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1 Intr oduction

This chapteris intendedasa gentleintroductionto the immunesystemfor researchersho do not have muchback-
groundin immunology It is nota comprehensie overview, andcertainlydoesnot standin for a goodimmunology
textbook. The interestedreadershouldconsult[14, 4, 13]. The goal of this chapteris to sketch an outline of how
theimmunesystenffits together sothatreadersnaythengo andconsultdetailedresearctpapersknowing whereto
look. For this reasonthe emphasisereis on interpretationnot details,with aninterpretatve biastowardsviewing
theimmunesystenfrom the perspectie of informationprocessingthatis, in termsof thearchitecturealgorithmsand
principlesembodiedoy theimmunesystem.

The basisof the interpretationis the teleologicalviewpoint that the immunesystemhasevolved for a particular
purpose Fundamentallysucha viewpointis wrong,but it is usefulfor expositorypurposesit is easierto understand
theimmunesystemto a first approximationif the componentandmechanismsireviewedwith the assumptiorthat
they exist to solve a particularproblem. It is thusassumedhatthe “purpose”of theimmunesystemis to protectthe
body from threatsposedby toxic substanceandpathogensandto do soin a way that minimizesharmto the body
andensurests continuedfunctioning’. The term pathogenembraces plethoraof inimical micro-organismssuch
asbacteria,parasitesyiruses,andfungi, that constantlyassaultthe body. Thesepathogensrethe sourceof mary
diseasesindailments,for example,pneumonids causedy bacteria AIDS andinfluenzaarecausedy viruses,and
malariais causedy parasitesReplicatingpathogensanleadto arapid demiseof the hostif left unchecled.

Therearetwo aspects$o theproblemthattheimmunesystenfaces:theidentificationor detectiorof pathogensand
the efficienteliminationof thosepathogensvhile minimizing harmto the body, from both pathogensindtheimmune
systemitself. The detectionproblemis often describedasthat of distinguishing“self” from “nonself’ (which are
elementof thebody, andpathogens/toxinggspectiely). However, mary foreign micro-omganismsare not harmful,
andanimmuneresponseo eliminatethemmay damagehebody. In thesecasest would be healthiemotto respond,
soit would be moreaccuratdo saythatthe problemfacedby theimmunesystemis that of distinguishingbetween
harmfulnonselfandeverythingelse[7, 8]2. Oncepathogensiave beendetectedthe immunesystemmusteliminate
themin somemanner Differentpathogen$iave to beeliminatedin differentways,andthecomponentsf theimmune

1Thisis a limited view of “purpose”;in generaljt may be betterto adoptthe viewpoint that the purposeof theimmunesystemis to maintain
homeostasisyhich includesprotectingthe bodyfrom pathogensndtoxinsthatcould disruptthathomeostasis.
2However, thefactthattheimmunesystemdoesreactto “harmless’micro-oiganismss essentiato immunization(seesections).



systenthataccomplistthisarecalledeffectors. Theeliminationproblemfacingtheimmunesystenis thatof choosing
theright effectorsfor the particularkind of pathogerto be eliminated.

This chapteris structuredasa narrative, introducingdetailsasthey becomerelevantto the story, to avoid over-
whelmingthereademwith termsandtechnicalities Wheneer new termsareintroduced they appeatin boldface,and
explainedsoonafterwards.In additiona glossaryof thesetermsappearsn the appendix.The next section(2 givesa
high-level descriptionof themaincomponent®f theimmunesystemarchitectureandin the sectionghatfollow these
componentsredescribedn moredetail. The problemof the detectionof specificpathogenss discussedh section3.
Section4 explainshow theimmunesystemproducessufiicient cellular diversityto provide protectionagainsta wide
variety of pathogensSection5 describedhiow theimmunesystemadaptdo specifickinds of pathogensandsection6
discussetiow theimmunesystentremembers’pathogenistructuregdo facilitaterapid secondaryesponsesSection
7 describeshow the immunesystemremainstolerantof the body; i.e. why the immunesystemdoesnot attackthe
body In section8, the problemof detectingandeliminatingpathogengiddenwithin cellsis discussedSomeconse-
guence®f this aredescribedn section9, andin sectionl0, the problemof effectorselectionto eliminatepathogens
is discussed.

2 The Architecture of the Immune System

Thearchitecturef theimmunesystems multi-layeredwith defensesnseverallevels(seefigurel). Mostelementary
is the skin, which is the first barrierto infection. Anotherbarrieris physiological,whereconditionssuchaspH and
temperaturerovide inappropriatdiving conditionsfor foreign organisms. Oncepathogendave enterecthe body;
they aredealtwith by the innate immunesystemand by the acquiredor adaptive immune system. Both systems
consistof a multitude of cells and moleculesthat interactin a complex mannerto detectand eliminate pathogens.
Both detectionand elimination dependupon chemicalbonding: surfacesof immunesystemcells are coveredwith
variousreceptorssomeof which chemicallybind to pathogensandsomeof which bind to otherimmunesystencells
or moleculego enablethe complex systemof signallingthatmediategsheimmuneresponse.

2.1 Thelnnate Immune System

The term “innate” refersto that part of the immunesystemwith which we are born; thatis, it doesnot changeor
adaptto specificpathogengunlike the adaptive immunesystem). The innateimmunesystemprovidesa rapid first
line of defenseto keepearlyinfectionin check,giving the adaptve immunesystemtime to build up a morespecific
responselnnateimmunity consistsprimarily of a chemicalresponsesystemcalledcomplement andthe endocytic
and phagocytic systemswhich involve roaming“scavenger” cells, suchas macrophages that detectand engulf
extracellularmoleculesandmaterials clearingthe systemof both debrisandpathogen$

2.1.1 The ComplementSystem

The complemensystemprovidesthe earliestinnateresponseWhencomplemenmoleculeshatexist in the plasma
bind to certainkinds of bacteriathey help eliminatethe bacteriathroughlysis or opsonization Lysisis the process
wherebycomplementupturesthe bacterialmembranewhich resultsin destructionof the bacterium.Opsonization
refersto the coatingof bacteriawith complemen{or antibodies;seesection5), enablingthe bacteriato be detected
by macrophagesSelf cells have regulatoryproteinson their surfacesthat preventcomplementrom bindingto them,

3As anaid to rememberingheseterms,it is usefulto recalltheir Greekorigins: endomeansiinside”, phagomeans‘eat”, cyto means'‘cell”.
So,for example,endogtic means'inside-cells”.
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Figure1l: Immunesystemdefensesre multilayered. The blobson the left represenpathogenghat couldinfect the
body The first layer of protectionis the skin, which blocks most pathogens.Elimination is indicatedby a cross
througha fadedrepresentationf the pathogen.The secondayer of defensds physiological whereconditionssuch
astemperaturenake the bodily ervironmentmorehostilefor pathogensThethird layeris theinnateimmunesystem,
consistingof roaming scavengercells suchas phagogtes which engulf pathogensand debris. The final layer is
the adaptve immunesystem,which consistsof cells calledlymphogytesthat adaptto the structureof pathogengo
eliminatethemefficiently.



andso areprotectedagainsthe effectsof complement.The activation of complementndmacrophagei the early
stagef infectiontypically happensn thefirst few hours.

2.1.2 Macrophages

Macrophagesre “scavenger” cells found in tissuesthroughoutthe body. They play a crucial role in all stagesof
immuneresponse.In the early stagesthey have several differentfunctions. For example,they have receptorsfor
certainkindsof bacteriaandfor complementthusthey engulfthosebacteriaandbacteriaopsonizedy complement.
Additionally, macrophagethatareactivatedby binding secretanoleculescalledcytokines. Thereleaseof cytokines
activatesthe next phaseof hostdefensetermedthe earlyinducedresponse.

2.1.3 Cytokinesand Natural Killer Cells

Cytokinesaremoleculeghatfunctionasavarietyof importantsignals.Cytokinesarenotonly producedy macrophages
andotherimmunesystemcells, but alsoby cellswhich arenot a part of theimmunesystem for example,cellsthat
secretecytokineswhendamaged A major effect of the cytokinesis to induceaninflammatory responsewhich is
characterizedby anincreasen local blood flow and permeabilitybetweenblood andtissues. Thesechangesallow
largenumbersof circulatingimmunesystemcellsto berecruitedto the site of infection. Anothereffect of cytokinesis
inducingtheincreasen bodytemperatur@ssociatedvith fever. Feveris thoughtto be beneficialbecaus¢he actiity

of pathogenss reducedwith anincreasdn temperaturewhereaslevatedtemperaturefncreasehe intensity of the
adaptveimmuneresponseYet anothereffect of cytokinesis to reinforcetheimmuneresponsdy triggeringtheliver

to producesubstanceknown asacute phasepr oteins (ATP), which bind to bacteriathusactivatingmacrophageer
complement.

Certaincells produceproteins,calledinterfer ons wheninfectedby viruses. Interferonsare so-calledbecause
they inhibit viral replication,but they alsohave mary otherfunctions. For example,they alsoactivatenatural killer
(NK) cellsto kill virus-infectedhostcells. NK-cells bind to carbohydratesn normalhostcells, but arenormally not
activatedbecauséealthycells expressmoleculesthat act asinhibitory signals. Somevirally-infected cells cannot
expresshesenhibitory signalsandarekilled by activatedNK-cells. ActivatedNK-cellsreleasechemicalghattrigger
apoptosisin the infectedcell. Apoptosisis programmectell-death,a normal cellular responsehatis essentiain
mary bodily functionsotherthanimmunity.

2.2 The Adaptive Immune System

The adaptie immunesystemis so-calledbecausét adaptsor “learns” to recognizespecifickinds of pathogensand
retainsa “memory” of themfor speedingup future responses.The learningoccursduring a primary responseo
a kind of pathogemot encounteredeforeby the immunesystem. The primary responseés slow, often first only
becomingapparenseveral daysafter theinitial infection, andtaking up to threeweeksto clearaninfection. After
the primary responselearsan infection, the immunesystemretainsa memoryof the kind of pathogerthat caused
theinfection. Shouldthe body be infectedagainby the samekind of pathogentheimmunesystemdoesnot have to
re-learnto recognizethe pathogensbecauset “remembers’their specificappearanceandwill mounta muchmore
rapid andefficient secondaryresponse The secondaryesponsés often quick enoughso thatthereareno clinical
indicationsof are-infection.Immunememorycanconferprotectionup to thelife-time of the organism(measless a
goodexample).

Theadaptie immunesystemprimarily consistsof certaintypesof white blood cells, calledlymphocytes which



circulatearoundthe bodyvia the blood andlymph system&. Lymphog/tesco-operatén the detectionof pathogens,
andassistin pathogerelimination. However, we canabstractlyiew lymphogitesasmobile, independentietectos.
Therearetrillions of theselymphogytes, forming a systemof distributed detection,wherethereis no centralized
control,andlittle, if any, hierarchicalcontrol. Detectionandeliminationof pathogenss a consequencef trillions of
cells- detectors interactingthroughsimple,localizedrules.

The remainderof this chapterconcentratesn the adaptve immunesystembecauset appeardo have the most
comple andinterestingarchitecture. Wherenecessarthe interactionbetweenthe innateandthe adaptve immune
systemss mentionedpecauséhey arecloselylinkedin thedetectionandeliminationof pathogens.

3 SpecificRecognitionin the Immune System

A detectioror recognitioneventoccursn theimmunesystemwhenchemicabondsareestablishedetweerr eceptors
onthe surfaceof animmunecell andepitopes which arelocationson the surfaceof a pathogeror proteinfragment
(apeptide). Both receptorsandepitopeshave complicatedhree-dimensionatructureshatareelectricallychaged.
The more complementaryhe structureand chage of the receptorandthe epitope,the morelikely it is that binding
will occur Seefigure2.

The strengthof the bondbetweera receptorandan epitopeis termedthe affinity . Receptorsaredeemedspecific
becausehey bind tightly only to a few similar epitopestructuresor patterns. This specificity extendsto the lym-
phog/testhemseles: receptorstructureamay differ betweenymphogytes,but on a singlelymphogyte, all receptors
areidentical, making a lymphogyte specificto a particularsetof similar epitopestructureg(this featureis termed
monospecificity). Pathogenshave mary differentepitopes reflectingtheir molecularstructuresso mary different
lymphog/tesmay be specificto a singlekind of pathogen.

A lymphogyte hason the orderof 10° receptorson its surface,all of which canbind epitopes.Having multiple
identical receptorshasseveral beneficialeffects. Firstly, it allows the lymphogyte to “estimate”the affinities of its
receptordor a givenkind of epitope throughfrequeng-basedsampling:asthe affinities increaseso the numberof
receptordbindingwill increaseThenumberof receptorghatbind canbeviewedasanestimateof theaffinity between
asinglereceptorandan epitopestructuré. Secondlyhaving multiple receptorsallows thelymphogyte to estimatethe
numberof epitopes(andthusinfer the numberof pathogens)n its immediateneighbourhood:the more receptors
bound, the more pathogensn the neighbourhood.Finally, mono-specificityis essentialto the immuneresponse,
becauséf lymphog/teswere not mono-specificyeactionto onekind of pathogenwould induceresponseo other,
unrelatecepitopes.

Thebehaiour of lymphooytesis stronglyinfluencedby affinities: alymphogytewill only beactivated(this canbe
termeda “detectionevent”) whenthe numberof receptordboundexceedssomethreshold. Thus,alymphogyte will
only be activatedby pathogensf its receptorshave sufficiently high affinities for particularepitopestructureson the
pathogensandif thepathogensxistin sufficientnumberdn thelocality of thelymphogyte. Suchactivationthresholds
allow lymphogytesto function as generlized detectors:a single lymphogy/te detects(is activatedby) structurally
similar kinds of epitopes.If we considerthe spaceof all epitopestructuresasa setof patternsthena lymphogste
detectoor “covers”asmallsubsebf thesepatterns Hence theredoesnot have to be a differentlymphogyte for every
epitopepatternto cover the spaceof all possibleepitopepatterns. Thereis evidenceto suggesthat certainkinds

4Lymphogtesareso-calledbecausehey exist in the lymph; an alternatie termis leukocyte, whereleuko means‘white”, areferenceto the
factthatleukocytesare“white blood-cells”.

50f coursethis is anidealization becausghe receptorsnay bind differentepitopestructuressowhatis being“estimated”is a ratherarbitrary
meanof the affinities betweenthe receptorsand different epitopestructures. However, asthe affinities increase the estimationbecomesmore
accuratébecauseheepitopestructuresnustbeincreasinglysimilar.

6Lymphogytesrequireadditionalsignalsto be activated. This is termedcostimulation andis discussedn section?.
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Figure2: Detectionis a consequencef binding betweencomplementarghemicalstructures.The surfaceof a lym-
phogyte is coveredwith receptors.The pathogen®n the left have epitopestructureghat are complementaryo the
receptorstructuresandsothe receptordhave higheraffinities for thoseepitopeshanfor the epitopef the pathogens
ontheright, which arenot complementary



of lymphog/tes(memorycells) have lower activation thresholdshanotherlymphogytes,and so needto bind fewer
receptorso becomeactivated(moreof thisin section6).

4 Generating ReceptorDiversity

Becausaletectionis carriedout by bindingwith nonself, theimmunesystemmusthave a sufficiently diversereper
toir e of lymphogyte receptorgo ensurethat at leastsomelymphogyteshbind to ary given pathogen.Generatinga
sufficiently diverserepertoireis a problem,becausehe humanbody doesnot manufctureas mary varietiesof pro-
teinsastherearepossiblepathogervarietiesof epitopes[3] hasestimatedhattheimmunesystemhasavailableabout
108 differentproteins,andthatthereare potentially 1016 differentforeign proteinsor patterngo be recognized One
of themainmechanismsor producingthe requireddiversityis a pseudo-randorprocessin which recombinatiorof
DNA resultsin differentlymphogte genesandhencedifferentreceptors.

inherited
gene segments

DNA
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unique

receptors : : :

Figure3: Generatingeceptodiversity “Random”recombinatiorof genesegmentsggeneratea combinatoriahumber
of receptowvarieties.

[19] hasestimatedthat thereare at most 10® differentvarietiesof receptors.If we assumehat thereare 1016
differentepitopevarieties,thentherewill be insufficient repertoirediversityto bind every single possiblepathogen.
This problemis exacerbatedecauseeplicatingpathogensarelikely to evolve to evadedetectionfrom the existing
repertoire.Theimmunesystemappearso addresshis problemby dynamicprotection.Thereis a continualturnover
of lymphogytes: eachday approximatelyl0? new lymphog/tesaregenerated12]. Assumingthatthereareat ary

"Recallfrom sectionl thatthetermnonselfencompasseail pathogenstoxins, etc. which areforeignto the body.
8Thisis a simplification. For researcltoncerningeceptordiversity see[11].




giventime 10® differentlymphogytes, and theseare turnedover at a rate of 107 per day, it will take ten daysto
generatea completelynew lymphooyte repertoire. Over time, this turnover of lymphogytes (togetherwith immune
memory;seesection6) increaseshe protectionofferedby theimmunesystem.

5 Adaptation

Theimmunesystenneeddo be ableto detectandeliminatepathogenssquickly aspossible becausgathogengan

replicateexponentially The more specifica lymphogyte is to a particularvariety of pathogerepitope,presumably
the moreefficientit will be at detectingat eliminatingthatkind of pathogen.Thus,the immunesystemincorporates
mechanismshatenabldymphooytesto “learn” or adaptto specifickinds of epitopesandto “remember’theseadap-
tationsfor speedingup future responsesBoth of theseprinciplesareimplementedoy a classof lymphogytescalled

B-cells’.

When a B-cell is activatedit migratesto a lymph node The lymph nodesare glandsin which the adaptve
responselevelops.Therearehundredf lymph nodesdistributedthroughouthe body: In thelymph node,the B-cell
producesmary short-lived (on the order of a few days)clonesthroughcell division. B-cell cloningis subjectto a
form of mutationtermedsomatic hypermutation (becausdhe mutationratesare nine ordersof magnitudehigher
thanordinarycell mutationrates). Thesehigh mutationratesincreasethe chancethatthe cloneswill have different
receptorstructuredrom the parentandhencedifferentepitopeaffinities. The new B-cell cloneshave the opportunity
to bind to pathogeni@pitopesapturedwithin thelymph nodes.If they do notbindthey will die aftera shorttime. If
they succeedn binding,they will leave the lymph nodeanddifferentiateinto plasmaor memory B-cells (seefigure
4). PlasmaB-cellssecreta solubleform of theirreceptorscalledantibodies which play akey rolein immunological
defensé’. Antibodiesthat bind to pathogenrepitopeshave two beneficialeffects: firstly, they opsonizepathogens,
andsecondlythey neutralize pathogensi.e. antibodiesblock binding betweerpathogensandself cells. Therole of
memorycellsis describedn section6.

This cycle of activation-proliferation-diferertiation is repeatedresultingin increasingselectionof high-afinity
B-cells, becausehe higherthe affinity of the clonesfor the presenteapitopesthe morelikely it is thatthoseclones
will survive. This processgalledaffinity maturation, is essentiallya Darwinianprocessof variationandselection:
clonescompetefor available pathogenswith the highestaffinity clonesbeingthe “fittest” andhencereplicatingthe
most(seefigure5). This primaryresponsenaytake severalweeksto eliminatethe pathogens.

6 Immunological Memory

A successfuimmuneresponseesultsin the proliferationof memoryB-cellsthathave higherthanaverageaffinities
for the pathogerepitopesthat causedhe response.Retentionof the informationencodedn thesememoryB-cells
constitutesghe “memory” of the immunesystem:if the samepathogensre encounteredn future, the pre-adapted
subpopulatiorof B-cellscanprovide a secondaryesponsehatis morerapid thanthe original primary responsésee
figure6).

Ourunderstandingf immunememoryis problematicoecausa-cellstypically live only afew days,andoncean
infectionis eliminated,we do not know what stopsthe adaptedsubpopulatiorof B-cells from dying out. Thereare
two theoriesthatare currentlydominant. Accordingto oneof thetheories the adaptedmemorycellsarelong-lived,

9The“B” in B-cell refersto thefactthatB-cellsmatureonly in the bonemarraw.

19/ mmuneresponseareoftenmeasuredh termsof antibodyproduction.Anything thatcauseshe productionof antibodiess known asantigen,
a term compoundedrom antibody-gererating, but the term antigenhascometo meanarything that evokes an immuneresponse.The B-cell
responsés calledthe humoral responsebecausehe antibodiesform afluid or “humour”. Thisis in contrastto the alternatve cellular response
mediatedby T-cells; seesection8.
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Figure4: Affinity Maturation.ActivatedB-cells proliferate,producingmutatedclones which aresubjectto selection
via epitopeaffinities. Ontheleft is anactivatedB-cell. It proliferates producingcloneswith mutatedreceptorsClones
with the highestaffinity for the pathogeniepitopessurvive anddifferentiateto becomeplasmaor memorycells.
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Figure5: Affinity maturationis a Darwinianprocessf variationandselection.The variationis provided by somatic
hypermutationandthe selectionis providedby competitionfor pathogerepitopes.
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orderof days).They-axis (antibody) is ameasuref the strengthof theimmunesystenresponse.
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surviving for upto thelifetime of theorganism[5]. Theothertheorypostulateshattheadapted-cellsareconstantly
re-stimulatedy tracesof nonselfproteinsthatareretainedn the bodyfor years[1].

A secondaryesponsgvia memorycells)is not only triggeredby re-introductionof the samepathogenshut also
by infection with new pathogenghat are similar to previously seenpathogensin computerscienceterms,immune
memoryis associativd17]. Thisfeatureunderliegheconcepfimmunisation, whereexposureto benignformsof a
pathogerengenders primaryrespons@ndconsequeninemoryof thepathogerenablegsheimmunesystento mount
amorerapidsecondaryesponséo similar but virulent forms of the samepathoger(seefigure 7).
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Figure 7: Associatve memoryunderliesthe conceptof immunization. At time zero,the cowpox pathogeris intro-
duced.Althoughharmlessit is recognizedasforeign, sotheimmunesystemmountsa primary responsdo it, clears
the infection, andretainsa memoryof the cowpox. Smallpoxis so similar to cowpox, thatthe memorypopulation
generatedby the cowpox reactsto the smallpox,eliminatingthe smallpoxin a moreefficientsecondaryesponse.

7 Toleranceof Self

The picturedescribedhusfar hasa fatalflaw: receptorghatarerandomlygeneratec&ndsubjectto randomchanges
from somatichypermutatiorcould bind to self andinitiate autoimmunity . Autoimmunity occurswhentheimmune
systemattacksthe body. Autoimmunityis rare'; generallytheimmunesystemis tolerant of self, thatis, it doesnot

attackself.

1IAt themost,five perceniof adultsin EuropeandNorth Americasuffer from autoimmunediseasd18].
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Toleranceis amongthe responsibilitiesof anotherclassof lymphogytes,the T helper cells (Th-cells),so-called
becauseghey maturein thethymus,and“help” the B-cells. Most self epitopesareexpressedn thethymus (anorgan
locatedbehindthe breast-bone$o during maturationTh-cellsareexposedto mostself epitopes.If animmatureTh-
cell is activatedby bindingself, it will be censoredi.e., it diesby programmectell death)in a proces<alledclonal
deletion or negative selection(seefigure 8). Th-cellsthat survive the maturationprocessandleave the thymuswill
be tolerantof mostself epitopes.This is calledcentral tolerance, becausahe immatureTh-cellsaretolerizedin a

singlelocation(thethymus).

immature
T-cells in
the thymus

ubiquitous &
self proteins

&H

B-cellsaretolerizedin the bone-marrav, but this is not sufficient to preventthe developmentof autoreactive B-
cells(thosethatbind to self epitopes) During affinity maturationB-cellshypermutatewhich canresultin previously
tolerantB-cells producingautoreactie clones.Becauseffinity maturationoccursin mary distributedlocations(the
lymph nodes)aform of peripheralor distributed)tolerizationis required.Th-cellsprovide this througha mechanism
known ascostimulation. To be activated,a B-cell mustreceve costimulationin the form of two disparatesignals:
signal I occurswhenthe numberof pathogendinding to receptorsexceedsthe affinity threshold(as describedn
section3), andsignal Il is providedby Th-cells.If a B-cell recevessignall in theabsencef signalll it dies.

To provide signalll to a B-cell, a Th-cell must“verify” the epitopesdetectedy the B-cell. Theway in which it
performsthis verificationis comple. In a processknown asantigen processingB-cells engulf pathogenigeptides
andpresenthesepeptideson the surfaceof the B-cell, usingmoleculesof the Major Histocompatibility Complex

(MHC). TheseMHC moleculesshowv the Th-cellswhat is inside the B-cell, thatis, what the B-cell hasdetected.
T-cell receptorsdiffer from B-cell receptordn thatthey bind to MHC/peptidecomplexes. If a Th-cell bindsto an

those that
bind, die

self-tolerant T-cell death

Figure8: T-cellsundego centraltolerizationvia clonaldeletionin thethymus.
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MHC/peptidecomple presentedn the surfaceof a B-cell, it will provide signalll to thatB-cell, andthe B-cell will
be activated.Becauselh-cellsundego centraltolerizationin the thymus,mostmatureTh-cellsareself-tolerantand
sowill notcostimulateB-cellsthatrecognizeself. The Th-cell “v erifies” thatthe detectioncarriedout by the B-cell is
correct,andnotautoreactie (seefigure9).

r{(

B-cell no costimulation

B-cell death

Th-cell
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" . @<
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Figure9: Costimulationfrom Th-cellsimplementdistributedor peripherakolerizationfor B-cells.

Unfortunatelythe pictureis notassimpleasthis. Someperipherakelf proteinsarenever presentedn thethymus
(theexactfractionis unknown), andso Th-cellsemepging from thethymusmaystill beautoreactre. Self-tolerancen
Th-cellsis alsoassuredhroughcostimulation:onceagain,signall is providedby exceedingheaffinity threshold put
signalll is providedby cells of theinnateimmunesystem.Theseinnatesystemcells arethoughtto give out signalll
in the presencef tissuedamagé?.

An autoreactie T-cell couldsurvive in regionsof tissuedamagebut assoonasit leavestheregion of tissuedam-
age,it will recevesignall in theabsenc®f signalll anddie. This canbetermedfrequency-basetblerizationbecause
anautoreactie Th-cell shouldencountesself in the absencef tissuedamagewith higherfrequeng thanselfin the
presencef tissuedamageassumindiealthyselfis generallymorefrequenthannonself.If thesefrequencieshange,
thenfrequeng tolerizationwill leadto alossof immunefunction,whichhasbeenobsenedwhenoverwhelmingnitial
viral dosesresultin nonselfbecomingfrequent[10]. The utility of frequeng tolerizationis emphasizedby the fact
thatthe lossof the thymusdoesnot resultin devastatingautoimmunity which is what we would expectif Th-cells
wereonly tolerizedcentrally

The specializatiorof the differentlymphog/tesgivesthe immunesystemthe ability to provide a fasteradaptie
responsehatis not self-reactve. Th-cellshave the “responsibility” for self-tolerancethusfreeingB-cellsto hyper
mutateandadaptto a specificpathogen.Although Th-cellsmustbe ableto recognizethe peptidespresentedy the

12Thisis a simplification. For amoredetailedexpositionof possibletolerizationandcostimulatiormechanismssee[6, 7, 8].
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B-cells, both classef lymphog/tesare necessaryTh-cellsare general,non-specificdetectorsandso are not effi-
cientat detectingspecificpathogensB-cells, by contrastadaptto becomemore specific,andthusmoreeffective at
detectingparticularpathogenslt hasbeenestimatedhat B-cells detectspecificpathogend 0 to 10000timesmore
efficiently thanTh-cells[7].

8 Detectionof Intra-cellular Pathogens

Theimmunesystemis vastly morecomplex thanportrayedsofar. Anotherimportantfacetis the problemof intra-
cellular pathogensintra-cellularpathogensreorganismssuchasvirusesandcertainbacteriawhich live insidehost
cells. Suchpathogensrenot “visible” to B-cells;all thatthe B-cell potentiallybindsto is the outsideof the hostcell,
which hasonly self epitopesWhattheimmunesystenneeddss someway to “look inside” hostcellsto seeif they are
infected.

TheMHC moleculeglescribedn section? providethesolution. Almostall cellsin thebodyhave MHC molecules,
whichfunctionastransporters;arryingfragmentof proteing(peptides)from within thecell to thecell surface where
they arepresentedo theimmunesystem,in the form of MHC/peptide complexes If acell is infectedwith avirus,
MHC carriesviral peptidego thesurface, andpresenthemto theimmunesystem.

MHC moleculesaredivided into two classes classl MHC andclassll MHC. Theimmunesystemdiffersin its
responséo peptidegpresentedavith classl MHC andclassll MHC. Classll MHC occursonly in cellsof theimmune
systemsuchasmacrophageandB-cells. As discussedbefore, Th-cellsbindto classll MHC/peptidecomplexes,and
whenactivatedthey stimulateanimmuneresponsén the presentingell, for example,macrophagearestimulatecto
destry whateveris in theirvesiclesandB-cellsarestimulatedto proliferateanddifferentiate.

Classl MHC/peptidecomplexesarerecognizedy anotherclassof lymphogytes,calledcytotoxic or killer -T cells
(Tk-cells). Both Tk-cellsand Th-cellsaretypesof T-cells. All T-cellsmaturein the thymus,aretolerizedvia clonal
deletion,anddonothypermutatevhencloning. Tk-cells,likeall T-cells,areonly activatedby bindingto MHC/peptide
complexeswith costimulationfrom the innateimmunesystem.If a Tk-cell is activated,it will kill the infectedhost
cell (hencethename).It doesthis throughapoptosistriggeringthe hostcell into programmedleath;or physically by
punchingholesin the cell wall; or chemically by the secretiorof toxic chemicalqseefigure 10).

9 MHC and Diversity

It is essentiafor hostdefensehat MHC forms MHC/peptidecomplexeswith asmary foreign peptidesaspossible,
so that thoseforeign peptidesare recognizedby Th-cells. Becauseof the natureof molecularbonding, a single
typeof MHC canform complexeswith multiple, but not all pathogenigeptidesHence thereis selectve pressuren
pathogenso evolve sothattheir characteristipeptidesannotbeboundby MHC, becaus¢henthey will beeffectively
hiddenfrom theimmunesystem.Thereforejt appeargo be essentiathatthe body have asmary varietiesof MHC as
possible.However, asthe diversity of MHC typesincreasesthereis aresultingincreasdan the chancehatimmature
Th-cellswill bindto complexesof MHC andself, which meanghatmoreTh-cellswill be eliminatedduringnegative
selection.EliminatedTh-cellsarea wasteof resourcesso evolution shouldfavour lower ratesof Th-cell elimination
duringnegative selection.Hencethenumberof MHC typesis constrainedrom below by therequiremenfor diversity
to detectpathogensandfrom above by resourcdimitationsimposedby negative selection.Mathematicamodelsof
this trade-of indicatethatthe numberof MHC typespresenin the humanbody (about4 to 8) is closeto optimal[9].
MHC typesdo not changeoverthelife of anorganismandaredeterminedy geneghatarethe mostpolymorphic
in the body. Hence,MHC is representatie of geneticimmunologicaldiversity within a population. This diversity
is crucialin improving the robustnes®of a populationto a particulartype of pathogen.For example,therearesome

15



infected
host cell

MHC

viral peptides &

Tk-cell activated by infected host cell
MHC/peptide binding destroyed by Tk-cell

Figure10: Tk-cellseliminateintra-cellularpathogensTk-cellsactivatedby bindingto a MHC/peptidecomplexeson
a self cell and costimulatedby the innateimmunesystemwill destry the self cell that presentedhe MHC/peptide
comple.
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viruses,suchasthe Epstein-Barwirus, thathave evolved dominantpeptideshatcannotbe boundby particularMHC
types,leaving individualswho have thoseMHC typesvulnerableto the diseasd4]. The geneticdiversity conferred
by MHC is soimportantthatit hasbeenproposedhatthe mainreasorfor the continuanceof sexual reproductioris
to confermaximally-variedMHC typesuponoffspring[2]. Therearesomestudieswith micethatsupportthis theory
Thesestudiesindicatethatmice usesmellto choosematesvhoseMHC differsthemostfrom theirs[15].

10 Effector Selectionand its Rolein PathogenElimination

The immunesystemhasa variety of effector functionsbecausalifferentpathogensnustbe eliminatedin different
ways. For example intra-cellularpathogensuchasvirusesareeliminatedvia Tk-cells,whereasxtracellularbacteria
are eliminatedby macrophagesr complementgtc. After pathogen$ave beendetectedthe immunesystemmust
selectthe appropriateeffectorsso that the pathogensre efficiently eliminated. Selectionof effectorsis determined
by chemicalsignalsin the form of cytokines,but it is not clearhow selectionactuallyworks. Mathematicaimodels
indicatewaysin which selectioncouldoccur if cytokinesreflectthelocal stateof thesystem(i.e. thedamagesuffered
from pathogensthe damagesufferedfrom theimmunesystemetc.) [16].

Both B andT-cellsplay arole in effectorselection.After proliferation, Th-cellsdifferentiateinto two kinds: Thl
andTh2-cells. Only Thl-cellscanactivateB-cells. Th2-cells(which areknown asinflammatory T-cells,ontheother
hand,do not interactwith B-cells, but insteadareresponsibldor the activation of macrophageswWhenmacrophages
areinfectedwith bacteriain their vesiclesthey mustbe stimulatedto destry thosebacteria;this is the role of the
Th2-cells. To afirst approximation;Th1-cellsareimplicatedin theresponseagainstextracellularpathogenswhereas
Th2-cellsareimplicatedin theresponsegainstintra-cellularpathogens.

If Th-cellsdifferentiateinto the incorrecteffectorsfor the pathogerthreat,the consequencesanbe disastrous.
Thisis clearlyillustratedin the caseof leprosy a diseaseausedy theleprosybacteriumwhichinhabitsmacrophage
vesicles.In mostcasesf leprosy Th-cellsdifferentiateinto Th2-cells,andstimulatethe macrophageto destrgy the
bacteriajput in somecasesfor reasonsiotunderstoodthe Th-cellsdifferentiateinto Th1-cells,having little effecton
bacteriawhich areisolatedfrom the effectsof B-cells. The consequencef this misguidedresponsés thatthe bacteria
proliferatein the macrophagesgsultingin grosstissuedamagewvhich eventuallyleadsto death.

B-cellsplay arole in effector selectionvia the antibodieghey secrete Antibodieshave a y-shapedstructure(see
figure11), with threedifferentregions. The armsof they aretermedthe variable regions,andthetail of they is the
constantregion. Thevariableregionsarerandomlygeneratedasdescribedn section4) sothatthey bind to specific
pathogerepitopes.The constantregion, on the otherhand,is not randomlygeneratedhencethe name),but comes
in afew structuralvarieties,calledisotypes®. The constantegionis the partof the antibodyto which otherimmune
systemcells (suchasmacrophaged)ind. Dependingon theisotypeof the constantegion, differentresponsewiill be
triggereduponbinding,soit is this partof the antibodythatdetermineffectorfunction.

A singleB-cell canclonemultiple B-cells, eachwith a differentisotype,evenwhile the receptorvariableregions
remainthe same. This is known asisotype switching, and enablesghe immunesystemto choosebetweenvarious
effector functionsvia chemicalbinding. For example,the isotypedeterminesvhetherthe primary immuneresponse
is neutralisationppsonizationsensitizatiorfor killing by NK cells (seesection2.1), or activation of the complement
system.

L3Therearemary differentisotypesfor example,IgA, 1gG, IgM.
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Figure11: Variableandconstantantibodyregions. An antibodyis y-shapedwith the armsof they beingthe variable
regionsandthe tail beingthe constantregion. The variableregions provide specificbinding of pathogerepitopes;
the constantregion definesthe isotypethat bindsto otherimmune systemcomponentssuchas macrophageand
complement.
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