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Summary

Somatichypermutationof immunoglobulinvariable region genesoccurswithin germinal centres
(GCs) and is the processresponsiblefor affinity maturationof antibodiesduring an immune
responsePreviousstudieshavealmost exclusively focusedon the immune responsego haptens,
which may beunrepresentativef epitopeson proteinantigens.In this study, we haveexploiteda
modelsystenthat usestransgenidB- andCD4+ T-cellsspeciic for henegglysozyme(HEL) anda
chickenovalbuminpeptide respectivelyto investigatea tightly synchronisedmmuneresponseo

protein antigensof widely differing affinities, thus allowing us to track many facets of the

developmenbf anantibodyresponsat the antigen-specifid3-cell level in anintegratedsystemin

Vivo.

Somatic hypermutationof immunoglobulin variable genes was analysedin clones of
transgenicB-cells proliferatingin individual GCs in responséo HEL or the cross-reactivdow
affinity antigen,duckegglysozyme(DEL). Molecularmodellingof the antibody-antigennterface
demonstratesthat recurring mutations in the antigen-bindingsite, selectedin GCs, enhance
interactionsof the antibodywith DEL. The effectsof thesemutaions on affinity maturationare
demonstratedby a shift of transgenicserumantibodiestowardshigher affinity for DEL in DEL-
cOVA immunizedmice. The resultsshow that B-cells with high affinity antigenreceptorscan
revise their specificity by somatic hypermutationand antigen selectionin responseto a low
affinity, cross-reactivantigen. Theseobservationshedfurther light on the natureof the immune
responsdo pathogensand autoimmunity and demonstratethe utility of this novel model for

studies of the mechanismsf somatichypermutation.
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Introduction

Following antigenchallenge,antigen-specificB-cells enhancethe “quality”, i.e. specificity
andaffinity, of the antibodiesthey produceover time. This processis importantfor protective
immunity to pathogensanddefectsin this processleadto a profound susceptibilityto bacterial
infections™ 2.

This improvemenin antibody affinity andspecificity takesplacein the microenvironment
of the germinalcentre(GC) by the processof affinity maturationof B-cell antigenreceptors®>.
Firstly, rearrangedimmunoglobulin (Ig) variable (V) region genes are randomly mutated in
centroblastswithin the dark zoneof the GC by a processknown as somatichypermutain °°.
Surfaceexpressiorof thesemutatedigs is upregulatediuring differentiationof the centroblastgo
centrocyteswhich migrateto the light zone.Herethey are pre-programmedo die by apoptosis
unlesstheyreceivesurvivalsignak by ligation of the B-cell receptor(BCR) with antigenwhich they
encounteron the surfaceof follicular dendritic cells (FDCs). Competition for antigen results in
selectionof B-cellswith high affinity receptorsThe surviving B-cellsreceivefurther signals from
CD4" helperT-cells via their CD40 ligand anddifferentiateinto eitherlong-lived memory cells or
antibody-producinglasmacells® *°.

Basicfeaturesof the hypermutationprocesshave beendeducedfrom the sequence®f
antibodiegecoveredrom differentstage®f immuneresponse avariety of antigensandhaptens
11 Singlenucleotidesubstitutionsareintroducedn a stepwisemannetinto the Ig V regiongenesat
anestimatedateof onemutationper thousandbasepairs per generatiorf. Mutationsoccurin both
DNA strands with a strongbiasfor transitionsovertransversiond andthe mutationmachinery

targetsparticularsequencenotifs, or “hot spos” of whichthe RGYW motif is bestknown 3%,
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Somatichypermutationn GCshasprimarily beenstudiedin micerespondingo haptensjn
which the responsés dominatedby singlerearrangecheavyand light chainV- genes!®8 It has
beendifficult to examinethe germinalcentreresponséo proteinantigenglirectly in vivo dueto the
low precursorfrequencyand heterogeneityof B cells specific for a particular protein and the
presenceof multiple epitopeson the antigen resulting in a responsecomprising a very
heterogeneoupopulationof rearranged/- genes'®. In this study, we haveexploitedan adoptive
transfermousemodel?® which usesantigenreceptortransgeniqTg) B- andCD4" T-cells specific
for henegglysozyme(HEL) anda chickenovalbumin(cOVA) peptide,respectivelyto investigate
atightly synchronisedmmuneresponséo aproteinantigen.Iincreasingthe precursorfrequencyof
T andB lymphocytesto definedepitopesin this modelhas greatly facilitated studieson B-cell

20, 21

differentiationand migrationinto the lymphoid follicle , receptor-editingof anergicB-cells %

andself/non-selB-cell discrimination?® %4,

The MD4 mousestrain 23 carriesrearrangecheavyandlight chaintransgenesvhich encode
the HEL—specificmonoclonalntibody, HyHEL-10, offering anuniqueopportunityto study B-cell
somatichypermutationn germinalcentresduringthe immuneresponséo a proteinantigenin vivo.
We haveexploitedthe fact that the HyHEL-10 antibody hasapproximatelythree thousandtimes
lower affinity for duckegglysozymelK .= 1.3x 10'M* (*)] comparedo HEL (K, =4. 5 x 10'*°M"
1) but the MD4 Tg B-cellsarestill ableto expandn responseo this lower affinity antigen?®.

The availability of the high resolution3-D structuresof HyHEL-10, its antigen and the
antibody/antigertomplex?’?° hasallowedus to use molecularmodelling to study the effects of
mutationsin B-cell clonesproliferating within developing GCs. Molecular modelling of the

HyHEL-10/DEL interfaceindicatesthat antigenicselectionfor mutationsthat enhancenteractions

with DEL speific residueds takingplace within the GCs of DEL-cOVA immunizedrecipients.
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Selectionof thesemutationswasaccompaniedby increasedaffinity of the transgenicantibodiesfor
DEL.

To our knowledge this is the first time that selectionof replacemenmutationsin GC B-
cellsrespondingo a protein antigenhas beenobserveddirectly in vivo and their effectson the
affinity of the antibody-antigeninteraction followed through high resolution modelling of the
receptor/antigesomplex.This study expandsour understandin@f the individual and cumulative
effects of somatichypermutationon the binding of antibody to its epitope, leading to further
insightinto how the immune systemcombatsinfectious diseasesy refinementof the antibody-

antigeninteracton duringthe evolutionof theimmuneresponse.

Methods and Materials

Preparationof DEL-cOVAandHEL-cOVAconjugates
Lysozymewas preparedrom domesticduck eggsfollowing the method previously describedoy
Smith-Gill etal *°. It was free of contaminantsas determinedby SDS-PAGEand was shown to
containhigh specificactivity by the Micrococcudysodeikticugell turbidimetricassay.

Duck egglysozymeor henegg lysozyme (Biozyme laboratories)was coupledto chicken

ovalbumin(Sigma)usingglutaraldehyd¢Sigma??].

Mousestrains,adoptivetransferandimmunization

D011.10(BALB/c x C57BL/6)F; and MD4 (BALB/c x C57BL/6) F, transgenic(Tg) mice were
used.All mice werebredandmaintainedin a specific pathogen-fredacility at the University of
Glasgowfollowing homeoffice regulationsD011.10T-cells expressa Tg TCR specificfor chicken

ovalbuminpeptide(323-329)in the contextof 1-A? *2 Cell suspensionsontainingl - 2.5 x 1°
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D011.10CD4" T-cellsand2.5- 5 x 10° MD4 B-cellsweretransferredntravenouslyinto (BALB/c-
Igh? x C57BL/6)R recipients?’. After oneday, HEL-cOVA or DEL-cOVA conjugate(130ug) in
completeFreund’sadjuvant(CFA) was injectedsubcutaneouslyon the back.The Tg TCR was
detectedby the clonotypic monoclonalantibody KJ1-26 3. MD4 B-cells expressthe anti-HEL
HyHEL-10 monoclonakantibodywith both IgM andigD isotypes®® andcanbe identified using an
antibody specific for the IgM? allotype. The percentagef CD4" KJ1-26" D011.10 T-cells and

B220" IgM*" MD4 B-cellsfrom the transgenicddonorswasdeterminedby flow cytometry.

Immunohistochemistry/FACS
The lymph nodes(brachial,axillary, cervical,inguinal, and para-aortic)were harvestedat specific
time points; half of the lymph nodes from eachrecipient were used to preparesingle cell
suspensionandstainedfor flow cytometryas previouslyindicated®®. FACS datawere collected
and analysed using FACScalibur (Becton Dickson) and the Cellquest software program,
respectively.

The remaininglymph nodeswere frozen in liquid nitrogenin O.C.T. embeddingmedium
(Miles) and stored at -80°C. Tissue sections(6pM) were mountedon pre-coatedslides (Speci-
microsystemsSurrey) fixed in acetonendstainedwith biotinylatedanti-lgM®, HEL, DEL, peanut

agglutinin(PNA) andanti-Thy1.2aspreviouslydescribed®.

CompetitiveELISA
All reagentsvere diluted in ED buffer (0.2% fetal calf serum,0.05% Tween 20 in PBS) unless
statedotherwise.Serafrom recipientswere diluted and mixed with various quantitiesof henegg

lysozyme(1pg/ml— 5pg/ml) or duck egglysozyme(0.125mg/ml— 0.1ug/ml) andincubatedat 4°C
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overnightThetitre of freeanti-lgM? serumantibodiesn solutionwasassayedy ELISA on plates
(Immulon-4)coatedwith either20ug/ml DEL or HEL dilutedin PBS.Detectionwas achievedusing

biotinylatedanti-mousdgM? (PharMingen¥ollowedby extravidinperoxidas conjugatgSigma).

Microdissection, PCR amplification and cloning of the HyHEL-10 light and heavy chain V

transgenes

Germinalcentresstainedwith the anti-allotypeantibody IgM# andPNA (Vector) were excisedby

microdissectiorunderScott’s tap water substitute(0.35%NaHCO; 0.2% MgSQ,) using a Nikon

NarishigemicromanipulatorPhotographavere takenwith a Nikon Diaphotinverted microscope
and a CCD camera.The tissue was digestedin 30ul of proteinaseK (1.43mg/ml; Boehringer
Mannhiem)for 1 hourat 50°C followedby heat-inactivatiorat 95°C for 10 minutes.

The HyHEL-10 heavy and light V(D)J transgeneswvere amplified by two rounds of
polymerasechainreaction(PCR) using Expand] DNA polymerase(BoehringerMannheim)and
nestedoligonucleotideprimers(Tablel). To avoid contaminationof reagentsvith amplified Ig V
genes,all proceduresbefore PCR took placein a separatelaboratory from that where PCR
amplificationandall subsequenDNA manipulationsvereperformed.

HyHEL-10 Vk andVH genescontain 2 and 13 nucleotidedifferencesfrom the closest
germlinegenesVk23-43and VH36-60, respectively®’. The anti-lysozymeHyHEL-10 Ig heavy
(H) chaingeneconstructconsistsof the LVDJy genesegmentu-switch and constantregions, -
membraneexons,the &-constant,secretoryand membranegene segments.The anti-lysozyme
HyHEL-10 Ig light (L) chaingeneconstructcomprisesthe LVJ, genesegmentaind the K-constant
region. Both transgeneconstructs have been describedin detail previously . External 5’

oligonucleotides(LL/LH) hybridisedto relatively conservedmotifs within the immunoglobulin
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signalsequencesf the VH3 or Vk23 genefamilies*®. The external3’ oligonucleotidegIH/IL) were
specific for the intronic sequencesmmediatelydownstreamfrom the JH3 3¢ or Jk2 " gene
segmentdnternaloligonucleotidegVL/JL, VH/JH) werecomplementaryo the 5’ or 3’ endsof the
rearrangedyHEL 10 light andheavychainV regions respectively**38,

The HyHEL-10 light chainV-genewas amplified using the externaloligonucleotided L and
IL followed by internal primers VL and JL. The HyHEL-10 heavy chainV- genesegmentwas
amplifiedwith externaloligonucleotides H andIH followedby internalprimersVH andJH.

The cycling parametergor the PCRswere:95°C - 2min; (94°C- 1min, 55°C-1min, 72°C-
2min)x 40; 72°C-15minexceptthe annealingtemperaturevas 52°C for the primary amplification
of the HYHEL-10light chainV- gene A wax-gem(Perkin-Elmer)acilitatedhot startwas usedin all
PCRs.

Tenmicrolitresof the digestedissuewasusedin all primaryamplificationPCRsand 2ul of
the primary PCR productwas usedin the secondamplification step. Negative control sanples
containingwaterinsteadof DNA werealwaysamplifiedin parallelwith the DNA from the digested
tissue.PCRproductswerepurified using eithera Qiaquickgel extractionkit or a PCR purification

kit (Qiagen) ligatedinto plasmidvectorpCR2 andclonedusingthe TA cloningsystem(Invitrogen).

Tablel approximateposition

Sequencingndanalysisof theHyHEL-10light andheavychainV regiontransgenes
PlasmidDNA was isolatedfrom single clonesandpositive transformantsvere chosenat random
for automatedNA sequencindDNASHEF, Edinburgh).Sequencehromatographsiere analysed

with Editviewandalignmentsverecarriedout by DNAplot. The MD4 B-cellscontainfour copies
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of the transgenepnecopy containsa silent mutationat aminoacid position 45 of the Vk region®®
and was eliminatedfrom any mutationalanalysis.Dendrogramswere producedusing sequences
with sharedsubsetsof somaticmutationsclonedfrom individual germinal centres;eachunique

sequenceepresentshe B cel expressinghat mutatedV-gene.

Results

Kineticsof theDEL-cOVAresponse

To ensurethat DEL coupledto cOVA canelicit B cell helpfrom TCR Tg T cells, as previously
reportedfor HEL, we examinedhe clonalexpansiorof Tg T andB cells. HEL-specificTg B cells
andOVA-specific TCR T cellsweretransferrednto naivecongenic(BALB/c-Igh® x C57BL/6) F,

mice, which were then immunizedwith either HEL-cOVA or DEL-cOVA in CFA. The lymph

nodeswvereremovedrom therecipientsat days3, 5, 7, 9 and14 after immunization,andcellsfrom

halfthe lymph nodeswereanalysedy flow cytometry.The remaininglymph nodeswere usedfor

immunohistochemicahnalysis.Clonal expansiorof both the Tg D011.10T and MD4 B cellsin

responsdo the lower affinity conjugate DEL-cOVA was detectedin vivo. As shown in our

previousstudies?® 2%, the peaksof clonal expansiorin responseto the high affinity HEL-cCOVA

conjugatewereobservedn day 3 and5 for the Tg T andB cells,respectively(Fig. 1). In contrast,
following immunizationwith DEL-cOVA, the expansiorof Tg OVA-specific T cells was slower
than observedn responseo the higher affinity, HEL-cOVA. This suggestghat B-cells present
DEL-acquiredcOVA lessefficiently to T-cells at the earlier stagesof GC formation dueto their

lower affinity for DEL-cOVA % or alternatively, that the two antigensare presentedby

phenotypicallydistinct antigen presentingcells. There was no significant delay in the B-cell

responsdo DEL-cOVA comparedo HEL-cOVA. This observations in agreementvith a recent
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finding that high.andlow affinity B-cellshavethe sameintrinic capacityto respondto antigen®..
Theseresultsdemonstratehat the MD4 B cellsrespondto DEL while receiving help from the

D011.10T-cells

Localisationof Tg MD4 B cellsandD011.10T cellsduringtheDEL-cOVAresponse

Following immunisation,antigen—specificl' cellsundergoclonal expansiorand migrateinto B-cell

follicles, wherethey providehelpto B cells?® 2L, Similar follicular migrationfor both the Tg B and
T cells was displayed in both the DEL-cOVA and HEL-cOVA immunized recipients.
PNA—positiveGCs containingtransgenidgM?®* B-cellswere observedat days5 to 14 with both

the high (HEL) andlow (DEL) affinity antigengy immunohistochemistryFig. 2) andthreecolour
flow cytometry(unpublisheddata).Althoughnumerousnti-HEL-specificTg B cellsweredetected
(Fig. 2a,b) within the GCsof both HEL-cOVA and DEL-cOVA immunizedmice, no DEL-binding

B-cellswere detectedin the GCs of the DEL-immunizedmice (Fig. 2c). The inability to detect

DEL-bindingB-cellsmay be dueto the sensitivity of the immunochemicakystememployed.We

haveestablished systemin which affinity maturationof a trackablepopulationof antigen-specific

B-cellscanbeanalysedluringthe germinalcentrereactionin vivo.
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Somatidhypermutationn germinalcentregespondingo DEL andHEL
The Vk andVH regiontransgenesvereamplifiedby nestedPCR from 12 IgM?*, PNA* GCs at
various stagesof the primary responseto both HEL-cOVA and DEL-cOVA. The GCs were
identifiedby PNA stainingand consistedof approximately400-600cells Carewas takento avoid
theinclusionof PNA negative/non-transgeni-cellsin the surroundingarea
The averagemutation rate in the germinal centresfor both the HEL-cOVA and DEL-cOVA
immunizedmnicewasfairly similarrangingfrom 0.3-0.5%(Tablell).
Tablell’s approximateposition

There was extensivevariability in the mutation rate betweengerminal centreswith the
occasionalGC displayingno mutationswithin the sampleof transgenesnalysed.This supports
previous findings that substantialclonal expansionwithin germinal centres can occur without

activation of the hypermutationmechanism?*? 43

, althoughother reports have suggestedthat
ongoingmutationmay occurin all GCs ** . Inactivationof the hypermutatiormachinerymay be
advantageouat the early stage®f germinalcerire formationsincethe accumulatiorof deleterious
mutationswithin the GC foundercellswould bedetrimental.

Intrinsic mutationalhotspotsencodedy anRGYW motif [R=A orG,Y =Cor T, W=A
or T] & * wereobservedwithin the VH and Vk region transgene®f GCs from HEL-cOVA and
DEL-cOVA immunized recipients (Fig. 3). Mutations at these hotspotstend to produce
conservativecoding changessuch as serineto asparagine/threonindyence preservingantibody
structure Additionally, the somatichypermutatiormachinerydisplaysa strongbiasof transitions

over transversions [59% comparedwith the 33% anticipatedon a randombias ®]; 60% of the

mutations were transitions in this experimentalsystem. These results indicate that somatic
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hypermutationof the antigen-specifidB-cells was occuringin a primary immune responseto a

proteinantigenin vivo.

Clonalproliferation within GCs

Reconstructiorf the hypermutatiorand clonal expansioreventsthat took placein eachGC was
undertakemsinga previouslyestablishegrocedurdor building genealogicatiendrogram§Fig._4 **
44]_

Potentiallyaffinity-enhancingnutationswereretainedthrougha numberof cell divisionsin
someB-cell clones(Fig. 4a,b). This may reflect a situation where B-cells with antigen-enhancing
mutationsarebeing selectedandrecirculatingfor additionalroundsof somaticmutation (branching
dendrograms)Many GCs at days9 and 14 from the HEL-cOVA and DEL-cOVA immunised
recipientsdisplayedmutationallydistinct B-cellsemanatingrom the unmutatedtransgenes.These
dendrogramsre describedas simple (Fig. 4c) wherea numberof B-cells containingone or two
mutationsbut no sharedmutationswere observedThesesimple dendrogramsuggesthat thereis
an ongoingemigrationof B-cellsleavingthe GC without further roundsof division and mutation.
The fact that the transgenidB-cellsalreadyhave moderateaffinity for DEL and high affinity for
HEL may explainthis observation.

NeighbouringGCs from the samesectionof lymph nodewerealsoexaminedin two cases
andno sequencewith sharednutationswere observed(unpublisheddata). This is in agreement
with previouswork suggestingthat little or no inter GC B-cell migration takes place and that

somatichypermutatioroccurscompletelyindependentlyn individual GCs #*+4°,
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Affinity maturationtowardsDEL

Changedn the relativeaffinity of the HyHEL-10 antibodyfor DEL and HEL were measuredy
competitive inhibition. Serafrom adoptively transferredrecipientsimmunisedwith either HEL-
cOVA or DEL-cOVA wereanalysedat days9 and14. HyHEL-10 antibodiesn the seraof DEL-
immunizedmice consistentlyshowedincreasedaffinity for DEL, both in solution (Fig. 5a) and in
solid phase(Fig. 5b), comparedwith serafrom HEL-immunizedmice. A unique population of
DEL-specific Tg antibodieswhich could not be inhibited at high concentrationsof HEL, was
detectedn the seraof DEL-cOVA immunisedmice (Fig. 5b). Theseresuls provide evidencethat
somatichypermutatiorwithin the Vk andVH regiontransgenesesultedin increasingaffinity for

DEL in responséo immunisationwith DEL-cOVA.

Proteinmodellingof theaffinity maturationprocess
a) DifferencesetweerHEL andDEL

High resolution structural characterisatiorof the HyHEL-10/HEL interaction 2"?° has
allowed the examinationof individual replacementmutations that have occurredwithin this
experimentalsystem.Crystallographystudieshaveidentified 14 hydrogenbonds, 111 Van der
Waalscontactsand one salt bridge within the interfaceof the HyHEL-10/HEL complex?®. The
shapeof the antigen-bindingsite is a very shallow concavity consistingof acidic and non-
hydrophobicaesiduesborderedby hydrophobicsegmentg’. Thereare21 differencesbetweenthe
aminoacidsequencef HEL andDEL [at positions3, 4, 15, 33, 34, 37,57,68, 73, 75, 77, 82, 85,
90, 91, 92, 93, 97,116,121, 122; 22 in Duck form Il ?°] and these amino acids changeswere

modelledusingthe SwissPdhviewerversion3.3b3.
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b) DifferencesbetweerHEL andDEL attheHyHEL-10antigenbindingsite

Of the 21 differencedbetweenHEL andDEL, 6 (in bold, above)lie at the antigen-antibody
interfacepy inferencefrom the HyHEL-10/HEL structure. All 6 occurin onehalf of the antibody
interface:CDR2(L), CDR1(H) plus CDR3(H) andnot CDR2(H), CDR1(L) or CDR3(L). Thisis
illustratedin Figure6g.

This leadsto an enquiry asto whetherany of these6 residuesare nearto any of the
antibodyresidueghat mutateduringthe affinity maturationprocessn vivo. The answeris oneof
them,viz. residue93. In HEL, residued3is anasparaginevhosesidechainis specificallyhydrogen-
bondedto the side chainof the 53k glutamine,asseenin Figure6a. In DEL, residue93 is an
arginine,with asidechainof differenthydrogerbondspecificity.

Nearby,astrikingfeatureof the antigen-bindingsite in the HyHEL-10/HEL complexis the
49\K lysine,whichis prominentlyexposedindaccessiblat the centre?”. This residuewas seento
mutateindependentlyn GC B-cellsto anasparagin®r amethionineat days9 and 14, respectively
(Fig. 5a). The functionalimportanceof thesesomaticmutationsat residue49Vk was indicatedby
modelling of the HYyHEL-10/DEL interface (Fig. 6b, 6¢). The asparagineproducedby point
mutationat residue49Vk interactsdirectly, via hydrogen-bondingwith the DEL-specificamino
acid,arginine93 mentionedibove. The methionineat 49Vk may alsoresultin enhancedinding to
DEL throughdonationof electronsby the sulphurof the methionineto the guanidinogroup of
arginine93 (Fig. 6¢). Theimportanceof this positionfor antigenbinding hasbeendemonstrate by
site—directeanutagenesistudiesin which conversionof the lysine at residue49\k to athreonine
increasedhe affinity of the HyHEL-10 antibodyfor duckegglysozymeapproximatelyfive-fold 2°.
It is remarkablghat the predictedimportanceof mutationsat this positionhasbeenconfirmedin an

antigen-specifi@-cell responsén vivo.
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c) Otherlight chainmutations

At therestof the antibody-antigennterfacewhereresiduechangedbetweenHEL and DEL
are not seen,somek chain mutations were found in GC B cells. The serineto asparagine
replacemenmutation at position 93k in CDR3 (Fig. 3a), also previously examinedby site-
directedmutagenesisgoesnot significantly alter affinity for DEL, at leastin the presenceof
threonineat residue49Vk 2. Proteinmodellingof this mutation,which is nextto a contactresidue,
displaysno alterationin hydrogenbondingwithin the Ag/Ab interface.Thr/Asn/Asp/Seramino
acids often occur in similar hydrogenbonding arrangerents and, in such situations, can be
consideredhterconvertiblé” 48,

Serine91Vk of thelight chain,which is a contactresiduein CDR3 with the HEL andDEL
aminoacidtyrosine20, is believedto be a mutationalhotspot. Conservedcodng changesfrom
serine91\k to asparaginer threoninewereobservedat days5, 9 and14in DEL-cOVA responding
GCs only (Fig. 3a) and modelling suggestghe possibility of maintenanceof interactionswith
Tyr20. The VK transgenefrom DEL-cOVA immunizedmice showeda very high preferencefor
transitionreplacementsparticularly in CDR3, which may reflectthe requirementor modification
to increaseanteractionswith the lower affinity antigen,DEL. This is surprisingsincemost of the
non-identicalDEL residuesat the Ag-Ab interfaceare interactingwith CDR2(L) and HEL/DEL
residuesloseto CDR3(L) areidentical.

Mutationsin the frameworkregions,notably at serineresidues/4Vk and77Vk in the light
chainof monoclonalantibody, HyHEL-8, were alsoobservedin this experimentakystem. These
areconsideredio beintrinsic hotspotswithin the light chainnucleotidesequencevith conservative
coding changesthat preservethe antibody structureand are unlikely to affect antigen/antibody

interactions.
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d) Heavychainmutations

Overall,the variableheavy chaintransgenealisplayeda lower level of mutation compared
with thelight chain with no mutationssharedetweenindependenGCs from the HEL-cOVA and
DEL-cOVA GCs (Fig. 3b). Proteinmodelling of the mutation of the CDR2 contactresidueserine
56VH to asparaginewhich was observedat day 9 in a DEL-cOVA GC, showedan enhanced
hydrogen-bondnteractionwith the lysozymeaminoacid, asparticacid 101, which is presentin
boththe HEL andDEL. This mutation alsooccurswithin the HyHEL-8 antibody, which displays
higheraffinity for DEL 2.

Protein modelling of the other coding changeswithin and around the CDRs typically
displayedconservednutations,which are unlikely to havea major impact on antigen/antibody
interaction.Sinceno recurringmutationswereobservedve cannotrule out the possibility that some
of theseindividual mutationsmay haveresultedrom PCRerror.

Significantly, no coding changeswere detectedat the heavy chain residue,aspartic acid
32VH that is essentiafor maintainingthe salt bridge to lysine/arginine97 at the HEL and DEL
interface, respectively.Additionally, little mutation was observedin the lower portion of the
antigenbinding site that is dominatedby a clusterof tyrosineresiduesoverthe L3 and H2 areas.
TheseTyr aminoacidsare believedto createmore favourableAg-Ab interactionsthrough their
clusteringeffectively preventingcontactof any other surroundingresiduesfrom direct interaction
with HEL 274,

Comparisonof patternsof somaticmutationbetweerHEL and DEL-cOVAImmunizednice
Comparisonof the total sequencelatafrom GCs of mice immunisedwith DEL-cOVA and HEL-
cOVA revealedlifferentpatternsof replacemenmutatians. Coding changesuchasthe mutations

at49\k, whichincreaseindingto DEL, werenot detectedn GCsrespondingo HEL. Sincemost
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of theunsharedEL residuesverein thevicinity of CDR2(L), CDR3(H) andCDR1(H), one might
predicta largernumberof affinity enhancingmutationsin that half of the antibody interface.This
wasnot observegossiblybecausany biaswould besmalldueto samplesize.

Threelight chainmutationswererepeatedn distinct GCsrespondingo HEL andDEL. It is
unlikely that thesemutationscould haveoccurredat randomandthereforearelikely to havebeen
selectedluringthe GC responseProteinmodellingindicatedhat two of the residuesat thesesites,
lle29 andGIn90, are essentialfor the conservatiorof the structureof the canonicalloops % %,
Accordingto the canonicaklassalignmentdefinitions, residue?9 is allowedto beaVal or alle, to
maintainthe class2 L1 loop andthe aminoacidat position 90 must be eithera GIn, Asn or a His
aminoacidto preservehe classl L3 loop structure®®. Modelling of the mutations(lleVk29 - Phe
andGInVk90- Arg) indicatedhat theywereenergeticallyunfavourableandwerelikely to makea
structural changein the loop. These canonically important residueswere observedto mutate
simultaneouslyvith otherlocalaminoacidsin the sameCDR (lleVk29- Phewith AsnVk32- Ser,
GInVk90- Arg with Ser\k93-, lle), suggestinghat, the local mutationsobservedin CDRL1 and

CDRL3 couldbe compensatindor the rearrangemendf the CDR loop causedy the mutation of

thesecanonicaimportantresidues.

Endogenougermlinegenes

Sincethe primerswere specificfor the Vk23 andVH36-60 genefamilies a few rearranged
germline VK and VH geneswere also cloned from some of the IgM?", PNA™ GCs. More
endogenou¥k 23 and VH36-60 geneswere clonedfrom the GCs of DEL-cOVA recipients(35%)
thanfrom HEL-cOVA immunisedanimals(3%), which probablyreflectscompetitionbetweenthe

transgeniandendogenouB-cellsfor the lower affinity antigen,DEL. The numberof mutationsin
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theseendogenoud geneswas similar to the numberof mutationsobservedn the transgenidight
chains.An endogenoud/H-gene (with differentD and J regions), that was a constituentof a
polyreactive anti-histonelgM antibody (Genebankaccessiomo: X63801), was independently
clonedat day 9 and 14 from DEL-cOVA immunizedmice. This VH regionis not a documented

germlinegene!! andhasbeenpreviouslyshownto bind HEL 2.

Discussion
In this study,we havedemonstrate@ffinity maturationof germinal centre B-cells respondingto
two definedprotein antigensat the cellular and molecular level directly in vivo using a novel
adoptive transfermodel. This in vivo systemexploits the different affinities of the HyHEL-10
antigenreceptorfor the monomericprotein antigenshenegglysozyme(K, = 4.5 x 10*°M™) and
duckegglysozyme(K, = 1.3 x 10'M™?) andthe fact that their conjugationto chicken ovalbumin
allows provision of T-cell help by cOVA specificD011.10T-cells %> 2L, Previousin vitro andin
vivo studies have examined various individual components(clonal expansion,GC formation,
affinity maturation)of the antibody responséut to our knowledgeno sequentiatietailedanalysis
of the overallprocesgo aproteinantigenhasbeernperformed.This systemhasallowedus to track,
in detail,at the level of antigen-specifi® cellsin vivo, all of thesemolecularand cellular eventsthat
occurduringthe developmenbf an antibody responsen oneintegratedexperimentakystem.Not
only will this haveimplicationsfor avariety of therapeutia@approachebut it alsoprovidesanideal
systenfor studyingthe mechanismsinderlyingsomatichypermutatiorin vivo.

To ensurethat DEL coupledto cOVA canelicit B cell help from TCR Tg T cells, as
previouslyreportedfor HEL, we examinedthe clonal expansiorof Tg T andB cells. Tg T-cells
respondedmore slowly to immunisationwith DEL-cOVA than with the higher affinity antigen

(HEL-cOVA). This slowerT- cell responsecould be dueto the low affinity of the BCR for DEL
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resultingin less efficient presentatiorto T-cells and henceslower recruitmentof T-cell help °.
Alternatively, the lower affinity of the BCR for DEL may leadto competitionfor antigenbetween
B-cells and other antigen-presentingells such as dendritic cells for presentationto T-cells.
Comparisorof the levelsof endogenousinti-cOVA IgG1 andigG2aproducedin responseéo HEL
andDEL-cOVA indicateghat the latterinterpretatiormay be correct(unpublisheddata). Previous
in vitro work has shown that, as the affinity of the BCR increasesthere is a corresponding
diminution in the amountof solubleantigenrequiredto trigger a responseuntil the ability to
discriminatefurtherincrease affinity disappearsbovel0®™ °4°% Our study demonstrate$or
the first time that discriminationbetweena moderatgK ,= 10'M ™) anda high affinity (K,= 5 x
10'%1) antigenalsooccursduringantigenpresentatiotin vivo.

As we demonstratethat T andB cell clonal expansioroccurswith HEL-cOVA andDEL-
cOVA we were next able to employ the systemto examine somatic hypermutation.To date,
somatic hypermutationhas only beeninvestigatedin GCs respondingto haptens,due to the
complexity and heterogeneityof the immune responseo protein antigens.Many more contacts
occurat the Ab-proteininterface which coversa muchlargerareahencethe processof antigenic-
selectionmay be very differentduring the responseo a protein antigencomparedwith the anti-
hapternresponse.

The overall mutationrate within the GCs of this adoptivetransfer systemwas fairly low
(0.4%) but was significantly higher than the PCR error rate [0.08%>'] and comparablewith
mutation rates from other primary responses® °8, Characteristicsassociatedwith somatic
hypermutatiorsuchasabiastowardstransitionsandintrinsic hotspotswerealsoobservedn the

B-cell transgenesTheseresults confirm the findings of other workers 3° who have also shown
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somatichypermutationn the HyHEL-10 VK transgenen Peyer’'spatchesof intact MD4 mice.
However,in this casethe antigendriving the responsavasunclear.

Possiblereasonswvhy the mutation rate is low in the systemwe describeare numerous.
Firstly, the heavy and light chain transgenecassettesare presentin multiple copies and co-
integratedinto the genome,but not at the endogenoudgh and Igk loci, in the MD4 transgenic
mousestrain?®., EachTg cassetteontainsastronglg promoterandthe intronic enhancerwhich are
essentiatlementdor the initiation of somatichypermutatior?®®. This studyard previouswork
verify that the correctplacemenbf the transgenewithin the Ig locus is not critical for mutation®®
6264 However thelg heavychain3’ enhancedownstreanfrom the Cp regionis not presentPrior
work has indicatedthat the lack of a 3’ heavy chain enhancerreducesthe rate of somatic

hypermutation®®

, which could explain the lower mutation rate observedin the heavy chain
transgeneomparedvith thek transgené which the 3’ enhanceis present. Additionally, the Vk

andVH HyHEL-10 transgenesontain2 and 13 nucleotidedifferencesfrom the nearestgermline
genesVk23 andVH36-60, respectively®®. Someof thesearein mutationalhotspots,which are
thereforeno longeravailalle for targeting.Finally, the HyHEL-10 BCR displaysa moderateaffinity

for DEL, hencehelow accumulationof mutationscould be explainedby ongoingemigrationof Tg
B-cells without the requirementfor recycling, since they can receive adequatesurvival signals
throughthe BCR. SomeGCscontainmanyB-cellsthat haveacquiredone or two uniquemutations
only, indicating that they do not contain numerousrecycling B-cells. Additionally, other
experimentalsystemsmay be observingmemory B-cells, recycling through germinal centresfor

furtherroundsof mutation. The transgenidB-cellsareunableto developinto memorycellsdueto

the absencef switch recombinatiorsites®’.
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Having demonstratedsomatic hypermutation,we next determinedwhether the changes
observedwould be predictedto leadto an increasein affinity for the antigensin question.
Competitiveinhibition studiesdemonstratednincreasen affinity of serumantibodies,produced
by transgenid-cells,towardsDEL in DEL-cOVA immunizedmice. Strongevidencefor selection
of mutationsthat shift the affinity from HEL to DEL is providedby the systematiaetectionof the
light chainframework region mutations, 49Vk (Lysine — Methionine/Asparagine)n different
DEL-cOVA recipients The CDRs of HyHEL-10 are very short and 49k is adjacentto the
CDRL2, suchthat lysine49is in the centreof the DEL/HYHEL-10 interface.Proteinmodellingand
previoussite-directednutagenesigxperimentslemonstrateéhat these mutations enhanceaffinity
for DEL. Light chainmutations,Lys49Vk — Thr andSer93\k - Asn, weretargetedoy site—directed
mutagenesi& dueto the observatiorthat HyHEL-10 and HyHEL-8 monoclonalantibodieswhich
sharethe sameheavyand light chainV-genes(Vk23, VH36-60), differed in their ability to bind
lysozymesfrom severakpeciesof birds, dueto the positionsof their somaticallymutatedamino
acidresidues®. Four of the five somaticallymutatedaminoacidresidueswhich differ betweenthe
HH8 andHH10 light chaingVk residuest9, 74,77, 93;*% werepresentvithin DEL-cOVA GC B-
cellsandthesehavebeenshownto increaseaffinity for DEL sevenfold by chainrecombination
experiment$®. The intrinsic VK mutationalhotspotsSer74and 77 may havea subtle effect on
affinity althoughthey are distant from the antigen-bindingsite. Although protein modelling can
suggestiocal changesin antibody structure,it is unableto predict co-operativealterationsin
structurebetweensomaticallymutatedresiduesor long range effects ®° ’°. Protein modelling of
numeroustherreplacementutationsin the light chaindid not revealdirectinteractionswith DEL.

Most codingchangesppearedo beneutral, conservingantibody-antigennteractionsandantibody
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structure Mutationsthat areneutralin terms of affinity may offer selectiveadvantagesowards
secretionfolding andphysicalstability .

The observatiorthat the canonicaly importantlight chainresidues)le29 and GIn90 *° °%,
were independentlymutatedto Phe and Arg, respectively,in the HEL-cOVA and DEL-cOVA
suggestshe influenceof selectivepressurealthoughwe do not havedirect evidencefor an effect
onantigenbinding.

Replacemenmutationsin GC B-cells respondingto HEL-cOVA did not appearto be
selecteagincenonewererepeatedndependentlyThe affinity of HyHEL-10for HEL (4.5 x 10"°M"

1y is believedto benearthe effectiveceiling for antibodiessinceB-cellsexpressingvery high affinity

receptorsdo not show a significantadvantageover this thresholdas measuredby competitionfor

2 73

antigen bound to FDCs "2 or improved antigen presentationto T-cells **. Roost et al.
demonstratedhat germline genesencodingantibodieswith high affinity for vesicular stomatitis
virus showedno affinity maturationoverthe courseof theimmuneresponse.Recently,it hasbeen
shownthat antibody fragmentswith femtomolaraffinities canbe evolvedby mutagenesig vitro,
demonstratingthat limitations imposed by the antibody architecture are not intrinsically
responsiblefor the affinity ceiling ", Importantly, our datashow that B-cells expressingantigen-
receptorsclose to their affinity thresholdare capableof revising their specificity by somatic
hypermutationrandselectionin responsdo a low-affinity, cross-reactiveantigen.This capability
would allow further repertoire devebpment of high affinity memory B-cells, which could be
importantduring the immune responseo a pathogenundergoingantigenic drift. However, this
advantagas offset by the dangerthat a similar repertoireshift could result in switchingfrom an

anti-pathogenresponsetowards a low—affinity, cross-reactiveautoantigen(antigen mimicry).

Remarkablymutationsin this in vivo systemrecurindependentlyat identical residuesindicating



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

23

that the affinity maturationprocesswithin theimmuneresponseés extranely selective. The effects
of individual point mutationson the affinity of the transgenidHyHEL-10 antibody towardsHEL
and DEL are currently being investigatedusing scFv antibody fragmentsand surface plasmon
resonance.

To our knowledgethis is thefirst time that affinity maturationof the GC responseo high andlow
affinity cross-reactivgrotein antigenshas beencompletely followed through from the clonal
expansiorof B andT cellsin germinalcentrego the effectsof somaticmutationson the interaction
of the antigen-bindingsite with its epitope.This modelalsoprovidesanideal systemfor studying

the mechanismsinderlyingsomatichypermutationn vivo.
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Figure Legends

Figure 1. Kineticsof D011.10T- andMD4 B-cell clonalexpansiorafterimmunisation.

Cell suspesions containing1-5 x 10° CD4'KJ1.26" T cells and B220" HEL* B cells were
transferrednto BALB/c-lgh® x C57BL/6F; mice.On day 0, transferredecipientswereinjecteds.c.

with either 13Qug of HEL-cOVA or DEL-cOVA in CFA. The percentageof A) D011.10
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(CD4'KJ1.26") T cellsand B) MD4 (B220'IgMa’) B-cells in the lymph nodesof adoptively
transferredrecipients were determinedby flow cytometry at days 3, 5, 7, 9 and 14 after
immunisation.Eachtime point representghe meanz range for at leasttwo mice per group.

Unimmunizecdcontrolsfrom eachtiime point wereaverage@ndrepresente@sday O.

Figure 2. Immunohistochemicahnalysisof GCsin lymph nodesof HEL-cOVA andDEL-cOVA
immunisedmice.

The consecutivesectionsverestainedwith eitheranti-Thy1.2(brown) or peanutagglutinin (PNA)
andeitheranti-lgM? , HEL or DEL (blue).Magnificationwasat x100.

A) Germinal centre from a HEL-cOVA immunised mouse, d9, IgM®" Thyl.2" (left) and
HEL*PNA" (right).

B) Germinalcentrefrom a DEL-cOVA immunisedmoused9, IgM**Thy1.2 (left) andHEL"PNA"
(right).

C) Germinalcentrefrom aDEL-cOVA immunisedmoused9, DEL" PNA”*

Figure 3. Representativexamplef the VK andVH sequencelataobtainedfrom GCs at various
stage®f the HEL-cOVA/DEL-cOVA response.

Eachsequence comparedo the relevantHyHEL-10 transgene,(A) VK; (B) VH. Sequencesf

CDR1/CDR2and CDR3 are completely shown as well as the flanking sectionswhere somatic
mutationwasobservedldentity with the transgenés indicatedoy adashandnucleotidedifferences
areshown. The numberof daysafterimmunizationandthe antigenusedare indicatedin the left

handcolumn.Numbersin front of the sequencalignmentare arbitrary sequencenamesand the
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letter depictsthe differentisolatedgerminalcentres. The CDRs in this figure arelabeledaccording

to Lavoieetal.,1999%* andthe aminoacidsin bold representontactresidues.

Figure 4. Clonalproliferationof B-cellswithin individual GCs

A simplifiedhypothesighat eachv-genecontaininga uniqueset of mutationsrepresents distinct
GC B-cell was made.Eachbranchof the dendrogranmrepresentsnutationsthat were sharedby

severaV-genesusingthe assumptiorthat the mutationeventonly occurredncein a precursorcell

andwasinherited by daughtecells.Numberson branchesepresenthe numberof mutations(silent
mutationsareenclosedn bracketshetweerthe differentsequencegachcircle symbolisesa B cell

andletterswithin the circlesdepictindividual sequences.

BranchingdendrogramgepresentvH (A) and Vk (B) sequenceslerivedfrom independentiGCs
from day 9 and 14, respectively,in the DEL-cOVA responseThe VH antigen-selectedhotspot
Ser56- Asn is symbolisedby B-cells,l, J andK on the right handside of the dendrogran A. The
‘affinity enhancing’'mutationLys49-. Met of VL is depictedby lettersE, F, G andH on the left

handsideof the dendrogranB, andB-cell, H, alsocontainsthe intrinsic hotspots,Ser77 lle and
Ser9L, Asn. (C) depictsa simple dendrogranproducedfrom the Vk sequencelatafrom a HEL-

cOVA GC.

Figure 5. Relativeaffinity of IgM? transgeni@ntibodiesn serafrom HEL-cOVA andDEL-cOVA
immunisedrecipientsat days9 and 14, by competitive ELISA. A) Competitive binding of IgM?
antibodiesto HEL (solid phase)by DEL (soluble phase);B) Competitive inhibition of IgM?

antibodiego DEL (solidphase)y HEL (solublephase)javerageof two identicalexperiments).
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Figure 6. Proteinmodellingof antibody— lysozymeinteractions.

A) An areaof the antigen-bindingsite showingdetailsof the interactionsbetweenHEL and the
mouseHyHEL-10 anti-HEL antibody, basedon the crystal structureof the Fab-antigencomplex
(28). B) Model of the sameregionshowingthe effectsof the LysVk49 > Asn mutation on the
interactionbetweenthe maturationmutant antibody and DEL. C) Model of the sameregion
showingthe effectsof the LysVk49” Met mutationon the interactionwith DEL. D-G areviews
of the HyYHEL-10 antigenbinding site seenperpendicularlyto the antibody-antigeninterface. D)
employsthe colour schemeof F andshowsthe positionof the interactingside chainsof residues
LysVk49 (red)andthe HEL Asn93(superimposeth black). E) showsthe two V domains:VH in
greenandVk in blue. F) is the sameas E with the positionsof the CDR regionsshown by
differentcolours. Vk: CDR1, pale blue; CDR2, grassgreen; CDR3, violet. VH: CDR1, white;
CDR2,0orangeCDR3,yellow. G) is the sameasF exceptthat the side chainsof the six interface
residuedliffering betweerHEL andDEL aresuperimposeth black. Their sizeis reducedn D and

G for clarity andthe residuenumberis indicatedat the right handside.
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Table I. Oligonucleotideprimers

Oligo. name Sequence (5'-3’)

LL TGGAYTYCAGCCTCCAGA

IL TAACACCTGATCTGAGAATG
VL GATATTGTGCTAACTCAGTCTCC
JL TTATTTCCAGCTTGGTCCC
LH TGTTGACAGYCVTTCCKGGT
IH GTTGAATCTTGATTCCCGTT
VH GTGCAGCTTCAGGAGTCAGGA
JH TGCAGAGACAGTGACCAGAGT

27
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Table Il. Summaryof sequencingesults obtainedfrom individual GCs at differert days after

immunisationwith DEL-cOVA or HEL-cOVA.

A. DEL-cOVA-immunisednice

GC Day V gene Description No. of No. of %
of B-cell unique sequences mutations unmutated
clones transgenes
B 5 H Simple 5 6 63.6 (7/11}
D 5 L Branching 5 7 55.5(5/9)
H Simple 3 2 81.8(9/11)
A 9 L Simple 4 5 42.9(3/7)
H 9 L Branching 4 7 20 (1/5)
H Extensive 9 13 33.3(3/9)
Branching
J 9 H Simple 4 5 0 (0/7)
L 9 H No S.M° 1 0 100 (6/6)
A 14 L Extensive 7 14 38.5(5/13)
Branching
H No S.M 1 0 100 (11/11)

AverageVL mutationrate= 0.49%

AverageVH mutation rate= 0.32%
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28

GC Day Vchain Description No. of uniqgue No. of Mutations  %unmutated
of B cell sequences transgene
clones

C 9 L Branching 11 15 41.2 (7/17§

H Branching 9 18 43.8 (7/16)

F 9 L Simple 4 6 30 (3/10)

G 9 L Simple 7 6 40 (4/10)

D 14 H Simple 4 4 70 (7/10)

K 14 L Simple 4 3 40 (4/10)

AverageVL rate= 0.36%

AverageVH rate= 0.5%

Resultsobtainedfrom the analysisof primary GCs over days5, 9, and 14. Datafrom individual GCs areshownon

separatdines. The numberof uniquesomaticmutationsperGC wasevaluatedy countingmutationssharedy two or

more VH/VL clonesonly once.Averagemutation frequencyperV genebasepair was calculatedby dividing total

numberof somaticmutationsobservedy the total numberof basepairssequencedendrogramgontaininga number

of mutationally distinct B-cells emanatingfrom the unmutatedtransgenevere describedas simple. A branching

dendrogrammepresenta numberof B-cellswith sharecanduniquemutationswhich canbefollowed along one arm of

thedendrogram.

2 Thenumberof unmutatedransgenem the total numberof sequenceanalyseds shownin parenthese. No S.M =

no mutations wereobserved.
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