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Abstract

This paperaiguesthatimmunologicaimemoryis in the sameclassof associatie memoriesas
Kanena'’s Sparse Distributed Memory, Albus’s Cerebellar Modd Arithmetic Computer, and
Marr’s Theory of the Cerebellar Cortex. This classof memoriesderivesits associatie and
robustnaturefrom asparsesamplingof ahugeinput spaceby recognitionunits (B andT cells
in theimmunesystem)anda distribution of the memoryamongmary independentinits (B
andT cellsin thememorypopulationin theimmunesystem).
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1 Introduction

Cowpoxvaccinationusedto protecthumandrom smallpox,wasthefirst known deliberateuseof
associatie recallin theimmuneresponséJenner1798). The moderninvestigationof associatie
recall began with the obsenation that antibodiesinducedduring an influenzainfection often
have greateraffinity to prior strainsof influenzathanto the infecting strain—suggestinthatthe
antibodieswere generatedy memorycellsto prior infections(Francis,1953; Davenportet al.,
1953). Gilden (1963) and Fazekasde St. Groth & Webster(1966) continuedthe investigation
by injecting laboratoryanimalswith one antigenandthenrecallingthe memoryof that antigen
by subsequeninjection of a second related,antigen. Someresearchersonsideredassociatie
recall“a degenerag in thesecondarymmuneresponse{Eisenet al., 1969). However, asresearch
continuedandassociatierecallwasobseredin mary animalmodelswith mary typesof antigen,it
becameclearthatit wasageneraphenomenowf immunologicalmemory(lvaryi, 1972;Deutsch



& Bussard,1972; Fish et al., 1989; Nara & Goudsmit,1990; Smith, 1994). Immunologists
refer to associatie recall as a cross-reactie secondaryresponsepr as original antigenicsin
(Fazekagle St. Groth& Webster1966).

The purposeof this paperis to shav thatimmunologicalmemoryis an associatie and robust
memorythatbelongdo theclassof sparsalistributedmemories.This classof memoriesierivesits
associatie androbustnatureby sparselysamplingtheinput spaceanddistributing thedataamong
mary independenagentsKanena, 1992). Othermemberof this classincludea modelof the
cerebellacortex (Marr, 1969),theCerebellar Model Arithmetic Computer (CMAC) (Albus,1981),
andSparse Distributed Memory (SDM) (Kanena, 1988). First, we present simplifiedaccountof
theimmunerespons@andimmunologicalmemory Next, we presentSDM, andthenwe shav the
correlationsbetweenmmunologicalmemoryand SDM. Finally, we shov how associatie recall
in theimmunerespons&anbe bothbeneficialanddetrimentato thefitnessof anindividual.

2 Immunological Memory

Theimmunesystemmustrecognizea large numberof cellsand moleculegantigens}hatit has
never seenbefore,andit mustdecidehow to respondo them. Someantigenssuchasthosethat
malke up the individual’s body, mustnot be attacledt. Otherantigenssuchasviruses,bacteria,
parasitesandtoxinsarerespondedo by mixturesof the T cell responsandthe differenttypesof

antibodyresponsesTheimmunesystemremembersantigenst hasseenbeforeandwhenit sees
themagainis often capableof eliminatingthembeforediseaseccurs. This memoryis the basis
for vaccination,andthe reasorwhy we do not get mostdiseasesnorethanonce. Theimmune
responsendimmunologicalmemoryare complex andnot fully understood.This expositionis

necessarilgimplifiedandrestricted.

Recognition. The humanimmunesystemusesa large numberof highly specificB andT cellsto
recognizeantigen.An individual hasthe geneticmaterialanda combinatoriabasedandomizing
mechanismo express>10'° distinctB cell receptorgBerek& Milstein, 1988). At ary time, the
immunesystemexpressesa subsetof theseconsistingof the orderof 10 to 10° distinct B cell
receptorgKohler, 1976;Klinman et al., 1976;Klinman et al., 1977). The numberof possible
distinctantigenss difficult to calculate but it is thoughtto bein the range10'? to 10' (Inman,
1978). B andT cell receptorsare stimulatedby antigenif their affinity for the antigenis above
somethreshold. Typically 10~° to 10~* of anindividual’s B cells are stimulatedby an antigen
(Edelman]1974;Nossal& Ada,1971;Jerne1974a).B cellsthatarestimulatedby anantigenare
saidto bein theball of stimulation of thatantigen(Perelsor& Oster 1979)(Figurela).

Response. B andT cellsthat are stimulatedby antigendivide. The B cell receptorsometimes
mutateson cell division and this canincreasethe affinity of its daughtercells for the antigen.
Towardstheendof aresponsewhenantigenbecomescarcehigheraffinity B cellshave afitness
adwantageover lower affinity B cellsandarepreferentiallyselectedn a processimilar to natural
evolution (Figurel1b) (Burnet,1959). During the replicationof cellsin responséo antigen,some
B cells changento plasmacells andsecreteantibodieswhich eliminatethe antigen. In the case

!Diseasesuchasmultiplesclerosisrheumatiodarthritisandinsulin-resistandiabetesreexamplesof autoimmune
diseasesvheretheimmunesystemattackshebodyit usuallyprotects.
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Figurel: (a) A two dimensionalllustrationof (a high dimensionalsparsedistribution of B
or T cell receptordan a spacewheredistanceis a measureof affinity for an antigen. B and
T cellswithin somethresholdaffinity bind the antigenandbecomeactivated. Theregion the
antigenactivatesis calledtheball of stimulation of theantigen.(b) ActivatedB cellsreplicate
andmutateandthe higheraffinity onesareselected (c) After theantigenis cleareda memory
populationpersists. (d) A secondexposureto the sameantigen,or herea relatedantigen,
restimulateshe memorypopulationinducinganassociatie recall.

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

At the endof animmuneresponsewhenthe antigenis clearedthe B cell populationdecreases,
leaving a persistentsub-populatiorof memorycells (Figure 1c). The mechanism(spy which
memorycellspersistis not fully understoodOnetheoryis thatmemorycellslive for alongtime
(Mackay 1993). Anotheris thatmemorycells arerestimulatecat somelow level. A numberof
mechanismsor restimulationhave beenproposed.Jerne(1974)proposedhe idiotypic network
theoryin which cells co-stimulateeachotherin a way that mimics the presenceof the antigen.
Anothertheoryis thatsmallamountsof the antigenareretainedn lymph nodes(Tew & Mandel,
1979;Tew et al., 1980). Anotheris thatrelatedenvironmentalantigengprovide cross-stimulation
(Matzinger 1994).

Theidiotypic network theoryhasbeenproposedsa centralaspecbf theassociatie propertieof
immunologicamemory(Farmeret al., 1986;Gibert& Routen, 1994). However, in thisexposition,
it is but oneof the possiblemechanismtghatmaintainghe memorypopulationandis key to neither
theassociatie nor robustpropertiesof immunologicaimemory

Thepersistenpopulationof memorycellsis themechanisnby which theimmunesystenremem-
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bers.If thesameantigenis seeragain thememorypopulationquickly producedargequantitieof
antibodiegor CTLs)andoftentimestheantigenis clearedeforeit causesliseaseThisis calleda
secondarymmuneresponself thesecondanantigens slightly differentfrom theprimaryantigen,
its ball of stimulationmay overlappart of the memorypopulationraisedby the primary antigen
(Figure1d). Memory cellsin the overlapbind the antigenand produceantibodiesand/orCTLs.
Immunologistscall this a cross-reactie responsepeoplewho work with associatie memories
would call it associatie recall. The strengthof the secondarymmuneresponses approximately
proportionalto the numberof memorycellsin the ball of stimulationof the antigen. If a subset
of the memorypopulationis stimulated,by a relatedantigen,thenthe responses wealer (East
et al., 1980). Thus,memoryappeardo bedistributedamongthe cellsin the memorypopulation.
Immunologicalmemoryis robustbecausegvenwhena portion of the memorypopulationis lost,
theremainingmemorycellspersistto producearesponse.

3 SparseDistributed Memory (SDM)

Kanena’s SDM is amemberof the classof sparseanddistributedassociatre memoriego which
we shav immunologicalmemorybelongs. SDM, like randomaccessnemory(the memoryin a
computer)js written to by providing anaddres@anddata,andreadfrom by providing anaddress
andgettingan output. Unlike randomaccessnemory the addresspaceof SDM is enormous,
sometimed,,000bits, giving 2-°°° possibleaddressesSDM cannotnstantiatesuchalargenumber
of address-datimcationssoit instantiates subsetpf say1,000,00Caddress-datimcations.These
instantiatechddress-datimcationsarecalledhardlocationsandaresaidto sparselycovertheinput
spacgKanena, 1988).

Whenanaddresss presentetb thememoryhardlocationghatarewithin sonethreshéd Hamming
distanceof the addressare activated. This subsetof activatedhardlocationsis calledthe access
circle of theaddresgFigure2a). Onawrite, eachbit of theinput datais storedindependentlyn a
counterin eachhardlocationin the accesircle. If theith databit is a 1, the ith counterin each
hardlocationis incrementedy 1, if theith databit is a 0 the counteris decrementedy 1 (Figure
2b). On aread,eachbit of the outputis composedndependentlyf the otherbits. The value of
theith counterof eachof thehardlocationsin theaccesgircle aresummed.f thesumis positive
theoutputfor the:th bitisa 1, if thesumis negative the outputis a0 (Figure2c).

The distribution of the dataamongmary hardlocationsmakesthe memoryrobustto the loss of
somehardlocationsandit permitsassociatierecallof thedataif areadaddresss slightly different
from a prior write addresslf theaccesgircle of thereadaddres®verlapstheacces<ircle of the
write addressthenhardlocationsthatwerewrittento by thewrite addressreactvatedby theread
addressandgive anassociatie recall of thewrite data(Figure2d).

4 Correspondence between |mmunological Memory and SDM

The previous two sectionsshaved that both immunologicalmemoryand SDM are sparseand
distributed,andarethusassociatie androbust. The correspondendeetweerthetwo memoriess
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Figure2: (a)A two dimensionalllustrationof hardlocationssparselyandrandomlydistributed
in a high dimensionabinaryinput space.Distancein the spacerepresentglammingdistance
betweenhardlocations. Hard locationswithin someradiusof aninput addressare actvated
andform an accesgircle. (b) Activatedhardlocationsadjusttheir associatedlatacounters
onawrite and(c) accumulatendthresholdthemon aread. (d) Theaccesircle of a similar
addressnightincludesomehardlocationsfrom theprior write andinduceanassociatierecall.

summarizedn Tablel anddiscussedbelow.

Both SDM andimmunologicaimemoryusedetectorgo recognizenput. In thecaseof SDM, hard
locationsrecognizean addressjn the caseof immunologicalmemory B andT cells recognize
an antigen. In both systemghe numberof possibledistinctinputsis hugeand dueto resource
limitations, the numberof detectorss much smallerthanthe numberof possibleinputs—both
systemssparselycover the input space. In orderto respondto all possibleinputs, detectorsn
both systemsdo not requirean exact matchwith the input, but are activatedif they arewithin
somethresholddistanceof theinput. In the caseof SDM this is Hammingdistancejn the caseof
immunologicaimemoryit is affinity. Thus,in bothsystemsaninputactvatesa subsebf detectors.
In SDM, this subsets calledtheaccesgircle of theinputaddressin immunologicalmemoryit is
calledtheball of stimulationof theantigen.

In both systemsdetectorsstoreinformationassociateavith eachinput. In the caseof SDM the
informationis a bit stringandis suppliedexogenously In the caseof immunologicalmemorythe
informationis determinedoy mechanismsvithin the immunesystemthat determinewhetherto
respondo anantigenandif sowith whatclassof antibodyand/orCTL response.



ImmunologicaMemory | SDM

Antigen Address

B/T Cell HardLocation

Ball of Stimulation AccesCircle
Affinity HammingDistance
Responseflerance Data
PrimaryResponse Write andRead
SecondarResponse Read
Cross-Reacte Response Associatve Recall

Table 1: Structuraland functional correspondencbetweenimmunological
memoryandSDM.

Bothsystemslistributeall of theinformationto eachactivateddetector In thecaseof SDMthedata
is usedto adjustcountersjn the caseof immunologicalmemorya large numberof memorycells
arecreatedvhich,in thecaseof B cells,have undegonegenetiaeconfigurationghatdeterminghe
classof antibodieghey will produce.Becausell theinformationis storedin eachdetectoyeach
detectorcanrecalltheinformationindependentlyf theotherdetectors Thestrengthof theoutput,
the signal,is an accumulatiorof the informationin eachactvateddetector Thus, asdetectors
fail, the outputsignaldegradeggracefully andthe signalstrengthis proportionalto the numberof
actvateddetectors.Thus,the distributednatureof storingtheinformationin both systemganakes
bothsystemsobustto thefailureof individual detectors.

In thecaseof SDM, thedatais distributedto hardlocations gachof which have differentaddresses,
andin the caseof immunologicaimemory to cellswhich have differentreceptorgalthoughmary
copiesof acell with thesamepr similarreceptorsalsoexist). If theactvatedsubsebf detectorof
arelatednput(anoisyaddressn thecaseof SDM, or amutantstrainin thecaseof immunological
memory)overlapthe activateddetectorsof a prior input (Figuresld and2d), detectordrom the
prior input will contrikute to the output. Suchassociatie recall, andthe gracefuldegradationof
thesignalasinputsdiffer, is dueto thedistribution of the dataamongthe activateddetectors.

5 Agpectsof Associative Recall in the Immune Response

Prior exposureto onestrainof a pathogeroften protectsagainstimutantstrains. In influenzafor
example olderindividualshave greateimmunity to new strainsthanyoungerindividuals(Francis,
1953). In this caseassociatie recallis beneficialto theindividual.

Associatve recall canalsobe a disadwantage. If the ball of stimulationof a vaccine(secondary
antigen)overlapsthe memoryto a prior infection (primary antigen),then the vaccinemay be
clearedby associatie recall of the prior infectionandfail to make highly specificmemoryto the
vaccinestrain. If the ball of stimulationof a subsequenthallengeg(tertiary antigen)alsooverlaps
prior memorythenall is well (Figure3a). However, if thereis no overlap,diseaseeanensueand
thevaccinewill have “failed” (Figure3b).
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Figure3: Associatverecallof prior infection(primaryantigen)cancauseavaccing(secondary
antigen)ofail. Thepriorinfectionmightdivertthevaccineand(a)alsoreactwith thechallenge
strain(tertiaryantigen),or (b) be of no useagainsthe challengestrain.

A potentially confusingsituationfor ary associatie memoryis whentwo similar inputsrequire
differentoutputs.In thecaseof immunologicaimemorythiswould occurwhenanantigenrequires
onetype of responseand a relatedantigena different type of response. Sucha situationhas
beenhypothesizedn the caseof somemalariainfections, where prior exposure,to a related
environmentalantigen,s thoughtto diverttheresponséGoodet al., 1993).

6 Summary

We have shovnthecorrespondendeetweerB andT cellsin theimmunesystemandhardlocations
in a SDM. In particularB andT cells performa sparsecoverageof all possibleantigensin the
sameway thathardlocationsperforma sparsecoverageof all possibleaddresses a SDM. Also,

dataaredistributedamongmary independenB andT cellsin immunologicalmemoryasthey are
amongmary independenbardlocationsin a SDM. Immunologicalmemoryis thusa memberof

thefamily of sparsalistributedmemoriesandits associatieandrobustpropertiesaredueprecisely
to its sparseanddistributednature.
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