNF(and(the(gut(microbiome,(and(highlight(possible(253 
new(strategies(to(address(age/associated(impairment(of(anti/bacterial(immunity(and(increased(overall(254 
mortality(from(pneumococcal(infection(in(the(elderly.(255 

(256 
In(humans(transient(endotoxemia(occurs(naturally(after(ingestion(of(high(fat(meals,(vigorous(257 

exercise(and(in(many(diseases(Kelly(et(al.,(2012).(Microbial(translocation(has(been(shown(to(occur(in(HIV(258 
patients(due(to(a(loss(of(immune(control(at(the(gut(mucosa(and(this(translocation(leads(to(a(state(of(259 
“immune(activation”(and(systemic(inflammation(that(is(reminiscent(of(what(is(observed(in(normal(260 
aging(Brenchley(et(al.,(2006).(This(increase(in(chronic(inflammation(correlates(with(early(mortality,(which(261 
is(often(due(to(premature(development(of(“diseases(of(age”(such(as(cardiovascular(disease(Sandler(et(al.,(262 
2011).(In(simian(models(of(HIV,(translocation(of(bacterial(products(is(a(precursor(of(immune(activation(263 
and(macrophage(dysfunction(Estes(et(al.,(2010).((In(these(models(reducing(levels(of(circulating(LPS(by(264 
chelation(with(the(drug(sevelamer(prevents(immune(dysfunction,(systemic(inflammation(and,(most(265 
relevant(to(our(study,(reduces(intestinal(permeability(implying(that(bacterial(translocation(is(a(driver(of(266 
intestinal(permeability,(rather(than(a(readout(of(intestinal(damage(Kristoff(et(al.,(2014).(These(data(are(267 
consistent(with(our(model(in(which(both(germ/free(and(TNF(KO(mice((which(do(not(have(increased(levels(268 
of(circulating(bacterial(products)((are(protected(from(age/associated(inflammation.(Unlike(the(germ/free(269 
mice,(which(are(protected(by(virtue(of(not(being(exposed(to(bacteria,(the(TNF(mice(may(be(protected(270 
because(they(do(not(undergo(microbial(dysbiosis(with(age,(which(we(demonstrate(confers(intestinal(271 
permeability((Fig(5E)(and(systemic(inflammation(in(the(context(of(the(aged(host((Fig(5D).(This(may(be(an(272 
evolutionarily(conserved(component(of(the(aging(process(since(intestinal(permeability(has(been(273 
demonstrated(to(increase(with(age,(to(precede(systemic(inflammation(and(to(be(a(marker(of(premature(274 
death(in(Drosophila(Rera(et(al.,(2012).(275 
((276 

Metchnikoff(made(careful(observations(that(in(acute(inflammation(macrophage/mediated(277 
phagocytosis(seemed(to(be(impaired.(In(examining(autopsy(samples(of(elderly(brains(he(noticed(tissue(278 
macrophages(seemed(to(be(associated(with(areas(of(damage(and(hypothesized(that(their(presence(might(279 
do(more(harm(than(good.((He(also(observed(that(the(integrity(of(the(gut(changed(with(age(and(concluded(280 
that(“It(is(indubitable,(therefore,(that(the(intestinal(microbes(or(their(poisons(may(reach(the(system(281 
generally(and(bring(harm(to(it.”(Metchnikoff,(1907)(He(believed(that(this(macrophage(“intoxification”(had(282 
systemic(effects(and(led(to(deterioration(of(even(distal(tissues.(Our(observations(are(consistent(with(his(as(283 
we(observe(an(increase(in(circulating(bacterial(products(as(our(WT(mice(age(and(evidence(of(systemic(and(284 
distal(inflammation.((This(systemic(inflammation(appears(to(have(profound(effects(on(macrophage(285 
function(that(begin(during(myelopoiesis(as(macrophages(derived(from(bone(marrow(precursors(in(the(286 
absence(of(the(aging(microenvironment(are(also(hyper/inflammatory(and(have(poor(killing(capacity.((287 
Although(Metchnikoff(imagined(that(loss(of(macrophage(function(was(a(result(of(age/associated(288 
inflammation,(he(did(not(predict(that(they(may(also(contribute(to(the(global(inflammatory(state.(In(fact(is(289 
appears(as(though(both(aged(monocytes (Puchta(et(al.,(2016)(and(macrophages((Mirsoian(et(al.,(2014)(290 
contribute(to(chronic(inflammation(as(their(depletion(reduces(levels(of(inflammatory(cytokines.((291 

(292 
Consistent(with(our(findings(that(the(gut(microbiota(can(also(influence(systemic((i.e.(lung)(293 

inflammation(and(tissue(damage,(it(has(shown(that(increased(circulating(bacterial(toxins(result(in(reduced(294 
tight(junction(gene(expression(and(lethal(pulmonary(damage(following(fecal(transplantation(Ji(et(al.,(295 
2014).(The(authors(suggest(that(these(changes(may(occur(following(overgrowth(of(gut(microbes(and/or(296 
threshold(production(of(bacterial(products,(resulting(in(their(systemic(translocation,(increased(297 



inflammation,(and(ensuing(pulmonary(endothelial(damage.(The(bacterial(taxa(that(were(mainly(implicated(298 
in(this(pathogenicity(were(members(of(Clostridia,(which(others(have(also(demonstrated(have(distinct(299 
abundance(patterns(in(the(aging(gut(microbial(community(Claesson(et(al.,(2011;(Claesson(et(al.,(2012).((300 
Furthermore,(some(members(of(this(group(are(known(to(produce(toxins(with(pathogenic(properties(that(301 
can(induce(systemic(inflammation((Solomon,(2013)(and(changes(in(permeability(in(both(the(intestinal(302 
mucosa(Goldstein(et(al.,(2009)and(alveolar(endothelium(Geny(et(al.,(2007).(Whether(enrichment(or(303 
depletion(of(specific(members(of(the(Clostridia(contributes(to(systemic(inflammation(or(alterations(in(304 
tissue(permeability(with(age(remains(to(be(determined.(305 

(306 
Although(it(has(been(suggested(that(changes(in(the(microbiota(might(drive(the(ills(of(aging,(307 

determining(cause(and(effect(has(been(challenging.((Numerous(studies(that(have(demonstrated(that(there(308 
are(characteristic(changes(in(gut(microbial(communities(in(elderly(humans(Claesson(et(al.,(2011;(309 
Makivuokko(et(al.,(2010;(Mariat(et(al.,(2009;(Zwielehner(et(al.,(2009)(and(that(these(changes(correlate(with(310 
health(status(in(the(elderly(population(Bartosch(et(al.,(2004;(Claesson(et(al.,(2012).(Furthermore,(311 
alterations(of(the(gut(microbiota(appear(to(improve(immune(function(in(the(elderly.((For(example,(oral(312 
supplementation(with(Bifidobacterium(increased(lymphocyte(proportions(in(the(circulation,(improved(the(313 
anti/tumoricidal(activity(of(natural(killer(cells(and(restored(phagocytosis(in(peripheral(blood(mononuclear(314 
cells(and(neutrophils(Gill(et(al.,(2001a;(Gill(et(al.,(2001b).(Interestingly,(these(benefits(were(most(strongly(315 
evident(in(individuals(70(years(of(age(and(older,(as(well(as(those(individuals(who(demonstrated(the(316 
greatest(degree(of(cellular(immunosenescence.(Furthermore,(dysbiosis(in(HIV(patients,(which(shows(many(317 
parallels(to(that(which(occurs(in(the(elderly((including(decreased(Bifidobacteria(frequency(and(increased(318 
clusters(of(Clostridium)(has(been(shown(to(shift(following(prebiotic(administration.(This(led(to(a(decrease(319 
in(the(overall(degree(of(microbial(translocation(and(ultimately(improved(immune(cell(function(Gori(et(al.,(320 
2011).(The(microbial(communities(of(the(elderly(gut(appear(to(be(strongly(influenced(by(diet(Claesson(et(321 
al.,(2012)(and(dietary(interventions(designed(to(restore(a(robust(microbiome(may(improve(anti/bacterial(322 
immunity(in(the(by(reducing(age/associated(inflammation(and(macrophage(immunosenescence.(323 

(324 
(Although(manipulation(of(the(microbiota(may(improve(health(in(the(elderly,(until(now(it(has(not(325 

been(clear(whether(microbial(dysbiosis(is(a(driver(of(immune(dysfunction.((For(example(it(has(been(326 
demonstrated(that(gut(microbial(composition(correlates(with(levels(of(circulating(cytokines(and(markers(327 
of(health(in(the(elderly(Claesson(et(al.,(2012),(but(not(whether(the(microbiome(drives(these(changes.((Our(328 
data(demonstrate(that(microbial(dysbiosis(occurs(with(age,(even(in(a(minimal(microbiota,(and(these(329 
changes(are(sufficient(to(promote(age/associated(inflammation.(Interestingly(there(may(be(a(causal(330 
relationship(between(age/associated(inflammation(and(microbial(dysbiosis(since(we(found(that(TNF(KO(331 
mice(had(a(less(divergent(microbiome(with(age(and(treatment(with(anti/TNF(altered(the(microbial(332 
communities(of(aged(mice.((Further(experiments(will(need(to(be(performed(to(determine(if(it(is(the(loss(of(333 
beneficial(members(of(the(microbial(community,(overgrowth(of(harmful(members(or(a(shift(in(metabolism(334 
that(contributes(to(this(phenomenon.((335 

*336 
Metchnikoff(had(great(faith(that(the(appropriate(controlled(experiments(could(be(performed(to(337 

demonstrate(that(manipulation(of(the(intestinal(microbiome(would(extend(life.(Until(that(time(he(338 
suggested(“…(those(who(wish(to(preserve(their(intelligence(as(long(as(possible(and(to(make(their(cycle(of(339 
life(as(complete(and(as(normal(as(possible(under(present(conditions,(must(depend(on(general(sobriety(and(340 
on(habits(conforming(to(the(rules(of(rational(hygiene.”(The(experiments(he(envisioned(remain(to(be(341 
performed,(and(until(they(are(the(only(reliable(ways(to(reduce(age/associated(inflammation,(delay(the(342 
onset(of(inflammatory(diseases(and(prolong(life(are(a(sensible(diet(Fontana(and(Hu,(2014;(Fontana(and(343 
Klein,(2007)(and(exercise((Lee(et(al.,(1995).((For(those(of(us(less(inclined(to(live(a(lifestyle(of(“general(344 
sobriety”,(targeting(age/associated(inflammation(may(provide(an(attractive(alternative.(345 
(346 
$ $347 



Experimental$Procedures$348 
Animals**349 

Female(wild/type(C57BL/6(mice((originally(from(Jackson(Laboratories),(were(bred(in(house.(To(350 
protect(from(age/related(obesity,(aging(SPF(mice(((and(corresponding(young(controls)(are(fed(with(a(low(351 
protein(diet(Teklad(Irradiated(Global(14%(protein(Maintenance(Diet(and(provided(with(an(exercise(wheel.((352 
The(average(weight(of(a(young(SPF(mouse((8/14(wks)(is(this(study(is(20g+//1g(and(the(old(SPF(mice((18/353 
22(mo)(are(on(average,(27g+//2.5g.((The(percent(body(fat(for(the(young(SPF/WT(mice(was(((11.3%+//354 
2.5%)(and(for(the(old(mice(was((25%+//4.4%).((Pathogen/free(status(of(mice(within(the(aging(colony(was(355 
confirmed(in(mice(through(constitutive(monitoring(of(sentinel(mice(and(specific(testing(of(fecal(samples(356 
for(common(mouse(pathogens.(All(of(the(animals(that(were(used(were(sex/matched(to(their(controls(and(357 
maintained(in(the(same(animal(room,(with(the(exception(of(germ/free(and(ASF(mice((all(C57BL/6),(which(358 
were(bred(in(the(Gnotobiotic(Facility(of(McMaster.(All(mice(were(housed(in(pathogen/free(conditions(in(359 
accordance(with(Institutional(Animal(Utilization(protocols(approved(by(McMaster(University’s(Animal(360 
Research(Ethics(Board(as(per(the(recommendations(of(the(Canadian(Council(for(Animal(Care.(361 

Adalimumab((HUMIRA,(Abbott(Laboratories),(a(humanized(anti/TNF(antibody,(or(the(human(IgG(362 
isotype(control(diluted(in(sterile(saline(were(administered(to(mice.(A(dose(of(40(ug(per(gram(of(body(363 
weight(was(given(intraperitoneally(in(a(volume(of(200(µl(every(other(day,(for(a(period(of(3(weeks(to(young(364 
and(old(WT(mice.(365 

Streptococcus*pneumoniae*(clinical(isolate(P1547,(1(x(107(CFUs)(was(added(intranasally(to(un/366 
anaesthetized(mice(as(in(Puchta(et(al.,(2014).(Bacteria(were(enumerated(and(numbers(of(circulating(367 
monocytes(were(quantified(as(in((Puchta(et(al.,(2016).(368 

(369 
Histology**370 
Histopathological(analysis(was(carried(out(on(samples(from(the(lungs(of(old(WT,(TNF(KO(and(germ/free(371 
mice,(and(their(young(controls.(Upon(collection,(lungs(were(formalin/inflated(and(these,(alongside(372 
formalin(fixed(spleens,(were(paraffin/embedded.(Tissue(blocks(were(cut(into(5/μm(sections(that(were(373 
stained(with(hematoxylin/eosin((HE).(The(slides(were(blinded/coded(and(the(colon(epithelial(architecture(374 
and(inflammation(were(histologically(scored,(as(adapted(from((1),(using(the(following(system:(tissue(375 
architectural(changes:(0,(normal;(1,(blebbing;(2,(loss(of(epithelium;(3,(complete(loss(of(crypt(architecture;(376 
and(inflammation:(0,(normal;(1,(increased(number(of(inflammatory(cells(in(lamina(propria;(2,(increased(377 
number(of(inflammatory(cells(in(submucosa;(3,(dense(inflammatory(cell(mass,(but(not(transmural(in(378 
nature;(4,(transmural(inflammation.(The(average(score(for(all(mice(was(0(for(both(inflammation(and(379 
epithelial(cell(architectural(changes.((Images(were(acquired(with(a(Leica(DM(LB2(microscope(at(a(380 
magnification(of(20X(and(captured(using(a(Leica(DFC(280(camera. (381 

(382 
(383 

Measurement*of*cytokine*production*384 
For(circulating(levels(of(cytokines,(blood(samples(from(naive(animals(were(collected(into(heparin,(385 

and(spun(at(15000(x(g(for(5(minutes.(100(μl(of(plasma(was(then(collected,(and(IL6(levels(assayed(using(386 
ELISA(as(per(the(manufacturer’s(direction((eBioscience).(To(measure(the(TNF(and(IL6(cytokine(387 
concentrations(within(the(plasma(samples(of(the(colonized(germ/free(mice,(Milliplex(immunoassay(Kits(388 
were(used(and(completed(as(recommended(by(the(manufacturer’s(instructions((Millipore,(Etobicoke,(ON).(389 
For(whole(blood(stimulation(studies,(100(μl(of(whole(blood(samples(collected(in(heparin(from(young(and(390 
old(WT,(TNF(KO(and(germ/free(mice(were(stimulated(with(100(ng/ml(of(LPS,(or(left(unstimulated.(Samples(391 
were(incubated(for(24(hours(at(5%(CO2(and(37°C,(then(centrifuged(at(15000(x*g(for(5(minutes.(50(μl(of(392 
plasma(samples(were(assayed(for(the(presence(of(IL6(using(ELISA.(To(measure(constitutive(levels(IL6(in(393 
the(lung,(right(lobe(samples(of(lung(were(mechanically(homogenized(in(500(μl(of(PBS(and(assayed(by(394 
ELISA.(To(measure(inducible(cytokine(production(in(lung(tissue,((lungs(were(perfused(with(low(melt(395 
agarose(and(sliced(into(10(micron(sections..(3(slices(were(cultured(in(1(ml(of(media(for(24(hours;(396 
supernatants(were(then(removed(and(assayed(for(IL6(production(using(100(μl(of(sample(ELISA.(To(397 
measure(cytokine(production(by(bone(marrow(macrophages,(3.5(x$105(mature(bone/marrow/derived(398 
macrophages(were(seeded(in(a(24/well(tissue(culture/grade(plate((Fisher)(in(1.5(ml(of(media(and(allowed(399 



24(hours(to(recover.(Cells(were(then(stimulated(with(either(100(ng/ml(of(LPS,(whole(heat/killed(P1547(at(400 
an(MOI(of(50(or(50(μl(of(media(control.(Supernatants(were(collected(at(24(hours(post/stimulation.(Levels(of(401 
TNF(or(IL6(were(measured(by(ELISA.((402 

(403 
Macrophage*culture*404 

Bone(marrow(derived/macrophages(were(isolated(according(to(previously(published(methods(60)(405 
and(differentiated(in(the(presence(of(L929(conditioned(media(for(8(days(as(per(standard(protocols.(After(8(406 
days(the(cells(were(incubated(with(4(mg/ml(lidocaine((Sigma)(for(15(minutes(at(4°C(and(gently(lifted(using(407 
a(cell(lifter.(Cells(were(then(centrifuged,(counted(and(re/suspended(in(medium(at(a(concentration(408 
appropriate(for(measurement(of(cytokine(production,(bacterial(uptake,(flow(cytometry(or(bacterial(killing(409 
assays.(Macrophage(maturation(was(assessed(by(flow(cytometry(using(APC/conjugated(anti/F4/80,(PE/410 
conjugated(anti/Ly6G(or(/CCR2,(FITC/conjugated(Ly6C,(eFluor(450/conjugated(CD45(and(PE/Cy7/411 
conjugated(CD11b,(or(corresponding(isotype(controls.(PRR(expression(was(measured(using(anti/TLR4/412 
FITC,(anti/TLR2/PE/Cy7(and(anti/CD14/PerCpCy5.5((eBioscience),(as(well(as(anti/MARCO/PE((RND(413 
systems)(414 
(415 
Bacterial*killing*assays*416 

To(measure(macrophage(killing(of(S.*pneumoniae,$5(x$105(bone(marrow(derived(macrophages(were$417 
pre/incubated$with(an(MOI(of(10(bacteria(per(macrophage(for(60(minutes(at(37°C(with(gentle(inversion(as(418 
outlined(above(to(allow(for(internalization(of(bacteria.(Samples(were(then(washed(with(PBS(three(times(to(419 
remove(unbound(bacteria(and(bacterial(killing(was(measured(over(the(course(of(120(min.(The(number(of(420 
bacteria(remaining(after(washing((t(=(0(min)(were(normalized(to(100%.(At(30,(60,(90(and(120(min(the(421 
macrophages(were(lysed(by(osmotic(rupture(in(distilled(H2O(for(15(min(and(viable(CFUs(were(determined(422 
by(culturing(of(supernatants(on(TS(agar(plates(as(described(above.(To(visualize(S.*pneumoniae*uptake(by(423 
macrophages,(TRITC(labelled(bacteria(were(incubated(with(bone(marrow(derived(macrophages(for(2h(at(424 
an(MOI(of(200.(Cells(were(fixed(and(stained(using(an(anti/beta(actin(antibody((Cell(Signaling).(Images(were(425 
acquired(at(40X(magnification(using(an(inverted(Zeiss(LSM510(laser(confocal(microscope.(426 

(427 
In*vitro*and*in*vivo*permeability**428 

Sections(of( colon(and( ileum(were(excised,( opened(along( the(mesenteric(border,( and(mounted( in(429 
Ussing( chambers( (World( Precision( Instruments,( Sarasota,( Florida).( Recordings( were( performed( as(430 
described( in( detail( before(61–63).( Briefly,( tissues( were( allowed( to( equilibrate( for( 15/25( min( before(431 
baseline( values( for( potential( difference( (PD)( and( short( circuit( current( (Isc)( were( recorded.( Tissue(432 
conductance((G)(was(calculated(by(Ohm’s(law(using(the(PD(and(Isc(values.(Mucosal(to(serosal(flux(of(the(433 
small(inert(probe((360(Da)(51/chromium/ethylenediaminetetraacetic(acid((51Cr/EDTA)(was(used(to(assess(434 
paracellular(permeability.(After(equilibration,( time(zero(samples(were(taken(from(the(serosal(buffer(and(435 
6µCi/ml(51CR/EDTA(was(added(to(the(mucosal(compartment.(A(“hot(sample”(was(taken(from(the(mucosal(436 
buffer(then(samples(were(then(taken(every(30(minutes(from(the(serosal(buffer(for(2(hours(and(counted(in(437 
a(liquid(scintillation(counter((Beckman).(Counts(from(each(30(mins(were(averaged(and(compared(to(the(438 
“hot( sample”(( 100%).( Data( expressed( as( mucosal/to/serosal( flux( (%flux/cm2/hr).( Each( sample( was(439 
completed(in(duplicates.(440 

For(non/terminal(studies,(tracer(FITC/labeled(dextran((4kDa;(Sigma/Aldrich)(was(used(to(assess(in*441 
vivo(intestinal(permeability.(Mice(were(deprived(of(food(4(h(prior(to(and(both(food(and(water(4(h(following(442 
an(oral(gavage(using(200(µl(of(0.8(mg/ml(FITC/dextran.(Blood(was(retro/orbitally(collected(after(4(h,(and(443 
fluorescence(intensity(was(measured(on(fluorescence(plates(using(an(excitation(wavelength(of(493nm(and(444 
an(emission(wavelength(of(518(nm.((445 

(446 
MDP*Detection*Bioassay((((((447 
(((((((((((((HEK293T(cells(stably(were(transfected(with(mNod2((a(kind(gift(from(Dr.(Jonathan(Schertzer)(and(448 
pNifty2/SEAP(plasmids((Invivogen)(to(create(a(reporter(system.(Binding(of(the(intracellular(mNod2(449 
receptor(with(its(ligand,(MDP,(results(in(downstream(activation(and(translocation(of(NFκB.(Activation(of(450 
this(transcription(factor(leads(to(SEAP(expression(via(the(ELAM(proximal(promoter,(which(is(detected(via(451 



absorbance(spectroscopy.(Plates(were(seeded(with(cells(24(hours(prior(to(addition(of(heat/inactivated(452 
mouse(plasma,(diluted(1(in(200(in(HEK(Blue(Detection(Media((Invivogen)(to(a(final(volume(of(200(µl,(in(a(453 
96/well(plate(format.(Readings(were(performed(at(630nm,(24(hours(subsequent(to(stimulation.((454 
*455 
GermIfree*Mouse*Recolonization*456 
* For(recolonization(studies,(young(and(old(germ/free(mice(were(transferred(to(individually(457 
ventilated(racks(and(co/housed(with(either(a(young(or(old(mouse.(The(mice(were(left(undisturbed(for(two(458 
week(following(the(start(of(the(colonization(and(then(maintained(for(a(minimum(of(6(weeks(at(which(point(459 
fecal(pellets(were(collected(for(microbiome(analysis((as(described(below),(plasma(cytokines(were(assayed(460 
and(intestinal(permeability(was(measured(as(described(above.(461 
(462 
Bacterial profiling by deep sequencing analysis of 16S rRNA with Illumina 463 
Fecal pellets were collected and the V3 region of the 16S rRNA gene was amplified by PCR as in 464 
(Bartram et al., 2011; Stearns et al., 2015; Whelan et al., 2014). Briefly, each 50 µl PCR reaction 465 
mixture contained  1.5 mM of MgCl2 (50mM), 200 µM dNTPs, 4 mM of BSA, 25 pmol of each primer, 466 
1U of Taq polymerase (Life Technologies), and 200 ng of DNA. The reaction was then run for 30 467 
cycles (94°C for 2 minutes, 94°C for 30 seconds, 50°C for 30°C, 72°C for 30 seconds), with a final 468 
polymerization step at  72°C for 10 minutes (Eppendorf). The products were separated by 469 
electrophoresis in 2% agarose gel, and visualized under a UV transilluminator and the products 470 
corresponding to the amplified V3 region (~300 base pairs) were excised and purified using standard 471 
gel extraction kits (Qiagen).  Illumina sequencing and initial quality control were carried out by the 472 
MOBIX�McMaster Genome Center (McMaster University). Custom, in!house Perl scripts were 473 
developed to process the sequences after Illumina sequencing(Whelan et al., 2014). Briefly, Cutadapt 474 
was used to trim the forward and reverse paired-end reads at the opposing primers for input into 475 
PANDAseq for assembly (Martin, 2011) (Masella et al., 2012). Mismatches and ambiguous base 476 
attributions in the assembly from specific set of paired�end sequences were discarded. Operational 477 
taxonomic units (OTUs) were picked using AbundantOTU+ and taxonomy�assigned using the 478 
Ribosomal Database Project (RDP) classifier against the Greengenes reference database (Ye, 2011). 479 
Single sequence OTUs (singletons) were removed prior to all analyses using Quantitative Insights into 480 
Microbial Ecology (QIIME) (Caporaso et al., 2010).  481 
*482 
Statistics*483 
*484 

Unless(otherwise(mentioned(in(the(figure(legend,(statistical(significance(was(determined(by(two/485 
way(analysis(of(variance(with(Fischer’s(post/test(and(unpaired(t*tests((two(tailed).(Statistical(significance(486 
was(defined(as(a(p*value(of(0.05.(All(data(were(analyzed(with(Prism((Version(6;(GraphPad).((Microbiome(487 
changes(were(analyzed(with(Quantitative(Insights(into(Microbial(Ecology((QIIME)(software(using(principal(488 
component(analysis(as(measured(by(Bray/Curtis.!The$Chi/squared(of(the(likelihood(ratio(test(in(489 
phyloseq(DESeq2(was(used(to(determine(differences(between(groups(as(in((McMurdie(and(490 
Holmes,(2013).(Differences(between(specific(OTUs(were(determined(using(Welch's(unequal(491 
variances(t/test.(492 
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$702 

Tables:$703 

Table 1. OTUs that were significantly changed in old SPF and TNF KO mice 704 
Increased)

! ! ! ! !Family) Genus) #)of)OTUs)(WT)) Old>Young)(WT)) Old>Young)(TNF)KO)) #)of)OTUs)(TNF)KO))

Ruminococcaceae* Ruminococcus* 6! ****!! NS! 7!

Lachnospiraceae* Clostridium* 34! ****! a!**! 34!

Ruminococcaceae* Clostridium* 14! ****! NS! 16!

Prevotellaceae* Prevotella* 39! **! **! 44!

Erysipelotrichaceae* Allobaculum* 54! ****!! *! 60!

Lachnospiraceae* Many!identified! 354! *! a!*! 343!

Bifidobacteriaceae* Bifidobacterium* 17! ***! **! 17!

Ruminococcaceae* Oscillospira* 54! ****! NS! 56!

Lactobacillaceae* Lactobacillus* 53! ***! a****! 57!

Bacteroidaceae* Bacteroides* 52! **! ***! 71!

Coriobacteriaceae* Adlercreutzia** 22! ***! NS! 23!

Peptococcaceae* Not!identified! 14! *! NS! 15!

Catabacteriaceae* Not!identified! 51! ****! a**!! 65!

Coriobacteriaceae* Not!identified! 14! ***! NS! 14!
aOTUs!that!were!significantly!decreased!in!Old!TNF!KO!mice!are!underlined!
** !! !! !! !! !!

Decreased)
! ! ! !Family) Genus) #)of)OTUs)(WT)) Old<Young)(WT)) Old<Young)(TNF)KO)) #)of)OTUs)(TNF)KO))

Rikenellaceae* Alistipes* 48! **! NS! 52!

Verrucomicrobiaceae* Akkermansia* 41! ****! b!*! 49!

Lachnospiraceae* Blautia* 11! ****! !b*! 10!
bOTUs!that!were!significantly!increased!in!OLD!TNF!KO!mice!are!underlined!
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$707 

Table 2: OTUs altered by anti-TNF treatment in old mice 708 
Family) Genus) Old>Young) Decreased)by)antiCTNF)treatment)
Erysipelotrichaceae Not!identified! ****! NS!
Ruminococcaceae Ruminococcus ****! NS!
Lachnospiraceae Clostridium ****! NS!
Ruminococcaceae Clostridium ****! NS!
Prevotellaceae Prevotella **! NS!
Erysipelotrichaceae Allobaculum ****! NS!
Lachnospiraceae Many identified *! NS!
Bifidobacteriaceae Bifidobacterium ***! NS!
Ruminococcaceae Oscillospira ****! NS!
Lactobacillaceae Lactobacillus ***! NS!
Bacteroidaceae Bacteroides **! *!
Coriobacteriaceae Adlercreutzia  ***! *!
Peptococcaceae Not identified *! **!
Catabacteriaceae Not identified ****! *!(Increased)!
Coriobacteriaceae Not identified ***! *!

Ruminococcaceae Subdoligranulum NS! *!
Decreased!

! ! !Family) Genus! Old<Young! Increased)by)antiCTNF)treatment!
Rikenellaceae) Alistipes) **) NS)
Verrucomicrobiaceae Akkermansia ****! NS!
Lachnospiraceae Blautia ****! NS!
Lachnospiraceae Roseburia NS! *!

Eubacteriaceae Anaerofustis NS! *!

  ! !
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Figures$711 

$712 

Figure$1.$Hyper:inflammatory$responses$occur$with$age.$A)(Killing(of(S.*pneumoniae*by(resident(713 
peritoneal(macrophages(isolated(from(young(and(old(mice((n*=(5).(((B)(Killing(of(S.*pneumoniae(by(bone/714 
marrow(derived(macrophages(from(young(and(old(C57Bl/6(mice((n(=(6).((C)(Intact(TRITC/labelled(S.*715 
pneumoniae*(was(observed(in(macrophages(derived(from(old(mice(but(not(young(up(to(4(hours(post(716 
infection.(Levels(of((TNF((D)(and(IL6(E)(were(higher(in(the(plasma(of(old(mice(as(was((F)(IL6(in(slices(of((717 
whole(lung(homogenates(from(old(mice(((G)(H&E(stain(of(formalin/fixed(histological(sections(from(the(718 
lungs(of(young(and(old(WT(mice(at(5X(magnification.(One(representative(image(is(at(least(5(biological(719 
replicates.((H)(Lung(slices(were(processed(from(the(lungs(of(young(and(old(mice(and(cultured(in(media.(720 
IL6(production(was(subsequently(measured(in(the(supernatant(at(4(hours(following(stimulation(with(heat/721 



killed(S.*pneumoniae(or(PBS(control((n*=(3,(representative(of(2(independent(experiments).((I)(IL6(722 
production(in(the(whole(blood(of(young(and(old(WT(mice(following(stimulation(with(LPS(or(a(vehicle(723 
control((PBS)(n(=(5(to(9).((J)(IL6(production(from(macrophages(derived(from(young(and(old(mice(724 
following(24/hour(stimulation(with(a(vehicle(control((PBS),(LPS,(or(S.*pneumoniae(as(measured(by(ELISA(725 
(n(=(6).(Results(represent(mean(±(SEM.(Statistical(significance(was(determined(using(the(Mann/Whitney(726 
test(or(two/way(ANOVA(with(Fisher's(post/test(where(appropriate.(p(<(0.05(is(indicated((by(*;(p(<(0.005(by(727 
**(and(p(<(0.0005(by(***.(728 

(729 
Figure$2.(Chronic$exposure$to$TNF$contributes$to$hyper:inflammatory$responses$and$tissue$730 
damage$that$occur$with$age.$A)(Young(and(old(murine(bone(marrow(macrophage/mediated(killing(of(S.*731 
pneumoniae*is(decreased(in(the(presence(of(10(ng/ml(of(exogenous(TNF((n(=(5).((B)(Unlike(old(WT(mice,(732 
old(TNF(KO(mice(do(not(have(increased(levels(of(plasma(IL6((n=3/10(mice(per(group,(one(of(two(733 
independent(experiments(shown)((C)$IL6(production(in(the(whole(blood(of(young(and(old(TNF(KO(mice(734 



following(stimulation(with(LPS(or(a(vehicle(control((PBS)(demonstrates(that(old(TNF(KO(mice(do(not(have(735 
hyper/inflammatory(responses(to(LPS(n(=(5).((D)(IL6(levels(as(detected(by(ELISA(in(whole(lung(tissue(736 
homogenates(were(no(higher(in(old(TNF(KO(mice(than(young(TNF(mice((n=3).(((E)(H&E(stain(of(formalin/737 
fixed(histological(sections(of(lungs(of(young(and(old(TNF(KO(mice((20X(magnification,(one(representative(738 
of(3).((F)(Bone(marrow(derived(macrophages(from(young(and(old(TNF(KO(mice(do(not(differ(in(their(739 
ability(to(kill*S.*pneumoniae(((n(=(5).(Results(represent(pooled(data(and(are(shown(as(mean(±(SEM.(740 
Statistical(significance(was(determined(using(the(Mann/Whitney(test(or(two/way(ANOVA(with(Fisher's(741 
post/test(where(appropriate.(p(<(0.05(is(indicated((by(*;(p(<(0.005(by(**(and(p(<(0.0005(by(***.(742 

$743 
$744 
Figure$3.$Old$mice$have$more$permeable$colons$and$increased$levels$of$bacterial$products$in$the$745 
circulation.((A)(Intestinal(permeability(of(aging(mice((3,(12,(15(and(18(months(old)(as(measured(by(FITC/746 
dextran(translocation(to(the(circulation(following(oral(gavage((n*=(4/8)(and(was(found(to(increase(747 
significantly(with(age((p<0.007,(one(way(ANOVA).((B)(Colons(of(young(and(old(mice(do(not(have(748 
detectable(changes(in(either(epithelial(architecture(or(inflammatory(infiltrate(when(measured(as(749 
described(in(the(Materials(and(Methods.((C)(Mucosal/to/serosal(flux(of(51Cr/EDTA(as(measured(in(Ussing(750 
chambers(was(used(to(measure(the(paracellular(permeability(of(ileums(and(colons(from(young(and(old(WT(751 



mice((n(=(6(to(12).((D)$Circulating(muramyl(dipeptide((MDP)(in(the(plasma(of(young(and(old(WT(mice(as(752 
measured(by(NOD/NF/κB(promotor(bioassay.(Significant(changes(shown(are(relative(to(young(WT(mice.((753 
Statistical(significance(was(determined(using(the(Mann/Whitney(test(or(two/way(ANOVA(with(Fisher's(754 
post/test(where(appropriate.(p(<(0.05(is(indicated((by(*;(p(<(0.005(by(**(and(p(<(0.0005(by(***.(755 
$756 
$757 
$758 
$759 
$760 

$761 
Figure$4.(Germ:free$mice$do$not$develop$age:associated$inflammation$or$macrophage$defects,$and$762 
have$improved$longevity.$$(A)(Mucosal/to/serosal(flux(of(51Cr/EDTA(as(measured(in(Ussing(chambers(763 
was(used(to(measure(the(paracellular(permeability(of(the(colons(from(young(and(old((germ(free(mice((n(=(5(764 



to(8).(There(was(no(significant(increase(in(permeability(in(old(germ(free(mice.((B)(Survival(analysis(765 
showing(all/cause(mortality(of(WT(and(GF(mice(up(to(600(days(of(life.(Differences(in(the(survival(curves(766 
were(analyzed(by(Log/rank((Mantel/Cox)(test.((C)(Plasma(cytokines(are(not(higher(than(young(germ(free(767 
mice(and(are(lower(than(WT(SPF(mice((n(=(3(to(5).((D)(Histological(analysis(of(lung(sections(stained(with(768 
H&E(from(young(and(old(germ/free(mice(do(not(indicate(any(increased(leukocyte(infiltration(with(age((20X(769 
magnification;(one(representative(image(of(at(least(three(mice).((E)(IL6(levels(in(the(lung(homogenates(of(770 
old(germ(free(mice(are(not(higher(than(young(WT(or(young(germ/free(mice$(F)$IL6(production(in(the(771 
whole(blood(of(young(and(old(WT(SPF(and(GF(mice(following(stimulation(with(LPS(or(a(vehicle(control(772 
(PBS).(Old(germ(free(mice(do(not(have(higher(levels(than(young(WT(SPF(or(young(germ(free(mice(n(=(5(to(773 
9).(Significant(changes(shown(are(relative(to(young(WT(mice.(((G)(Macrophages(from(young(and(old(germ/774 
free(mice(do(not(differ(in(their(ability(to(kill*S.*pneumoniae(((n(=(3).(Results(represent(the(mean(±(SEM(of(3(775 
biological(replicates.((H)(Bone(marrow(derived(macrophages(from(old(germ(free(mice(do(no(not(have(776 
decreased(killing(or(produce(more(IL6(following(stimulation(with(LPS(or(a(vehicle(control((PBS)(in(777 
macrophages(from(young(GF(mice((n(=(5).(Statistical(significance(was(determined(using(the(Mann/Whitney(778 
test(or(two/way(ANOVA(with(Fisher's(post/test(where(appropriate.(p(<(0.05(is(indicated((by(*;(p(<(0.005(by(779 
**(and(p(<(0.0005(by(***.(780 
(781 

(782 
(783 
(784 
$785 
Figure$5.(Microbial(dysbiosis(occurs(in(response(to(a(minimal(microbiota.(A)(Mice(with(a(minimal(ASF/786 
derived(microbiota(were(aged(and(their(intestinal(permeability(was(measured(via(FITC/dextran(oral(787 
gavage(assay((n(=(5).(Old(ASF(mice(had(higher(intestinal(permeability(than(young(ASF(mice(in(addition(to(788 
higher(levels(of((B)(plasma(IL6.(((C)(IL6(production(after(LPS(stimulation(in(whole(blood(was(higher(in(old(789 
ASF(mice((n=3).(((D)(Taxa(summary(of(microbiota(of(young(and(old(ASF(mice(indicate(that(age/related(790 
microbial(dysbiosis(occurs.(Statistical(significance(was(determined(using(the(Mann/Whitney(test(or(two/791 



way(ANOVA(with(Fisher's(post/test(where(appropriate.(p(<(0.05(is(indicated((by(*;(p(<(0.005(by(**(and(p(<(792 
0.0005(by(***.(793 
(794 
(795 
(796 
(797 
(798 
(799 
(800 
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(802 
(803 
Figure(6.(Age:associated$inflammation$is$dependent$on$the$composition$of$the$intestinal$microbial$804 
community.$(A)$The$composition$of$the$young$and$old$microbiota$is$retained$upon$transfer$to$805 
young$or$old$germ$free$mice.$$(B)(Paracellular(permeability(was(measured(in(germ/free(mice(colonized(806 
with(young(and(old(microbiota((n=6/8(mice(per(group).(There(was(a(statistically(significant(increase(in(807 
paracellular(permeability(in(mice(colonized(with(old(microbiota((n=23(total,(n=11(young(mice(+(n=12(old(808 
mice)(compared(to(young(microbiota((n=13,(n=6(young(mice(+n=7(old(mice).(Age/related(microbial(809 
dysbiosis(and(host(age(contribute(to(intestinal(permeability.(Colonization(of(young(germ/free(mice(with(810 
old(microbiota(increased((C)(paracellular(permeability((compared(to(those(colonized(with(young(811 
microbiota((p<0.05).(Although(there(was(a(trend(towards(old(mice(colonized(with(old(microbiota(having(812 
higher(paracellular(permeability(than(old(mice(colonized(with(young(microbiota,(this(was(not(significant.(813 
(n=6/8(mice(per(group).(((D(E)((F)Young(germ/free(mice(colonized(with(young((n=6)and(old((n=8)(814 
microbiota(were(intranasally(colonized(with(S.*pneumoniae.*Although(bacterial(loads(in(the(nasopharynx(815 
were(not(different(between(mice(colonized(with(young(and(old(microbiota(cellular(inflammation((as(816 
measured(by(increased(inflammatory/Ly6Chigh(monocytes((F),(and(serum(cytokines((G)(were(significantly(817 
higher(in(mice(colonized(with(the(old(microbiota..Bars(represent(the(mean(+//(SEM.(Significance(was(818 
determined(by(an(unpaired(t(test.(p(<(0.05(is(indicated((by(*;(p(<(0.005(by(**.(819 
(820 
(821 
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$826 
Figure$7.$Microbial$dysbiosis$occurs$with$age$and$inflammation.$(A)(Intestinal(permeability,(as(827 
measured(by(plasma(FITC/dextran(following(oral(gavage,(and(was(increased(in(old(WT/SPF(but(not(old(828 
TNF(KO(or(old(germ/free(mice.(((B)(Circulating(muramyl(dipeptide((MDP)(is(increased(in(old(SPF(WT(mice.((829 
Old(TNF(KO(and(germ/free((GF)(mice(are(not(significantly(different(from(young(SPF(mice((n(=(5(to(10).((GF(830 
mice(do(not(have(any(detectable(MDP(in(the(circulation.($(C)(Principal(coordinate(analysis(based(on(Bray/831 
Curtis(demonstrates(that(the(microbial(communities(of(old(WT(mice(diverge(from(young(mice(but(this(is(832 
not(the(case(in(old(TNF(KO(mice.$Chi/squared(of(the(likelihood(ratio(test(in(DESeq2(shows(old(and(833 
young(microbiomes(are(significantly(different((p(<(0.001).((D)Anti/TNF((Adalimumab)(or(a(human(834 
IgG(isotype(control(were(administered(at(a(dose(of(50ng/g(of(body(weight(every(other(day(for(two(weeks.(835 
Principal(co/ordinate(analysis(was(used(to(visualize(differences(in(the(microbial(communities(after(2(836 
weeks(of(anti/TNF(treatment.(Anti/TNF(treatment(altered(the(composition(of(the(fecal(microbiota(of(old(837 
but(not(young(mice.$(838 
(839 

(840 

Figure 8. Proposed model of gut-microbe dependent induction of age-associated inflammation. 841 
Basal translocation of microbial products occurs throughout life; however with age, these induce an 842 
inflammatory response, which contributes to microbial dysbiosis. Microbial dysbiosis increases 843 
intestinal permeability which increases intestinal permeability and bacterial translocation. This feed-844 
forward process increases with age.  845 
(846 
(847 
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Supplementary,Figure,1.,
!

!
!
The!experimental!design!for!germ6free!colonization!experiments.!Briefly,!young!and!
old!germ6free!mice!are!colonized!with!either!the!young!or!old!microbiota!via!the!co6
housing!method.!Mice!are!co6housed!without!disturbance!for!a!total!of!two!weeks.!
Following!the!two!weeks,!fecal!pellets!are!collected!on!a!weekly!basis!until!the!point!
of!sacrifice.!After!four!weeks!of!initial!co6housing,!a!FITC6dextran!gavage!is!
performed.!Approximiately!5.5!weeks!of!colonization,!an!insulin!sensitivity!test!is!
performed.!Sacrifice,!tissue!collection!and!analysis!occur!six!weeks!after!
colonization.!!
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Supplementary,Figure,2.,
!
Dilutions,for,staining,colonic,cells,

Antibody, Fluorophore, Dilution, Laser,
Zombie! APC!efluor!780! 1/250! Red!
CD3! APC!efluor!780! 1/100! Red!
CD45! Pacific!Blue! 1/75! Violet!
CD11b! PerCP!Cy5.5! 1/200! Blue!
CD64! APC! 1/100! Red!
MHCII! AF700! 1/100! Red!
Ly6C! FITC! 1/300! Blue!
CCR2! PE! 1/50! Blue!
F4/80! BV605! 1/100! Violet!
TNF! BV650! 1/50! Violet!
ILK6! PerCP!efluor!710! 1/50! Blue!
ILK10! PE/Dazzle!594! 1/50! Blue!
!
!
Dilutions,for,staining,blood,and,lung,cells,

Antibody, Fluorophore, Dilution, Laser,
CD45! Pacific!Blue! 1/75! Violet!
CD11b! PECy7! 1/400! Blue!
Ly6C! FITC! 1/400! Blue!
CCR2! PE! 1/50! Blue!
F4/80! APC! 1/250! Red!
CD3! AF700! 1/100! Red!
CD19! AF700! 1/100! Red!
NK1.1! AF700! 1/100! Red!
ILK6! PerCP!eFluor710! 1/50! Blue!
TNF! BV650!

(Qdot605!or!eF650NC)!
1/50! Violet!

!
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Gating!strategy!for!the!identification!of!Ly6Chigh!monocytes!in!the!blood.!!
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Supplementary,Figure,4.,
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Gating!strategy!to!differentiate!between!macrophages!and!monocytes!in!the!colon.!!
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Supplementary,Figure,51,2.,
!
INTEGUMENT,
Alopecia, Hair!loss!due!to!age1related!balding!and/or!barbering!(fur!

trimming)!
Loss,of,fur,
colour,

Change!in!fur!colour!from!black!to!grey!or!brown!

Dermatitis, Inflammation,!overgrooming,!barbering!or!scratching!causing!
skin!erosion.!Can!result!in!open!sores!anywhere!on!the!body!

Loss,of,whiskers, Loss!of!vibrisse!(whiskers)!due!to!aging!and/or!whisker!
trimming!

Coat,condition, Ruffled!fur!and/or!matted!fur.!Ungroomed!appearance.!Coat!
does!not!look!smooth,!sleek,!and!shiny!

PHYSICAL/MUSCULOSKELETAL,
Tumors, Development!of!tumors!or!masses!anywhere!on!the!body!
Distended,
abdomen,

Enlarged!abdomen.!May!be!due!to!tumor!growth,!organ!
enlargement,!or!intraperitoneal!fluid!accumulation!

Kyphosis, Exaggerated!outward!curvature!of!the!lower!cervical/!thoracic!
vertebral!column.!Hunched!back!or!posture.!

Tail,stiffening, Tail!appears!stiff,!even!when!animal!is!moving!in!the!cage.!Tail!
does!not!wrap!freely!when!stroked!

Gait,disorders, Lack!of!coordination!in!movement!including!hopping,!wobbling,!
or!uncoordinated!gait.!Wide!stance.!Circling!or!weakness!

Tremor, Involuntary!shaking!at!rest!or!during!movement!
Forelimb,grim, A!decline!in!forelimb!grip!strength!
Body,condition,
score,

Visual!signs!of!muscle!wasting!or!obesity!based!on!the!amount!
of!flesh!covering!bony!protuberances!

OCULAR/,NASAL,
Cataracts, Clouding!of!the!lens!of!the!eye.!An!opaque!spot!in!the!center!of!

the!eye!
Corneal,opacity, Development!of!white!spots!on!the!cornea.!Cloudy!cornea!
Eye,
discharge/swelli
ng,

Eyes!are!swollen!or!bulging!(exopthalmia).!They!may!exhibit!
abnormal!secretions!and/or!crusting!

Microphthalmia, Eyes!are!small!and/or!sunken.!May!involve!one!or!both!eyes!
Vision,loss, Vision!loss,!indicated!by!failure!to!reach!toward!the!ground!

!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!
1!Whitehead!JC,!Hildebrand!BA,!Sun!M,!et!al.!A!Clinical!Frailty!Index!in!Aging!Mice:!Comparisons!With!
Frailty!Index!Data!in!Humans.!The$Journals$of$Gerontology$Series$A:$Biological$Sciences$and$Medical$
Sciences.!2014;69(6):6211632.!doi:10.1093/gerona/glt136.!
2!Aartsma1Rus,!A.,!van!Putten,!M.!Assessing!Functional!Performance!in!the!Mdx!Mouse!Model.!J.$Vis.$
Exp.!(85),!e51303,!doi:10.3791/51303!(2014).!
!
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when!lowered!by!the!tail!
Menace,reflex, Rapid!eye!blink!and!closure!of!the!palpebral!fissure!in!response!

to!a!nontactile!visual!threat!to!the!eye.!Measures!of!the!integrity!
of!the!entire!visual!pathway!including!cortical!components!

Nasal,discharge, Signs!of!abnormal!discharge!from!the!nares!
!

DIGESTIVE/,UROGENITAL,
Malocclusions, Incisor!teeth!are!uneven!or!overgrown.!Top!teeth!grow!back!

into!the!roof!of!the!mouth!or!bottom!teeth!are!long!and!easily!
seen!

Rectal,prolapse, Protrusion!of!the!rectum!just!below!the!tail!
Vaginal/uterine
/penile,prolapse,

Vagina!or!uterus!protrudes!through!the!vagina!and!vulva.!Penus!
cannot!reenter!the!penile!sheath!

Diarrhea, Feces!on!the!walls!of!the!home!cage.!Bedding!adheres!to!feces!in!
cage.!Feces,!blood,!or!bedding!around!the!rectum!

RESPIRATORY,
Breathing,
rate/depth,

Difficulty!breathing!(dyspnea),!pulmonary!congestion!(rales)!
and/or!rapid!breathing!(tachypnea)!

DISCOMFORT,
Mouse,grimace,
scale,

Measure!of!pain/discomfort!based!on!facial!expression.!
Assessment!of!five!facial!features:!orbital!tightening,!nose!bulge,!
cheek!bulge,!ear!position!(drawn!back),!or!whisker!change!
(either!backward!or!forward)!

Piloerection, Involuntary!bristling!of!the!fur!due!to!sympathetic!nervous!
system!activation!

OTHER,
Temperature, Increase!or!decrease!in!body!temperature!
Weight, Increase!or!decrease!in!body!weight!
MUSCLE,STRENGTH!
Cage,hang,test, Measure!of!muscle!strength!by!hanging!mice!upside!down!on!a!

wire!rack.!The!length!of!time!which!a!mouse!can!hold!on!
indicates!their!muscle!strength.!

!
Modified!clinical!signs!of!frailty!measured!in!young!and!old!mice.!Table!modified!
from!Whitehead!et!al.,!2014!and!van!Putten!et!al.,!2011!(1,!2).!Each!measure!in!the!
frailty!score!is!scored!with!either!a!0,!0.5,!or!1!to!indicate!how!severe!that!change!is.!
The!values!are!added!in!order!to!determine!the!overall!frailty!score!of!a!mouse.!Each!
cage!hang!test!was!completed!in!triplicates.!Maximum!time!was!indicated!if!mice!
were!able!to!hold!on!for!60!seconds.!!


