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Abstract

Thispaperarguesthatimmunologicalmemoryis in thesameclassof associativememoriesas
Kanerva’s Sparse Distributed Memory, Albus’s Cerebellar Model Arithmetic Computer, and
Marr’s Theory of the Cerebellar Cortex. This classof memoriesderivesits associative and
robustnaturefrom asparsesamplingof ahugeinputspaceby recognitionunits(B andT cells
in the immunesystem)anda distribution of thememoryamongmany independentunits (B
andT cellsin thememorypopulationin theimmunesystem).

Keywords: ImmunologicalMemory, Associative Memory, Cross-Reactive Memory, Original Antigenic
Sin,SparseDistributedMemory.

1 Introduction

Cowpoxvaccination,usedto protecthumansfrom smallpox,wasthefirst known deliberateuseof
associativerecall in theimmuneresponse(Jenner, 1798).Themoderninvestigationof associative
recall began with the observation that antibodiesinducedduring an influenzainfection often
have greateraffinity to prior strainsof influenzathanto the infectingstrain—suggestingthat the
antibodiesweregeneratedby memorycells to prior infections(Francis,1953;Davenportet al � ,
1953). Gilden (1963) and Fazekasde St. Groth & Webster(1966)continuedthe investigation
by injecting laboratoryanimalswith oneantigenandthenrecallingthe memoryof that antigen
by subsequentinjection of a second,related,antigen. Someresearchersconsideredassociative
recall“a degeneracy in thesecondaryimmuneresponse”(Eisenet al � , 1969).However, asresearch
continued,andassociativerecallwasobservedin many animalmodelswithmany typesof antigen,it
becameclearthatit wasageneralphenomenonof immunologicalmemory(Ivanyi, 1972;Deutsch
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& Bussard,1972; Fish et al � , 1989; Nara & Goudsmit,1990; Smith, 1994). Immunologists
refer to associative recall as a cross-reactive secondaryresponse,or as original antigenicsin
(FazekasdeSt.Groth& Webster, 1966).

The purposeof this paperis to show that immunologicalmemoryis an associative and robust
memorythatbelongsto theclassof sparsedistributedmemories.Thisclassof memoriesderivesits
associativeandrobustnatureby sparselysamplingtheinputspaceanddistributingthedataamong
many independentagents(Kanerva, 1992). Othermembersof this classincludea modelof the
cerebellarcortex (Marr, 1969),theCerebellar Model Arithmetic Computer (CMAC) (Albus,1981),
andSparse Distributed Memory (SDM) (Kanerva,1988).First,wepresentasimplifiedaccountof
theimmuneresponseandimmunologicalmemory. Next, we presentSDM, andthenwe show the
correlationsbetweenimmunologicalmemoryandSDM. Finally, we show how associative recall
in theimmuneresponsecanbebothbeneficialanddetrimentalto thefitnessof anindividual.

2 Immunological Memory

The immunesystemmustrecognizea largenumberof cells andmolecules(antigens)that it has
never seenbefore,andit mustdecidehow to respondto them. Someantigens,suchasthosethat
make up the individual’s body, mustnot be attacked1. Otherantigens,suchasviruses,bacteria,
parasitesandtoxinsarerespondedto by mixturesof theT cell responseandthedifferenttypesof
antibodyresponses.Theimmunesystemremembersantigensit hasseenbeforeandwhenit sees
themagainis oftencapableof eliminatingthembeforediseaseoccurs.This memoryis thebasis
for vaccination,andthe reasonwhy we do not get mostdiseasesmorethanonce. The immune
responseandimmunologicalmemoryarecomplex andnot fully understood.This expositionis
necessarilysimplifiedandrestricted.

Recognition. Thehumanimmunesystemusesa largenumberof highly specificB andT cells to
recognizeantigen.An individualhasthegeneticmaterialanda combinatorialbasedrandomizing
mechanismto express� 1010 distinctB cell receptors(Berek& Milstein, 1988). At any time, the
immunesystemexpressesa subsetof theseconsistingof the orderof 107 to 108 distinct B cell
receptors(Köhler, 1976;Klinman et al � , 1976;Klinman et al � , 1977). The numberof possible
distinctantigensis difficult to calculate,but it is thoughtto be in the range1012 to 1016 (Inman,
1978). B andT cell receptorsarestimulatedby antigenif their affinity for the antigenis above
somethreshold. Typically 10� 5 to 10� 4 of an individual’s B cells arestimulatedby an antigen
(Edelman,1974;Nossal& Ada,1971;Jerne,1974a).B cellsthatarestimulatedby anantigenare
saidto bein theball of stimulation of thatantigen(Perelson& Oster, 1979)(Figure1a).

Response. B andT cells that arestimulatedby antigendivide. The B cell receptorsometimes
mutateson cell division and this can increasethe affinity of its daughtercells for the antigen.
Towardstheendof a response,whenantigenbecomesscarce,higheraffinity B cellshaveafitness
advantageover loweraffinity B cellsandarepreferentiallyselectedin a processsimilar to natural
evolution (Figure1b) (Burnet,1959). During thereplicationof cellsin responseto antigen,some
B cells changeinto plasmacellsandsecreteantibodieswhich eliminatetheantigen. In the case

1Diseasessuchasmultiplesclerosis,rheumatiodarthritisandinsulin-resistantdiabetesareexamplesof autoimmune
diseaseswheretheimmunesystemattacksthebodyit usuallyprotects.
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Figure1: (a) A two dimensionalillustrationof (a high dimensional)sparsedistribution of B
or T cell receptorsin a spacewheredistanceis a measureof affinity for an antigen. B and
T cellswithin somethresholdaffinity bind theantigenandbecomeactivated. The region the
antigenactivatesis calledtheball of stimulation of theantigen.(b) ActivatedB cellsreplicate
andmutateandthehigheraffinity onesareselected.(c) After theantigenis cleareda memory
populationpersists. (d) A secondexposureto the sameantigen,or herea relatedantigen,
restimulatesthememorypopulationinducinganassociativerecall.

of a viral infection, someT cells changeinto cytotoxic T lymphocytes(CTLs), which cankill
virus-infectedcells.

At theendof an immuneresponse,whentheantigenis cleared,theB cell populationdecreases,
leaving a persistentsub-populationof memorycells (Figure1c). The mechanism(s)by which
memorycellspersistis not fully understood.Onetheoryis thatmemorycellslive for a long time
(Mackay, 1993). Anotheris thatmemorycellsarerestimulatedat somelow level. A numberof
mechanismsfor restimulationhave beenproposed.Jerne(1974)proposedthe idiotypic network
theoryin which cells co-stimulateeachother in a way that mimics the presenceof the antigen.
Anothertheoryis thatsmallamountsof theantigenareretainedin lymph nodes(Tew & Mandel,
1979;Tew et al � , 1980). Anotheris thatrelatedenvironmentalantigensprovide cross-stimulation
(Matzinger, 1994).

Theidiotypic network theoryhasbeenproposedasacentralaspectof theassociativepropertiesof
immunologicalmemory(Farmeret al � , 1986;Gibert& Routen,1994).However, in thisexposition,
it is but oneof thepossiblemechanismsthatmaintainsthememorypopulationandis key to neither
theassociativenor robustpropertiesof immunologicalmemory.

Thepersistentpopulationof memorycellsis themechanismby whichtheimmunesystemremem-
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bers.If thesameantigenis seenagain,thememorypopulationquickly produceslargequantitiesof
antibodies(or CTLs)andoftentimestheantigenis clearedbeforeit causesdisease.Thisis calleda
secondaryimmuneresponse.If thesecondaryantigenisslightlydifferentfromtheprimaryantigen,
its ball of stimulationmay overlappartof the memorypopulationraisedby the primaryantigen
(Figure1d). Memorycells in theoverlapbind the antigenandproduceantibodiesand/orCTLs.
Immunologistscall this a cross-reactive response,peoplewho work with associative memories
would call it associative recall. Thestrengthof thesecondaryimmuneresponseis approximately
proportionalto the numberof memorycells in the ball of stimulationof the antigen. If a subset
of the memorypopulationis stimulated,by a relatedantigen,thenthe responseis weaker (East
et al � , 1980). Thus,memoryappearsto bedistributedamongthecells in thememorypopulation.
Immunologicalmemoryis robustbecause,evenwhena portionof thememorypopulationis lost,
theremainingmemorycellspersistto producea response.

3 Sparse Distributed Memory (SDM)

Kanerva’s SDM is a memberof theclassof sparseanddistributedassociativememoriesto which
we show immunologicalmemorybelongs.SDM, like randomaccessmemory(thememoryin a
computer),is written to by providing anaddressanddata,andreadfrom by providing anaddress
andgettingan output. Unlike randomaccessmemory, the addressspaceof SDM is enormous,
sometimes1,000bits,giving21 � 000 possibleaddresses.SDMcannotinstantiatesuchalargenumber
of address-datalocationssoit instantiatesasubset,of say1,000,000address-datalocations.These
instantiatedaddress-datalocationsarecalledhardlocationsandaresaidto sparselycovertheinput
space(Kanerva,1988).

Whenanaddressispresentedto thememoryhardlocationsthatarewithin somethreshold Hamming
distanceof the addressareactivated. This subsetof activatedhardlocationsis calledthe access
circleof theaddress(Figure2a). Onawrite, eachbit of theinputdatais storedindependentlyin a
counterin eachhardlocationin theaccesscircle. If the � th databit is a 1, the � th counterin each
hardlocationis incrementedby 1, if the � th databit is a 0 thecounteris decrementedby 1 (Figure
2b). On a read,eachbit of theoutputis composedindependentlyof theotherbits. Thevalueof
the � th counterof eachof thehardlocationsin theaccesscirclearesummed.If thesumis positive
theoutputfor the � th bit is a1, if thesumis negativetheoutputis a0 (Figure2c).

Thedistribution of thedataamongmany hardlocationsmakesthe memoryrobust to the lossof
somehardlocations,andit permitsassociativerecallof thedataif areadaddressisslightlydifferent
from aprior write address.If theaccesscircleof thereadaddressoverlapstheaccesscircleof the
write address,thenhardlocationsthatwerewrittento by thewrite addressareactivatedby theread
address,andgiveanassociativerecallof thewrite data(Figure2d).

4 Correspondence between Immunological Memory and SDM

The previous two sectionsshowed that both immunologicalmemoryand SDM are sparseand
distributed,andarethusassociativeandrobust. Thecorrespondencebetweenthetwo memoriesis
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Figure2: (a)A twodimensionalillustrationof hardlocationssparselyandrandomlydistributed
in a high dimensionalbinaryinput space.Distancein thespacerepresentsHammingdistance
betweenhardlocations. Hard locationswithin someradiusof an input addressareactivated
andform an accesscircle. (b) Activatedhardlocationsadjusttheir associateddatacounters
on a write and(c) accumulateandthresholdthemon a read.(d) Theaccesscircle of a similar
addressmight includesomehardlocationsfrom thepriorwrite andinduceanassociativerecall.

summarizedin Table1 anddiscussedbelow.

BothSDM andimmunologicalmemoryusedetectorsto recognizeinput. In thecaseof SDM,hard
locationsrecognizean address,in the caseof immunologicalmemory, B andT cells recognize
an antigen. In both systemsthe numberof possibledistinct inputs is hugeanddueto resource
limitations, the numberof detectorsis muchsmallerthan the numberof possibleinputs—both
systemssparselycover the input space. In order to respondto all possibleinputs,detectorsin
both systemsdo not requirean exact matchwith the input, but areactivatedif they arewithin
somethresholddistanceof theinput. In thecaseof SDM this is Hammingdistance,in thecaseof
immunologicalmemoryit is affinity. Thus,in bothsystemsaninputactivatesasubsetof detectors.
In SDM, thissubsetis calledtheaccesscircleof theinputaddress,in immunologicalmemory, it is
calledtheball of stimulationof theantigen.

In both systemsdetectorsstoreinformationassociatedwith eachinput. In the caseof SDM the
informationis a bit stringandis suppliedexogenously. In thecaseof immunologicalmemorythe
informationis determinedby mechanismswithin the immunesystemthat determinewhetherto
respondto anantigenandif sowith whatclassof antibodyand/orCTL response.
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ImmunologicalMemory SDM
Antigen Address
B/T Cell HardLocation
Ball of Stimulation AccessCircle
Affinity HammingDistance
Response/Tolerance Data
PrimaryResponse Write andRead
SecondaryResponse Read
Cross-ReactiveResponse AssociativeRecall

Table1: Structuraland functionalcorrespondencebetweenimmunological
memoryandSDM.

Bothsystemsdistributeall of theinformationtoeachactivateddetector. In thecaseof SDMthedata
is usedto adjustcounters,in thecaseof immunologicalmemorya largenumberof memorycells
arecreatedwhich,in thecaseof B cells,haveundergonegeneticreconfigurationsthatdeterminethe
classof antibodiesthey will produce.Becauseall theinformationis storedin eachdetector, each
detectorcanrecalltheinformationindependentlyof theotherdetectors.Thestrengthof theoutput,
the signal, is an accumulationof the informationin eachactivateddetector. Thus,asdetectors
fail, theoutputsignaldegradesgracefully, andthesignalstrengthis proportionalto thenumberof
activateddetectors.Thus,thedistributednatureof storingtheinformationin bothsystemsmakes
bothsystemsrobustto thefailureof individualdetectors.

In thecaseof SDM,thedataisdistributedtohardlocations,eachof whichhavedifferentaddresses,
andin thecaseof immunologicalmemory, to cellswhichhavedifferentreceptors(althoughmany
copiesof acell with thesame,or similarreceptorsalsoexist). If theactivatedsubsetof detectorsof
arelatedinput(anoisyaddressin thecaseof SDM,or amutantstrainin thecaseof immunological
memory)overlapthe activateddetectorsof a prior input (Figures1d and2d), detectorsfrom the
prior input will contribute to theoutput. Suchassociative recall,andthegracefuldegradationof
thesignalasinputsdiffer, is dueto thedistributionof thedataamongtheactivateddetectors.

5 Aspects of Associative Recall in the Immune Response

Prior exposureto onestrainof a pathogenoftenprotectsagainstmutantstrains. In influenza,for
example,olderindividualshavegreaterimmunityto new strainsthanyoungerindividuals(Francis,
1953).In thiscaseassociative recallis beneficialto theindividual.

Associative recall canalsobe a disadvantage.If the ball of stimulationof a vaccine(secondary
antigen)overlapsthe memoryto a prior infection (primary antigen),then the vaccinemay be
clearedby associative recallof theprior infectionandfail to make highly specificmemoryto the
vaccinestrain. If theball of stimulationof a subsequentchallenge(tertiaryantigen)alsooverlaps
prior memorythenall is well (Figure3a). However, if thereis no overlap,diseasecanensueand
thevaccinewill have “f ailed” (Figure3b).
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Primary Antigen
eg. prior flu infection
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eg. flu vaccine

Tertiary Antigen
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Primary Antigen
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Figure3: Associativerecallof prior infection(primaryantigen)cancauseavaccine(secondary
antigen)to fail. Theprior infectionmightdivertthevaccineand(a)alsoreactwith thechallenge
strain(tertiaryantigen),or (b) beof nouseagainstthechallengestrain.

A potentiallyconfusingsituationfor any associative memoryis whentwo similar inputsrequire
differentoutputs.In thecaseof immunologicalmemorythiswouldoccurwhenanantigenrequires
one type of responseand a relatedantigena different type of response.Sucha situationhas
beenhypothesizedin the caseof somemalaria infections,whereprior exposure,to a related
environmentalantigen,is thoughtto divert theresponse(Goodet al � , 1993).

6 Summary

WehaveshownthecorrespondencebetweenB andT cellsin theimmunesystemandhardlocations
in a SDM. In particularB andT cells performa sparsecoverageof all possibleantigensin the
sameway thathardlocationsperforma sparsecoverageof all possibleaddressesin a SDM. Also,
dataaredistributedamongmany independentB andT cellsin immunologicalmemoryasthey are
amongmany independenthardlocationsin a SDM. Immunologicalmemoryis thusa memberof
thefamilyof sparsedistributedmemories,anditsassociativeandrobustpropertiesaredueprecisely
to its sparseanddistributednature.
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