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Abstract

Recombinant production of IgM antibodies poses a special challenge due to the complex

structure of the proteins and their not yet fully elucidated interactions with the immune effec-

tor proteins, especially the complement system. In this study, we present transient expres-

sion of IgM antibodies (IgM617, IgM012 and IgM012_GL) in HEK cells and compared it to

the well-established stable expression system in CHO cells. The presented workflow investi-

gates quality attributes including productivity, polymer distribution, glycosylation, antibody

structure and activation of the classical complement pathway. The HEK293E transient

expression system is able to generate comparable amounts and polymer distribution as IgM

stably produced in CHO. Although the glycan profile generated by HEK293E cells contained

a lower degree of sialylation and a higher portion of oligomannose structures, the potency to

activate the complement cascade was maintained. Electron microscopy also confirmed the

structural integrity of IgM pentamers produced in HEK293E cells, since the conventional

star-shaped structure is observed. From our studies, we conclude that the transient expres-

sion system provides an attractive alternative for rapid, efficient and high-throughput pro-

duction of complex IgM antibodies with slightly altered post-translational modifications, but

comparable structure and function.

Introduction
Immunoglobulinsof subclassM (IgM) areconsideredasthemainactorsin theprotection
againsthumoralmicrobial infectionandin themediationof celldebrisclearancebyactivating
andcontrolling thecomplementclassicalpathwayandinflammation.Thiscrucialrole theoret-
icallymakesthemrelevantfor therapeuticapplications.Althoughclinical trialsof metastatic
melanomapatientswith ahumananti-GD2IgM (MORAb-028)werealreadystarted,the
studywasterminateddueto alackof productavailability(ClinicalTrials.govIdentifier:
NCT01123304,update:July2019).Productionof IgMs isacost-intensiveandtediousprocess
no matterif isolatedfrom serumor recombinantlyexpressedin stablecelllines[1±3].The

PLOS ONE

PLOS ONE | https://doi.org/10.1371/journal.pone.0229992 March 12, 2020 1 / 12

a1111111111
a1111111111
a1111111111
a1111111111
a1111111111

�2�3�(�1�$�&�&�(�6�6

Citation:HennickeJ,SchwaigerlehnerL,
GruÈnwald-Gruber C,BallyI, LingWL,ThielensN,et
al.(2020)TransientpentamericIgMfulfill
biologicalfunctionÐEffectof expressionhostand
transfectiononIgMproperties.PLoSONE15(3):
e0229992.https://doi.org/10.1371/journal.
pone.0229992

Editor:YanLi,ClevelandClinic,UNITEDSTATES

Received:November18,2019

Accepted:February18,2020

Published:March12,2020

Copyright:�‹ 2020Hennickeetal.Thisis anopen
accessarticledistributedunderthetermsof the
CreativeCommonsAttributionLicense,which
permitsunrestricteduse,distribution,and
reproductioninanymedium,providedtheoriginal
authorandsourcearecredited.

DataAvailabilityStatement:Allrelevantdataare
withinthemanuscriptandits Supporting
Informationfiles.

Funding:ThisworkwassupportedbythePhD
programBioToP(BiomolecularTechnologyof
Proteins)fundedbyFWFunderProjectW1224and
byPolymunScientificImmunobiologische
ForschungGmbH.Thisworkusedtheplatformsof
theGrenobleInstruct-ERICcenter(ISBG;UMS
3518CNRS-CEA-UGA-EMBL)withintheGrenoble
PartnershipforStructuralBiology(PSB),

http://orcid.org/0000-0002-3397-3621
https://doi.org/10.1371/journal.pone.0229992
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0229992&domain=pdf&date_stamp=2020-03-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0229992&domain=pdf&date_stamp=2020-03-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0229992&domain=pdf&date_stamp=2020-03-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0229992&domain=pdf&date_stamp=2020-03-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0229992&domain=pdf&date_stamp=2020-03-12
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0229992&domain=pdf&date_stamp=2020-03-12
https://doi.org/10.1371/journal.pone.0229992
https://doi.org/10.1371/journal.pone.0229992
http://creativecommons.org/licenses/by/4.0/


challengesin recombinantIgM productionareanadequateproductivity,homogenouspoly-
merization,purity, structuralintegrity andbiologicalfunction.Eventhoughpentamersand
hexamersarethepredominantformsof IgM in humanserum,aggregatedor incompletepoly-
mersweredescribedfor recombinantlyproducedIgMsresultingin reducedproductquality
[2,4±6].Another important qualityattributeis theglycosylationsinceit mayaffectIgM secre-
tion, cytolyticactivity,immunogenicityor pharmacokinetics[7±10].

In thehereinpresentedstudy,weevaluatedif transientexpressionsystemsproduceaccept-
ablequantity,highqualityandfunctionalIgMsandtherebyproviderapid,efficientandhigh-
throughputalternativesto theestablishedexpressionsystems.Theproductionof thethree
modelantibodiesIgM012,IgM012_GLandIgM617wasinvestigatedin thehumanHEK293E
cellline andcomparedto thewell-establishedIgM producingCHO DG44celllines[1]. The
HEK293Ecellline isafrequentlyusedsystemfor transientexpressionbecauseof its properties
suchaseasymaintenance,robustness,easeof transfectionandhighyieldof proteinexpression
[11±13].CHO DG44cellline representstraditionalandthemostcommonlyusedstablepro-
ducingcellsystemin industrialproductionof recombinantprotein therapeutics[14]. Our
studyinvestigatesandcomparestheproductivityof bothexpressionssystemsandseveralqual-
ity attributes:thepolymerdistribution andglycosylationpatterns,aswellasthein vitro func-
tional activityto activatetheclassicalcomplementpathwayandtheir structuralintegrity by
negativestaintransmissionelectronmicroscopy(TEM).

Materials and methods

Geneticconstructsandcell lines
ThestableIgM producingCHO DG44celllinesweregeneratedasdescribedin Chromikova
�� ��., 2015[1]. In short,two differentpIRESvectorswereusedfor co-transfectionandrandom
geneintegration.TheIgM heavychainanddihydrofolatereductase(DHFR)geneswerecon-
nectedbyaninternalribosomeentrysite(IRES)sequenceandexpressedundertheSV40pro-
moter.Thelight chainisexpressedunderthecytomegalovirus(CMV) promoterandfollowed
bytheIRESandjoining chainsequence.Thehostcellline wastransfectedwith two pIREScon-
structscontainingeitherIgM heavychainandDHFRgenesor light chainandjoining chain
genes(S1AFig).

ThetransientIgM expressionwasperformedin HEK293Ecellswith two pCEP4constructs
containingeitherIgM heavychaingeneor light chainandjoining chaingenes(S1BFig).The
pCEP4vectorencodesthe����	 genefor episomalplasmidamplificationandtheCMV pro-
moterupstreamthegeneof interest(S1BFig).ThegenesencodingtheIgM chainswereidenti-
calto theconstructsusedfor stabletransfection.Thestableexpressionof theadenovirus13S
E1ain theHEK293Ecellsenhancestranscriptionof CMV promoter[15].

Production of IgM
StableCHO DG44celllinesandHEK293Ehostcelllineswereseededat106 cells/mL.Three
parallelculturesof theIgM producingCHO DG44cellswerecultivatedin batchmodefor
eachmodelIgM. HEK293Eweretransfectedwith theconstructsdescribedin S1BFigusing
polyethylenimine.48hoursposttransfectiontheculturesweresupplementedwith 0.5%tryp-
toneN1 (TN1) and5 mM valproicacid(VPA) to increasetheproteinsynthesisin transient
expressionup to theyieldsof stableexpressionsystems[16,17].To quantifyIgM titers,cellcul-
turesupernatantswereanalyzedwith astandard�-��-ELISA usingtherespectivepurified IgM
antibodyasreferencematerial.Antigenbinding activitiesof all IgMswasalsoevaluatedby
ELISAanddetectionof IgMsdepositionovercoatingspecificantigens.Asexpected,all IgM
preparationswereableto bind their specificantigen.
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Purification
IgM antibodieswerepurified accordingto Hennicke�� ��., 2017[18]. Briefly,POROSCapture-
SelectTM IgM Affinity Matrix (ThermoFisherScientific)wasusedfor affinity chromatography.
TheIgMswereelutedwith 1 M Arginine,2M MgCl2, pH 3.5.Asasecondpurification step,
theelutedIgM sampleswereappliedon aSuperoseTM 6 column(GEHealthcare).IgM was
separatedfrom nucleicacidcontaminantswith running buffer(0.1M sodiumphosphatepH
5.5,0.2M NaCl)ataflow rateof 0.5mL/min.

SDSPAGE,silver stain and immunoblotting for polymer distribution
Separationandidentificationof purified IgMsbySDS-PAGEandWesternblot wasperformed
asdescribedin [1]. Silverstainingwasperformedaccordingto [19]. A goatanti-human�-
chainspecificperoxidaseantibody(1:2000,Sigma)wasusedto detectthe�-chain of theIgM
molecule.

Transmissionelectronmicroscopy(TEM)
60±80ngof IgM wasappliedto aMica Sheetcoveredwith evaporatedcarbonfilm. Thefilm
wasfloatedoff in ~100�L 2%sodiumsilicotungstate(SST,AgarScientific)andfishedonto a
400meshCuTEM grid (DeltaMicroscopies).Imagesweretakenwith aTecnaiF20TEM
microscopeat200keV.

N-linked glycosylation
Thesite-specificglycanpatternwasanalyzedasdescribedin [18]. Briefly,purified IgM wasS-
alkylatedwith iodoacetamideanddigestedwith Trypsin(Promega)or with Trypsinandendo-
proteinaseGluC(Roche).IgM fragmentswereseparatedwith RP-HPLC(BioBasicC18col-
umn,ThermoFisherScientific)anddetectedwith QTOFMS(BrukermaXis4G).MSspectra
wererecordedin DDA (datadependedacquisition±highestpeaksareselectedfor MS/MSfrag-
mentation)modein arangefrom 150±2200Da.Thefivepossibleglycopeptideswereidentified
assetsof peaksconsistingof thepeptidemoietyandtheattachedN-glycanvaryingin thenum-
berof Gal-GlcNAcunits (antennae),fucoseandsialicacidresidues.Thetheoreticalmassesof
theseglycopeptidesweredeterminedwith aspreadsheetusingthemonoisotopicmassesfor
aminoacidsandmonosaccharides.

Complementactivation-ELISA
Theactivationof theclassicalcomplementpathwaywasmonitoredbyanELISA-assaybased
on detectionof C4bdepositionaccordingto Bally�� ��., 2019[20]. In brief,200ngof IgM were
immobilisedon a96-wellplate(ThermoFisherScientific)andincubatedwith 4%normal
humanserum(NHS),4%C1qdepletedserum(NHS�ï,CompTech)or 4%NHS�ï reconstituted
with purified humanC1q(4 �g/mL) [21]. NHSwasobtainedfrom theEtablissementFrancËais
du SangRhoÃne-Alpes(agreementnumber14±1940regardingits usein research).Unspecific
binding waspreventedbysaturationwith 2%bovineserumalbumin(BSA,SigmaAldrich). In
thecourseof theclassicalpathwayactivation,C4iscleavedinto C4aandC4b,whichdeposi-
tion wasdetectedwith arabbitanti-humanC4polyclonalantibody(Siemens)specificfor C4b
andananti-rabbit-HRPantibodyconjugate(SigmaAldrich). C4bdepositionwasvisualizedby
additionof TMB (SigmaAldrich) andaClariostarplatereader(BMG Labtech).Screened
recombinantIgM sampleswereproducedby transientHEK293EandstableCHO DG44and
purified asdescribedabove.PolyclonalIgM isolatedfrom humanserum(SigmaAldrich) was
usedascontrol.
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Results

Expressionandpolymer distribution of IgM
To assessif thetransientexpressionisasuitablealternativeto stableexpression,productionof
IgM wasinvestigatedin bothsystems.Comparisonof stableexpressionin CHO DG44and
transientexpressionin HEK293Eshowedthatsimilarmaximumviablecellconcentrations
resultin comparableamountsof therespectiveIgM antibodyvariant(�.
., approx.8.4� 106

cells/mLin CHO DG44and8.1� 106 cells/mLin HEK293Eexpressing36�g/mL and30�g/
mL IgM012_GL,respectively)(Fig1A),althoughtransientexpressionoftenshowsreduced
productconcentrationcomparedto stableproduction.Also,transienttransfectionsin
HEK293Epresenthighvariabilitiesandonly themostefficienttransfectionsfor eachIgM are
shownin Fig1A.Moreover,aspreviouslydescribedin Chromikova�� ��., 2015[1] for CHO
production,differencesin antibodyHEK expressionbehaviorwereobservedfor all threeIgM
models.Indeed,similarly in bothsystems,productionof IgM617yieldsin significantlyhigher
producttiters(approx.9-fold in CHO DG44and5-fold in HEK293E)comparedto IgM012
andIgM012_GL[1]. To investigatetheimpactof theexpressionsystemon selectedquality
attributesof theIgMs,weevaluatedthepolymerformationbygelelectrophoresisandglycosyl-
ationbyLC-MS/MS.All IgMsweresuccessfullyproducedin bothcelllinesaspentamersas
themajor IgM fractionfor all modelIgMs.However,purified IgM012andIgM012_GL
showeddimer formation,indicatingthat thedifferencesin polymerdistribution of theindivid-
ualantibodieswereindependentof thehostcellline andtheexpressionsystem(Fig1B).The
presenceof dimeric IgM wasalsoobservedin analyticalSEC-HPLC,at leastfor IgM012_GL
[22].

Host-specificglycosylationof IgM
IgMsbearfivepotentialN-glycosylationsites(GS)whichcanbedividedinto themainlycom-
plexglycosylatedGS1-3andtheprimarily oligomannosetypeGS4andGS5[23]. Especiallyin
recombinantIgM, GS1ispartiallyoccupiedalsobyoligomannoseor hybrid glycansaswell
[18].

Productionin HEK293Ecellsledto ahighermobility on theSDSgelof all protein fractions
comparedto productionin CHO DG44(Fig1BandS2Fig).Thiseffectwasespeciallyillus-
tratedby thedimericportionsof IgM012andIgM012_GL,suggestingthat thereisadifference
in theglycosylationpatternproducedin thetwo hostcelllines.Asadditionalqualityattribute,

Fig 1. Expressionandpolymer distribution of IgM antibodiesproducedin CHO DG44andHEK293Ecells.(A)
IgM concentrationsareshownasbarsandviablecellconcentrationsarerepresentedasdots.Stableexpressionin CHO
cellswasperformed in triplicates.(B) Silverstainingundernon-reducingconditionsof purified IgM012,IgM012_GL
andIgM617producedstablyin CHO cellsandtransientlyin HEK cells.Pentameric anddimeric formsareindicated
with arrows.

https://doi.org/10.1371/journal.pone.0229992.g001
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theglycosylationpatternwasanalyzedbyLC-MS/MS.Althoughsimilarglycanpatternswere
found in IgMsof transientlytransfectedHEK293E,differencesin glycosylationcomparedto
thereferencecellline CHO DG44wereobservedandaresummarizedin Tables1and2.
RecombinantIgM stablyproducedin CHO DG44cellscomprisedmainlycomplextypegly-
cans,10±16%hybrid typeglycansand20±35%oligomannosetypeglycansatGS1.In compari-
son,expressionin HEK293Ecellsshowedaminimum of ~50%oligomannosetypeglycans
andamaximumof approximately30%complextypeglycansatGS1(Table1).TheIgM012
producedin HEK293EhadGS1nearlycompletelyoccupiedbyoligomannosetypeindicating
that theportion of lessprocessedglycansattachedto GS1ishigherin IgM producedin
HEK293Ecells.At GS2,theCHO DG44cellsattachedpredominantlycomplextypeglycans,
whichweremainlysialylatedwhile theHEK293Ecellsproducedonly 40%sialylatedcomplex
glycans,but anincreasedfractionof oligomannosetypeglycans(Table1).This trendwaseven
morepronouncedwith IgM012producedbyHEK293E.GS3wasfully occupiedbycomplex
typeglycansfor IgM producedin bothexpressionsystems,exceptfor IgM012producedin
HEK293E.Forour threemodelIgMs,transientexpressionin HEK293Ecellsresultedin a
higherportion of truncatedglycanstructureswith terminalN-acetylglucosamine,whichrepre-
sentlessprocessedcomplextypestructures.

OligomannosetypewasthepredominantglycanstructurefoundatGS4andGS5of IgM
producedbybothexpressionhosts(Table2).Thenumberof attachedmannosemoleculeswas
significantlyhigherin HEK293Ecellscomparedto theoligomannosestructuresfound in
CHO DG44cells.

Table1. Comparison of site-specific glycosylation profile at GS1-3of IgM producedstablyin CHO cellsand transiently in HEK cells. Relativeabundance[%] of N-
glycantypesisshown.

Glycantype complextype hybrid type Oligomannosetype

model IgM MGn/ GnGnF galactosylated sialylated

Glycosylation site1

CHO IgM012 1 9 43 13 35

IgM012_GL 1 9 59 10 20

IgM617 0 14 43 16 27

HEK IgM012 0 1 5 1 93

IgM012_GL 3 5 24 17 50

IgM617 3 7 24 21 45

Glycosylation site2

CHO IgM012� 47 10 32 0 1

IgM012_GL 6 17 75 0 2

IgM617 2 13 84 0 1

HEK IgM012 15 2 5 0 77

IgM012_GL 19 7 36 0 36

IgM617 27 17 42 0 14

Glycosylation site3

CHO IgM012 15 31 51 0 3

IgM012_GL 10 21 68 0 0

IgM617 1 18 81 0 0

HEK IgM012 4 4 2 0 90

IgM012_GL 39 34 27 0 0

IgM617 37 34 29 0 0

� 10%of thefound glycosylation sitewasnot glycosylated.

https://doi.org/10.1371/journal.pone.0229992.t001
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All in all,glycosylationanalysisrevealedthat transientexpressionin HEK293Ecellsleadsto
alessprocessedglycanpatterncomparedto stableexpressionin CHO DG44cells.

TEM of IgM variantsproducedby HEK293E
Thestructuresof IgMsproducedbyHEK293Ewereanalyzedwith negativestainTEM in
orderto evaluatetheir structuralintegrity.ThepentamericIgMsproducedbyHEK293E
exhibitedacentralcircularcorewith projectingFabunits in astar-shapedmanner(Fig2) asit
isknown for IgMs isolatedfrom humanserum[24,25].A highdegreeof flexibility of theFab
unitswasobservedastheFab-domainswereonly rarelyvisibleand,in somecases,lessthan
fiveFabarmsweredetected.Thisflexibility leadsto avarietyof possibleconformationsthat
aredisplayedby theenlargedisolatedmoleculesin Fig2.Symmetricandasymmetricshapes
werefound.Moreover,Fig2 demonstratesthat regionsaroundC�2- andC�3-domainsexhibit
flexibility. A diameterof approximately30±40nm wasfound for pentamericIgM, whichwas
alreadydescribedin CzajkowskyandShao,2009or Akhouri �� ��., 2016[25,26].Hence,IgMs

Table2. Comparison of oligomannosestructuresat GS4of IgM producedstablyin CHO cellsandtransiently in HEK cells. Relativeabundance[%] of N-glycan
structuresisshown.

Man4/Man5 Man6/Man7 �Man8

Glycosylation site4

CHO IgM012 33 43 24

IgM012_GL 24 47 29

IgM617 21 49 30

HEK IgM012 7 10 83

IgM012_GL 26 32 41

IgM617 20 39 41

https://doi.org/10.1371/journal.pone.0229992.t002

Fig 2. Non-processed imagesof negativestain transmissionelectronmicroscopy imagesof IgM antibody.Representative fieldsof particleswith a100nm scalebar
in theupperpictures.Magnifiedviewsof someindividualmoleculesareshownin thelowerpanelsfor all threemodelantibodiesproducedin HEK293Ecells:(A)
IgM012,(B) IgM012_GL,(C) IgM617.

https://doi.org/10.1371/journal.pone.0229992.g002
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transientlyproducedbyHEK293Eshowsimilarstructuralpropertiesasdescribedfor human
serumderivedIgM andasfound for CHO producedIgM (S3Fig).All threemodelantibodies
showedIgM in its pentamericform (Fig2),whereasafewdimeric formsof IgM012and
IgM012_GLmight bevisible(S3Fig).PentamericIgM with theappearanceof theconven-
tional modelandonly rarelyaggregatescouldbefound in all preparations.

Antigen responseof IgM producedin CHO or HEK cells
During recombinantproduction,it isof particularimportancethat theproductexhibitsitsnatural
properties.In thecaseof antibodies,theinteractionwith theantigenisakeyfunction.IgM617
andIgM012_GLwerechosenasarepresentativeto studytheimpactof thehostcellline and
expressionsystem.Thebindingaffinity of IgM617to itsnaturalantigens,glycosphingolipids,was
evaluatedbyagangliosideELISA.Productsof bothexpressionhostsshowedcomparablebinding
to thegangliosidesGM1,GD3andGM3(S4Fig).Moreover,bindingof IgM012_GLto itsantigen
UG37wassimilar for CHO andHEK producedIgM (S5Fig).Theseresultsindicatethat the
expressionsystem,andtheresultingbiochemicalcharacteristicsasglycosylationpatternshownin
Tables1and2,donot affectthebindingpropertiesof IgM617andIgM012_GL.

Complementactivation via C1q-IgM interaction
Thecapacityof thedifferentrecombinantIgM preparationsandpolyclonalIgM isolatedfrom
humanserum(pIgM) to triggercomplementactivationwasanalyzedandcomparedbyELISA
asdescribedin Bally�� ��., 2019[20]. Theassayisbasedon thedetectionof C4bfragment
depositionafterserumcleavageof C4by theC1complexboundto coatedIgM molecules,
whichisasignaturefor theclassicalcomplementpathwayactivation.Assayswith C1q-
depletednormalhumanserum(NHS�ï) andC1q-reconstitutedserum(NHS�ï + 4 �g/ml C1q)
wereusedascontrolsfor theC1q/IgM interactiondependency;pIgM wasusedasareference.
No significantdifferenceswereobservedbetweenpIgM andall therecombinantIgM samples
(Fig3),demonstratingthat immobilizedrecombinantIgMsareasactiveasserumderived
IgMs in theseassayconditions,regardlesstheir differencesin polymerdistributionsandglyco-
sylationpatternswhichwouldbearesulteitherof their sequenceor thehostcell.

Indeed,althoughIgM variants,IgM012andIgM012_GL,present10to 20%of dimers(Fig
1), theydid not showanydecreasein �� 
���� complementactivationlevel(Fig3).Taylor�� ��.,
1994demonstratedthat IgM monomersarenot ableto provoketheactivationof complement-
mediatedcytolysis[27]. Thus,reductionof complementactivationby IgM mixture,asIgM012
andIgM012_GLwasexpected.Explanationmight residein thecoatedIgM dimer ability to
activatethecascadeor in thehighsensitivityof theELISAassay,sinceafewcoatedpentameric
IgM moleculesto themicrotiter platecanbesufficientto activatethecomplementamplifica-
tion cascade.Furthermore,andsurprisingly,theoligomannosechangesatGS4betweenCHO
DG44andHEK293Eproduction(Table2),althoughminor, do not affecttheactivationlevel
(Fig3). It hasbeenreportedthat theGS4(Asn402)of IgMsmaybeimportant for theC1q
binding andthus,complement-dependentcytolysis[7,28].Thesimilarextentof �� 
���� com-
plementactivationwhichweobservedindicatedthat thepresenceof theoligomannosetypes
atGS4ismoreimportant for thecomplementactivationthantheexactstructureor glycan
composition.

Discussion
Productionof IgM antibodiesconstitutesachallengingtaskandnewrecombinantproduction
strategiesfor developmentof newtherapeuticsandtheir evaluationaredesperatelyneeded.In
thisstudy,wepresentthesuccessfultransientexpressionof IgM antibodiesin HEK cellsand
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comparedit to thetraditionalandwell-establishedstableCHO cellsystem.It wasshownthat
bothsystemsenablecomparablespecificproductivitiesandqualityattributes,demonstrating
that thetransientexpressionin HEK cellsrepresentsavaluablealternative.

Firstly,all threemodelantibodiesshowedcomparablespecificproductivitiesin thetwo cell
systems(Fig1).Aspreviouslydescribedin Chromikova�� ��., 2015,tremendousdifferencesin
antibodytitersbetweentheindividual IgM variantswereobserved[1]. Especially,production
of IgM012andIgM012_GLchallengedbothcelllinesmorethanIgM617production.Indeed,
IgM012andIgM012_GLexpressionresultedin lowerIgM concentrationsandmoredimer
fractionsthanIgM617expressionaswellasanimpairedglycosylation.Additionally,structural
analysisusingnegativestainTEM and�� 
���� complementactivationassayswereusedasnew
qualitycontrol attributesandconfirmedthestructuralintegrity andthefunctionalityof all of
our IgM modelsproducedin bothmammaliansystems.Indeed,asdescribedin previousstud-
ies[25,26],theconventionalstar-shapedparticlesof IgM pentamerswasobservedfor all
modelIgMsproducedin HEK cells(Fig2 andS3Fig).

Glycosylationisoneof themostimportant qualityattributes,astherapeuticapplication
requirescomplexmammalianglycoformssincetheyaredecisivefor thefunction, folding and
half-lifetime of proteinproducts.Possibleexplanationsfor thedifferencesin glycanstructures
might beenvironmentalconditions,thehostcellline or stressin courseof thetransienttrans-
fectionmode.While environmentalconditionsareknownto influenceglycosylationof glyco-
proteins[29], thisaspectcanbeneglectedin caseof complexIgM antibodies[22]. Although
theexpressionsystemsledto differentglycanpatternsof themodelIgMs,thepotencyof
IgM617to theglycosphingolipidsGM1,GD3andGM3 aswellastheresponseof IgM012_GL
to its antigenUG37werenot affected(S4andS5Figs).It isbroadlyacceptedthatglycosylation
isdependenton thehostcellline [29]. AlthoughCHO andHEK cellsarebothwidelyused
mammalianhostcelllines,theyexhibitvariationin thecomplexityof their glycanpatterns
[30]. Unexpectedly,theHEK293Ecellline producedahigherportion of truncatedglycan
structureswith terminalN-acetylglucosamine,whichisalessprocessedglycanpattern,

Fig 3. Complement activation via IgM andC1qinteraction. IndicatedIgMswerecoatedon theplateandincubated
with normalhumanserum(NHS),NHSdepletedof C1q(NHS�ï) or NHS�ï reconstitutedwith C1q.PolyclonalIgM
(pIgM, black)aswellasIgM012(blue),IgM012_GL (green)andIgM617(red)producedstablyin CHO DG44(darker
colors)or transientlyin HEK293Ecells(lightercolors).SerumC4cleavageby theIgM-boundactivatedC1complex
resultsin C4bdepositiondetectedbyaC4bspecificantibody.All sampleswereanalysedin duplicates.

https://doi.org/10.1371/journal.pone.0229992.g003
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comparedto theCHO DG44cellline,sinceahumancellline wassupposedby its natureto
enablehuman-likeglycanstructures(Table1).Furthermore,theMan8glycoformwassignifi-
cantlymorefrequentin GS4of HEK293EderivedIgM comparedto theoligomannosestruc-
turesfoundon GS4of CHO DG44derivedIgM (Table2).Thesedifferencescouldresultfrom
differentexpressionlevelsof enzymesparticipatingin glycosylationin thetwo hostcelllines
[31,32].In accordancewith Vestrheim�� ��., 2013,alowersialicacidcontentwasobservedin
HEK-derivedimmunoglobulins[33].This ishighlyrelevantwhenit comesto therapeuticusage,
assialicacid-richproteinsexhibitanextendedhalf-lifecomparedto non-sialylatedproteins
[34]. �� 
���� complementactivationassaydid not showanyobservabledifferencesbetween
pIgM andtherecombinantIgMs,showingthat recombinantIgM maybeasactiveasserum
derivedIgM (Fig3).Additionally, thetransientlyexpressedIgM activatedthecomplementsys-
temasefficientlyasthestablyexpressedIgM. Thismight bedueto theoligomannosidiccarbo-
hydratestructureatGS4(Asn402)whichis important for theC1qbinding andcomplement-
dependentcytolysis[7,35].In contrastto previousobservations[7,33,35],wedid not observe
differencesin effectiveC1qbinding dueto glycosylationvariations.However,sensitivityof the
assaymaynot allowdeterminingminor differencesof activation,asanactivefractionof penta-
mersmaybesufficientto provokeahighsignalandthereforecomplementactivationdid not
revealexpressionhostdependency.Transienttransfectionposesanattractivemethodfor fast
andefficientIgM screeningandausefultool for fastIgM production.However,low reproduc-
ibility in transienttransfectionsmight contributeto highvariabilitiesduring transfectionsasa
resultof variabilitiesin transfectabilityof thehostcellline [36].Transienttransfectionmaybe
accompaniedbystressdueto polyethyleneiminetreatmentandthereforeresultin lessprocessed
glycanforms.Intracellularglycan-processingmachinerymight sufferfrom thesuddenswitchto
intensiveproteinproduction.Besides,product-associatedvariationsin posttranslationalmodifi-
cationwereobservedfor severaltransientlyproducedproteins[30].

Conclusions
In thisstudy,theHEK293Etransientexpressionsystemisableto producecomplexmultimeric
proteinslike IgMsandgeneratesacceptableamountsandcomparablepolymerdistribution as
thewell-establishedCHO producedIgM. However,theglycanprofile waslessprocessed,
whichcouldchangethebiologicalpropertiesor pharmacokinetics[37]. Therefore,thetran-
sientexpressionin HEK293Eshouldonly beusedfor applicationsin whichtheglycanprofile
isnot of specificinterestor minor changesin theglycanprofile haveno impact.Nevertheless,
thepotencyfor complementactivationwasmaintainedandstructuralintegrity demonstrated.
Transientexpressionsystemsposeanattractivealternativefor rapid,efficientandhigh-
throughputproductionof complexIgM antibodieswith possiblyimpairedpost-translational
modificationsbut propereffectorproperties.

Supporting information
S1Fig.Schematicplasmid mapsof the geneticconstructs.(A) pIRESplasmidsfor stable
transfectioninto CHO DG44hostcellline. Imagewasreprintedfrom Chromikovaetal.[1].
(B) pCEP4plasmidsfor transienttransfectioninto HEK293Ehostcellline.
(PDF)

S2Fig. Immunoblotting of IgM012, IgM012_GLand IgM617producedin CHO DG44and
HEK293E.Silverstainingandwesternblotsunderreducingconditionsweredonefor anti-�
andanti-�� chain.
(PDF)
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S3Fig.Non-processedimagesof negativestain transmissionelectronmicroscopyimages
of IgM012producedin CHO DG 44.Representativefield of particleswith a200nm scalebar.
Circledparticlesrepresentsideviewsof pentamericIgM012.Thesmallerparticlespointedout
by theyellowarrowsindicatemoleculesthatcouldbedimers.
(PDF)

S4Fig.Ganglioside-ELISAof GM1,GD3 andGM3 with IgM617producedin CHO DG44
andHEK293Ecells.Potencywastestedwith anti-hu IgM (�-chain specific)alkalinephospha-
taseaccordingto Zeng�� ��., 2005[38].
(PDF)

S5Fig.Antigen (UG37)binding of IgM012_GLproducedin CHO DG44(green)and
HEK293Ecells(red). A microtiter platewascoatedwith UG37,washedandincubatedwith
50�L/well of IgM sample.Bindingof theIgM to UG37wasdetectedwith anti-kappa-HRP
conjugateandTMB. All sampleswereanalyzedin duplicates,exceptfor thenegativecontrol,
whichwastheIgM617(blacklines).
(PDF)

S1Rawimages.
(PDF)
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