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N-Glycosylation in health and disease

ne thing all living organisms have in common is a dense layer o  glycans that covers the 
s r ace o  every cell  Glycans are com lex assem lies o  car ohydrate molec les  ith re-
mar a ly diverse str ct res, hich are dis layed on the s r ace o  h man cells here they are 
a ached to roteins or li ids ig re ,  he most ell- no n glyco rotein classes consist 
o  glycan chains a ached to the nitrogen atom o  an as aragine resid e or the oxygen atom 
o  a serine or threonine resid e, and are there ore named N-lin ed and O-lin ed glycans  d-
ditionally, roteoglycans orm a class o  glyco roteins that are de ned y the a achment o  
long glycosaminoglycan G G  chains to the hydroxyl gro  on a serine resid e  G Gs can also 
exist in a ree orm, not a ached to a rotein  Glycosyl hos hatidylinositol G -anchored 
glyco roteins are a ached to a hos hatidylinositol em edded in the mem rane thro gh a 

hos hodiester lin age to hos hoethanolamine lin ed to a trimannosyl-nonacetylated gl -
cosamine core  ast, glycos hingoli ids are a class o  glycocon gates here the glycans are 
directly a ached to cell lar mem rane li ids

Glycosylation is one o  the most common os ranslational modi cations on roteins, ith 
N-glycosylation eing the est st died orm o  rotein glycosylation  N-Glycosylation re ers to 
the a achment o  a glycan moiety to the as aragine on a rotein  his a achment act ally 
already starts co-translationally , giving N-glycans an essential role in rotein olding, ality 
control and sorting events in the secretory ath ay  o ever, the role o  N-glycans is not 
limited to str ct ral in ences, they also mod late or mediate a ide variety o  nctions in 

hysiological and atho hysiological states  Glycans rod ced in the secretory ath ay ar-
tici ate in a m ltit de o  cell lar reg lation mechanisms, s ch as cell-cell adhesion, rece tor 
activation, signal transd ction, and endocytosis  t is there ore no ig s r rise that a errant 
glycosylation has een lin ed to many disease states, li e cancer, l heimer s, a toimm ne 
diseases, and even schi o hrenia

�
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Congenital disorders of glycosylati on

Congenital disorders o  glycosylati on C Gs ,  rst re orted in , re resent a gro  o  
geneti c disorders ith im airments in the iosyntheti c ath ay o  rotein or li id glycosyl-
ati on  C G ati ents resent highly heterogeneo s clinical henoty es, ranging rom mild 
to very severe and mostly involve m lti le organs ,  ince the  rst re ort the n m er o  
no n C G s ty es has never sto ed gro ing, ith c rrently over  no n s ty es  
o adays, C Gs are divided into o r gro s, namely de ects in N-glycosylati on, de ects in 

O-glycosylati on, de ects in li id and G -anchor glycosylati on and de ects that a  ect m lti le 
glycosylati on ath ays  es ite the gro ing n m er o  s ty es, congenital disorders o  
N-glycosylati on is sti ll the most common s ty e and giving the sco e o  this dissertati on, this 

ill e the only class o  C Gs disc ssed here

n N-glycosylati on iosynthesis, the glycan rec rsor is  rst assem led on a dolichol hos hate 
sca  old on the cyto lasmic side o  the endo lasmic reti c l m , a  er hich it is trans erred 
to the as aragine in a glycosylati on consens s se ence sn- xx- er hr  on the gro ing 

e ti de chain in the l men o  the  emodeling o  the glycan rec rsor then ta es lace in 
the  and Golgi a arat s giving rise to a mat re glycan ig re  Congenital disorders o  
N-glycosylati on can ro ghly e classi  ed as eing a ty e  or a ty e   ty e  C G contains 
a de ect in the assem ly or trans er o  the dolichol-lin ed glycan in the cyto lasmic , res lt-
ing in rotein hy oglycosylati on  n a ty e  C G the de ect lies in the glycan rocessing in 
the  and Golgi a arat s, res lti ng in alitati ve di  erences o  the rotein glycosylati on  

ost clinical screening or N-glycosylati on disorders is ased on isoelectric oc sing o  ser m 
trans errin and α -anti try sin  hen trans errin ro  ling cannot e sed, N-glycan ro  ling y 
mass s ectrometry  can also e sed or diagnosis  e to the highly heterogenic re-
sentati on o  C Gs, there is no general thera e ti c strategy that can e sed on all s ty es  
t is there ore ndamental to gain no ledge on the atho hysiological as ects o  di  erent 

C G s ty es to achieve e  er diagnosti cs and treatments

Figure 1. Major types of glycosylati on in humans. mage rom eily et al  , at re revie s 
e hrology

1Introduction
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1

CHO-K1 cells as model system to study CDGs

o investigate the nderlying molec lar mechanisms and categori e ne ly discovered m ta-
tions in C Gs, the se o  in vitro models has roven to e very se l  he gro  o  amela 

tanley has sed resistance against cytotoxic lant lectins to create a large selection o  gly-
cosylation m tant C  cell lines ecr , each o  hich sho s a ni e henoty ical resistant 

a ern  in ing the henoty ical glycan characteristics o  the individ al ecr m tants to 
the nderlying genetic de ects has greatly hel ed in the identi cation o  novel C G s ty es 
and the discovery o  otential iomar ers to acilitate diagnosis  nsights into the genetic 
alterations that lead to certain glycosylation a normalities o tained y these C  glycosyl-
ation m tants also contri ted to o r general nderstanding o  the iological roles o  glycans  

Glycosylation as Receptor for Influenza A Viruses

e to the revalence o  glycocon gates on the cell s r ace, glycans also lay an im ortant 
role in many host- athogen interactions  n en a vir ses or exam le, se the viral s r ace 

rotein hemaggl tinin  as a rece tor- inding rotein to a ach to the cell s r ace o  the 
host via glycocon gates  he characteristics o  the s r ace glycosylation there ore largely 
determines hether a cell, or s ecies, can e in ected y a s eci c vir s  ialic acids act as the 

rimary glycan rece tors or  roteins and are most ty ically o nd on the o termost ends 
o  N-glycans, O-glycans, and glycos hingoli ids  he lin age o  sialic acids to the en ltimate 
galactose resid e o  the cell-s r ace glycan rece tors is commonly acce ted as the most 
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Figure 2. Schematic overview of the N-glycan biosynthesis in the ER and Golgi apparatus. mage 
ada ted rom e e er et al , ssentials o  glyco iology, Cha ter 
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im ortant asis or host cell tro ism  ialic acids can e lin ed to the en ltimate galactose 
in an α , - or an α , - ashion, here α , -lin ed sialic acids are mar ed as the avian rece tor 
and α , -lin ed sialic acids as the h man-ty e rece tor ig re ,  o ever, the sialic acid 
lin ages only artially contri te to the nderstanding o  the com lex interactions et een 
in en a vir ses and their glycan rece tors  ven tho gh a lot remains to ncover, it is no  
no n that esides sialic acids also other glycan moieties or s stit ents s ch as s l ates, 
coses, and internal sialic acids can contri te to inding o  h man in en a vir ses
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Figure 3. Prototypic glycan receptors for human and avian influenza A viruses.

dditionally, also the glycan moieties receding the terminal sialic acid can e involved in in -
en a inding  he en ltimate galactose resid e is ty ically lin ed to an N-acetylgl cosamine 
Glc c  moiety, hich together are re erred to as N-acetyllactosamine ac c  he most 
revalent ac c str ct re in h mans is the ty e-  ac c, here the galactose and Glc c 

are lin ed in a - , - ashion  he resence o  extended ac c str ct res in h man res ira-
tory tiss es a o e an interest in the otential role o  these moieties in in en a  inding  

icroarray analyses o  the inding s eci city o  h man in en a vir ses to ard these 
extended ac c str ct res indeed revealed a varying s eci city or shorter or longer ac c 
re eats   s ecial oc s on h man  in en a vir ses arose d e to the shi  in ind-
ing s eci city these vir ses nder ent  n act, microarray analyses sho ed an increasing 
selectivity o   vir ses or extended glycan str ct res, containing at least t o or three 
consec tive ac c moieties  his re erence or extended glycan ranches as ro osed 
to res lt rom an increased avidity a ained y sim ltaneo s identate inding to t o inding 
sites in an  trimer  hese nding nderline a clear involvement o  other glycan str ct res 
than the terminal sialic acid in in en a inding  nderstanding the molec lar events involved 
in in en a inding and the evol tion in inding s eci city is im ortant or the s rveillance 
and revention o  otential in en a o t rea s

Methods to study the N-glycome and N-glycoproteome

he involvement o  N-glycans and N-glycocon gates in s ch a ide variety o  hysiological and 
atho hysiological conditions ma es them highly interesting iomolec les to st dy  o ever, 

the non-tem late driven nat re o  glycans ma es them also signi cantly more challenging to 
st dy  evertheless, ith the advent o  ne  technologies s ch as glycomics, glyco roteomics, 
glycan arrays, and glycoengineering, the glyco iology eld has revol tioni ed as a romising 
and ast-gro ing research area to solve the many mysteries to ard the iological nctions o  
cell lar glycosylation
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Bio-orthogonal reporter strategies in living systems

Bio-orthogonal click chemistry
n chemical iology, io-orthogonal clic  chemistry is a idely sed method or the la eling o  
iomolec les ithin living systems  t allo s or the monitoring o  molec les li e glycans and 
roteins in a hysiologically relevant environment  io-orthogonal clic  chemistry consists o  

reactions et een a reactive molec lar air that is ex isitely s eci c, ast, high yielding and 
occ rs nder hysiological conditions  Key is that the reactive gro s neither occ r in nor 
react ith any nctional gro  in iology and that the reagents are non-toxic  e to this 

ni e com ination o  re irements, there is only a small selection o  molec les that meet 
all the criteria, o  hich a ides constit te the most im ortant handle  n act, the introd ction 
o  a ides as a io-orthogonal handle in the ta dinger ligation as a game changer in the 

eld  ides are s ecial as they don t exist as a nctional gro  in living systems, and they 
do not cross-react ith any nctional gro s o nd in iology  n to  o  this, the small si e 
o  a ides means the str ct ral integrity o  the target molec le is not signi cantly a ected 

on introd ction  ogether, these ni e alities have led to the ex loitation o  a ides 
in several io-orthogonal clic  reactions, hich have since een sed in many iological 
a lications

n the ta dinger ligation, an a ide reacts ith a hos hine to orm an a a-ylide  he resence 
o  an electro hilic tra , ty ically an ester, on the hos hine str ct re rod ces a sta le amide 

ond in the resence o  ater, ma ing the reaction sta le nder a eo s condition ig re 
 ater, a so-called traceless  ta dinger ligation as introd ced, hich yields a sim le 

amide ond itho t an nnat ral triaryl hos hine oxide gro  er the introd ction o  the 
ta dinger ligation, develo ment o  other io-orthogonal reactions ollo ed

Co er -cataly ed a ide-al yne cycloaddition C C  as introd ced as an alternative or the 
ta dinger ligation  n this reaction a ides are also sed as chemical re orter, only in this case 

the reactivity o  the a ide is ex loited to acilitate an a ide-al yne cycloaddition, generating a 
sta le tria ole lin age  y sing Co er  C  as a catalyst the reaction inetics drastically 
increases, and the reaction ecomes selective or the ,  isomer o  the rod ct tria ole th s 
not creating the alternative ,  isomer  o ever, the cell lar toxicity o  C  ma es this reac-
tion incom ati le ith living cells and tiss es  here ore, a roaches ere so ght to cataly e 
the cycloaddition in a C - ree reaction  m ortant exam les in the develo ment o  C - ree 
clic  reactions are t o generations o  strain- romoted a ide-al yne cycloadditions  n the rst 
generation, the al yne is incor orated into a strained cyclo-octyne system to avoid the need o  
C  as a catalyst  his reaction sho ed im roved com ati ility ith the se in living systems, 

t reaction inetics ere relatively slo  and in act similar to those o  the ta dinger ligation  
o im rove reaction inetics a ne  generation as develo ed here electron ithdra ing 

orine atoms ere incor orated into the cylooctynes, termed  eaction inetics o  this 
reagent ith en yl a ide ere com ara le ith C C  everal additional mod lations o  the 
reactivity o  the cyclooctyne ere also lished

nother rea -thro gh in the eld as ca sed y the inverse-electron-demand iels lder 
 reactions, a catalyst- ree strain- romoted  cycloaddition et een , , , -tetra-

ine diene  and strained al enes dieno hile , ollo ed y ex lsion o  nitrogen gas  er 
this discovery the tool ox o  dieno hiles has ex anded, and de ending on the choice o  dieno-

hile, reaction rates can get im ressively ast  till -  - -  ith its ast reaction times 
and catalyst- ree nat re, the  has o t er ormed most other io-orthogonal reactions
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Metabolic oligosaccharide engineering
ro a ly the est- no n a licati on o  io-orthogonal clic  chemistry in glyco iology is 

meta olic oligosaccharide engineering   er the early discovery that modi  cati ons 
to sialic acid rec rsors can e acce ted y sialyltrans erases in the meta olic ath ay , , 
the gro  o  erto i introd ced the com inati on o   ith io-orthogonal clic  
reacti ons  he discovery that a ides are tolerated as a modi  cati on on n cleoti de 
s gars in the meta olic ath ay o  glycosylati on, o ened the hole io-orthogonal 
tool ox or the se o   s menti oned a ove,  is ased on the rinci le that 
glycosyltrans erases in the oligosaccharide iosyntheti c ath ay sho  a certain s strate 

romisc ity, acce ti ng chemical alterati ons on the monosaccharide rec rsors  ialic acids 
are iosynthesi ed rom the six-car on rec rsor -acetylmannosamine an c  he 
modi  ed -a idoacetylmannosamine an  ill also e rocessed y the meta olic 

ath ay in the cell, hich ill res lt in the resentati on o  -a idoacetylne raminic acid 
ia  on the cell s r ace  ig re  cetylati on o  the an  to c an  im roves 

the mem rane ermea ility o  the com o nd  he same rinci le can e sed to la el 
glycocon gates y eeding cells ith the rec rsors -a idoacetylgalactosamine Gal , 

-a idoacetylgl cosamine Glc  and -a ido cose - c  ig re 

 has revol ti oni ed research in the  eld o  glyco iology and has o nd many a licati ons, 
ranging rom in vivo  imaging o  glycans and glycan enrichment or  analysis to targeted 
imm nomod lati on

Figure 4. Common bio-orthogonal click reacti ons for the use in biological labeling and imaging.
mage rom Kenry and i  , rends in chemistry
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eta olic la eling has roven to e highly se l in the st dy o  the cell lar glycome and has 
ca sed a revol tion in the ay the cell lar glycome can e st died  rthermore, it greatly 
contri ted to o r c rrent no ledge on rotein glycosylation  o ever, the techni e also 
no s limitations, or exam le in its ina ility to la el s eci c glycan classes  ince all glycocon-
gates  N- and O-lin ed glycosylation, roteoglycans, and glycoli ids  tili e the same ool 

o  monosaccharides or their iosynthesis, meta olic la eling o ers li le selectivity or the 
la eling o  s eci c classes o  glycocon gates

Chemo-enzymatic glycan labeling
art o  the limitations o   can e overcome y another a roach, called chemo-en ymat-

ic glycan la eling  Chemo-en ymatic glycan la eling ma es se o  exogeno s recom inant 
glycosyltrans erase en ymes to trans er monosaccharide analog es to a s eci c glycan 
acce tor ig re  here y, it o ers the o ort nity to la el s eci c glycan classes and 
to la el glycans in s eci c lin ages, orming a com lementary method to  n the early 
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or  o  the gro  o  a lson, recom inant acterial sialyltrans erases ere already sed to 
install α , -lin ed or α , -lin ed sialic acids on the cell s r ace o  erythrocytes to determine 

inding s eci cities o  several aramyxovir ses  o ever, no  ith the com ination o  
chemo-en ymatic glycan la eling and io-orthogonal clic  chemistry, a rene ed interest in 
this la eling techni e has emerged

er the discovery that sialyltrans erases tolerate modi cations on the C-  and the C-  osi-
tion o  C -sialic acid , selective exo-en ymatic la eling  as rst introd ced sing 
the h man sialyltrans erase Gal  to install a ide-modi ed sialic acids on cell lar glycans  

Gal  sho ed s eci city or the la eling o  N-lin ed glycans and interestingly only la eled 
glycans resent on the cell s r ace d e to its ina ility to cross the cell mem rane  er the 
initial la eling ste , similar to , the a ido-la eled glycans can e nctionali ed or do n-
stream a lications s ch as imaging or a ll do n or  analysis

Figure 5. Metabolic labeling in biological systems. mage ins ired y hang  hang , 
olec les
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 ey element or this la eling strategy and a h ge actor determining the ossi ilities o  the 
method is the availa ility o  s ita le recom inant glycosyltrans erase en ymes  oth acterial 
and mammalian glycosyltrans erases can e sed or the techni e , ho ever es ecially or 
la eling o  living systems many acterial glycosyltrans erases sho  limited activity on the cell 
s r ace  here ore, several years ago an ex ression vector li rary or all no n h man glycos-
yltrans erases as develo ed  ven tho gh some glycosyltrans erases are signi cantly more 
di c lt to ex ress than others, the availa ility o  this ex ression vector li rary has ena led the 
ex ression o  a ide variety o  h man glycosyltrans erases and there y ex anded the ossi ili-
ties or chemo-en ymatic la eling  mong the glycosyltrans erase en ymes that are re orted 
or the se in chemo-en ymatic la eling to date are Gal , Gal , t Gal , α , - , and 

Gal c
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N u c l e o t i d e  s u g ar  d o n o r

G l y c o s y l t r an s f e r as e
         e n z y m e

nother im ortant develo ment as the discovery that several sialyltrans erases tolerated 
ar larger modi cations to the C-  and C-  osition o  C - e c derivatives than an a ide  
his introd ced one-ste  chemo-en ymatic la eling, here oth the s gar and a nctional 

gro  co ld e incor orated in a single ste  hich greatly im roved the overall e ciency ,  
strate tolerance o  Gal  roved to e so large that even a com lete he aran s l ate 

oligosaccharide lin ed to a C -sialic acid co ld e trans erred on to the cell s r ace  lso, 
the Helicobacter pylori cosyltrans erase α , -  ena led the trans er o  a ll-length im-
m noglo lin G gG  anti ody con gated to a G - cose donor onto the cell s r ace o  
living cells  hese discoveries o en many ossi ilities or the en ymatic modi cation o  cell 
s r aces in living cells sing glycan remodeling

Figure 6. Chemo-enzymatic labeling of glycoproteins on the cell surface or in a cell lysate.
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Glycan analysis by mass spectrometry

ith the gro ing no ledge a o t the intricate roles o  glycans in iological rocesses and 
the large str ct ral heterogeneity glycans can resent, the eld o  glyco iology is moving 
to ard nraveling the str ct re- nction relationshi  o  these iomolec les  o ever, the 
str ct ral analysis o  glycans is challenging or m lti le reasons  Glycans are assem led y a 
set o  com eting glycosyltrans erase en ymes, o en creating ranched str ct res, nli e other 

iomolec les li e roteins or n cleic acids  he addition o  monosaccharides can o en occ r 
in m lti le lin ages, creating isomeric str ct res  rthermore, these ranched str ct res do 
not al ays reach their end rod ct,  meaning a rotein can resent a range o  str ct res that 
vary y lin ages, length, n m er o  ranches and com osition  ossi ly the most o er l 
method or the str ct ral analysis o  glycans is n clear magnetic resonance  o ever, 
in iological sam les, es ecially hen analy ing rotein N- or O-glycosylation, there is seldom 
eno gh material availa le or this techni e  here ore, the re erred method or analy ing 

rotein glycosylation is o en  ass s ectrometric analysis o  glycans can range rom the 
analysis o  released glycans glycomics  to the analysis o  glyco e tides or intact glyco roteins 
glyco roteomics  ven tho gh oth glycomics and glyco roteomics methods have een 

availa le or a longer eriod, in the recent years ey advances in enrichment strategies,  
methods and in ormatics have allo ed or a more com lete im lementation and integration o  
glycomics and es ecially glyco roteomics in the li e sciences  Given the sco e o  this disserta-
tion, the oc s o  the ollo ing ill e on N-glycomics and e tide-centric N-glyco roteomics

N-Glycomics

y ically, an N-glycomic analysis starts ith the en ymatic detachment o  N-glycans rom the 
glyco roteins in the sam le  his is mostly done y en ymatic or chemical release strategies  

he most idely sed en yme or N-glycan release is e tide-N-glycosidase  Gase  
eca se o  its ide range o  recognition, t in some cases other endoglycosidase en ymes 

have advantages eca se o  their s eci city or certain glycan str ct res  orts have een 
made to im rove en ymatic release methods in their e ciency and inc ation times, s ch as 

y the addition o  detergents or increased rotein sol ility, the develo ment o  micro are-
assisted en ymatic hydrolysis or the se o  immo ili ed Gase  microcol mns  

er release, rther enrichment o  the ree N-glycans rom the iological sam le is re ired  
N-glyco roteins are ty ically resent in lo  levels in iological sam les, and ree N-glycans in 
even lo er levels  n addition, the hydro hilic nat re o  the glycans ma es it harder to ion-
i e them, res lting in a s ression o  the glycan signals com ared to the e tide signals in 
the sam le  nrichment is o en er ormed sing lectin a nity enrichment or y solid hase 
extraction  cartridges ased on oro s gra hitic car on GC  or C  solid hases ,  

GC is a o lar stationary hase or the e cient se aration o  isomers ith high retention 
time re eata ility ,  ydro hilic interaction li id chromatogra hy C  is another o lar 
enrichment strategy, hich can se arate N-glycans ased on the olar gro s they ear, creat-
ing redicta le retention times

e ore they are s ected to  analysis, glycans are o en derivati ed and la eled, mostly to 
increase their ioni ation e ciency y introd cing hydro ho ic gro s ,  inally, the enriched 
N-glycans are s ected to  analysis  he most idely sed ioni ation techni es or the 
analysis o  N-glycans are matrix-assisted laser desor tion ioni ation  and electros ray 
ioni ation   sam les are co-crystalli ed in a matrix s stance, and ioni ation and 
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eva orati on occ rs on irradiati on y a laser eam  n , the analyte is s rayed in sol ti on 
thro gh a needle ith an electrical otenti al orming charged aerosols that ioni e the sam le 

on eva orati on to ard the   redominantly generates singly charged glycans, 
hich res lts in a cleaner s ectr m or released N-glycans rom com lex sam les  dditi onally, 

 is e  er com ati le ith high-thro gh t  dvantages o   on the other hand, 
are the a ility to er orm online ragmentati on and ri  cati on o  sam les y the co ling 
to li id chromatogra hy C , im roving str ct ral in ormati on o  the glycans detected, and 
allo ing detecti on o  lo  a ndant glycan s ecies y se arati on rior to  analysis

N-Glycoproteomics

e ti de-centric or o  om-  N-glyco roteomics oc ses on the analysis o  intact 
glyco e ti des  i e glycomics, the  eld glyco roteomics aces several challenges  Glyco roteins 
o  en dis lay variati on in the occ ancy o  glycosylati on sites macroheterogeneity  and 
in the ty e o  glycan resented on each s eci  c glycosylati on site microheterogeneity , 
res lti ng in an enormo sly heterogeneo s ool o  glyco e ti des, ith each variant 

resent at very lo  anti ti es  lso, st as ith glycomics, the glyco e ti des sho  
a red ced ioni ati on e   ciency com ared to non-modi  ed e ti des, res lti ng in a 
signal s ression o  the glyco e ti des in the  o overcome these arriers, many 
innovati ve methods have een develo ed on the enrichment, detecti on, and analysis o  

D i g e s t i o n E n r i c h m e n t /  p u r i f i c at i o n D e r i v at i z at i o n

A n al y s i sD at a an al y s i s
MALDI-MS

LC-ESI-MS

R
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e 
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ity

m / z

Figure 7. Schemati c overview of N-glycomic workfl ow.

 variety o  techni es has een develo ed or the enrichment o  glyco e ti des  m ortant 
to note is that every techni e has its advantages and its dra ac s, there ore it de ends 
on the a licati on hich enrichment method is est s ita le and there is not one niversal 
enrichment techni e  imilar to glycomics, enrichment tools li e lecti n a   nity chromatog-
ra hy, chemical co ling, C and GC can e sed or the enrichment o  glyco e ti des  

dditi onally, chemical iology tools li e  and chemo-en ymati c la eling can e sed to 
acilitate the enrichment o  glycocon gates rom living cells or ti ss es  dvantages o  s-

ing these techni es is that they are highly selecti ve in the la eling o  glycocon gates and 
the se o  a io-orthogonal handle allo s or enrichment nder very stringent conditi ons, 
minimi ing nons eci  c interacti ons  o ever, these enrichment strategies also have their 

glyco e ti des, hich together have signi  cantly im roved the analysis o  the glyco roteome   
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dra ac s  eta olic incor oration e ciency o  nnat ral s gars is s ally lo , leading to 
limited antitative ca acities o  the techni e  Chemo-en ymatic la eling is more e cient in 
its la eling ca acity t de ends on the n m er o  glycans resenting the correct s strate  
a eling ca acity can e increased y trimming o  nat ral monosaccharides to increase the 

n m er o  availa le s strates, ith a loss o  str ct ral in ormation o  the nat ral glycan as 
a conse ence  es ite these dra ac s, chemical iology tools or glyco roteomics is a 
ra idly moving eld, and  and chemo-en ymatic la eling have ena led several recent 
glyco roteomic st dies

nother contri tion to the advancements in the eld o  glyco roteomics as made y the 
develo ment o  vario s hy rid  ragmentation methods or the str ct ral el cidation o  oth 
glycans and e tide se ences on intact glyco e tides  Contem orary e tide-com ati le 
ragmentation methods are collision-ind ced dissociation C , higher-energy collision dis-

sociation C  and electron- ased dissociation techni es electron-trans er dissociation, 
, or electron-ca t re dissociation, C  C C  involves the collisions o  selected rec r-

sor ions ith ne tral gas molec les to rod ce ragment ions  n C  the dissociation is 
rom ted y the electron movement rom anions to the rec rsor ions  or glyco e tides, C  

and C  re erentially ragment the glycosidic lin ages, hereas  re erentially cleaves 
the e tide lin ages  ith this no ledge in mind, interest has gro n or the develo ment 
o  hy rid ragmentation methods, com ining the ragmentation methods to increase the 
generated ion ty es that can e sed or str ct ral el cidation o  the analytes rom com lex 
glyco e tide mixt res ,  n recent years m lti le st dies have lished roteome- ide 
N-glyco roteomic analyses

ast, a ig o stacle in the eld o  glyco roteomics has een the com lex analysis o  the exten-
sive data o tained rom the com lex  meas rements descri ed a ove  c ily, in the recent 
decade more and more a tomated so are has een develo ed that ma es the analysis o  
the com lex  data availa le or a ider gro  o  researchers  o are li e yonic, -Glyco 

, and - ragger Glyco aid in the annotation o  glyco e tides rom the ra   data  
 develo ment that is essential or glyco roteomics to ecome a standard tool in the li e sci-

ences
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Scope and Outline

he research disc ssed in this dissertation descri es the se and develo ment o  chemo-
en ymatic glycan la eling tools to oth analy e and modi y rotein glycosylation on the cell 
s r ace

n Chapter 2, the e ects o  dolichol de ciency on mem rane rotein N-glycosylation ere 
analy ed  olichol de ciency is ca sed y a genetic de ect in the oly renol red ctase en yme 
that converts oly renol to dolichol, leading to the congenital disorder o  N-glycosylation 

-C G  olichol is the most im ortant li id sca old or oligosaccharides in the io-
synthesis o  glyco roteins ith N-glycosylation, and th s a de ciency li ely leads to rotein 
hy oglycosylation  revio s st dies o nd an nderre resentation o  mem rane roteins in 
dolichol-de cient C G atient cells and in ec  cells  ec  cells are a C  glycosylation m tant 
cell line that mimics the dolichol de ciency o nd in C G atients  n this st dy e aimed to 
dee en o r nderstanding o  the e ect o  the dolichol de ciency on the glycosylation at-
terns and mem rane a ndance o  mem rane roteins  o accom lish this, e sed a ne ly 
develo ed derivative or , containing an acid-cleava le lin er that releases the iotin tag 
a er enrichment  y sing this next-generation  or mem rane glyco rotein enrichment 
co led to hy rid  ragmentation e ere a le to er orm a roteome- ide glyco ro-
teomics analysis o  mem rane roteins in ec  cells

n Chapter 3, e investigated the evol tion o  rece tor s eci city o  h man in en a  
vir ses over the last decades  n the last decades,  vir ses ith altered rece tor s eci-

city have emerged  hese vir ses lost their a ility to aggl tinate o l erythrocytes, there y 
ham ering the antigenic characteri ation o  these vir ses  lterations in rece tor s eci city o  
re resentative  vir ses over several evol tionary time oints ere st died sing glycan 
microarray analysis  e tested the resence o  these re ired rece tors on o l erythrocytes 

y glycomic analysis and develo ed glycan-remodeled erythrocytes resenting the re ired 
rece tors o  recent  vir ses  emaggl tination assays analy ed the aggl tinating a ility 
o  recent  vir ses to ard o r glycan-remodeled erythrocytes, and in colla oration ith 
the de artment o  iroscience at rasm s C the cells ere tested or their se in antigenic 
characteri ation o   vir ses y hemaggl tination inhi ition  assays  

he otential to extend the sta ility and there y the shel  li e o  o r glycan-remodeled 
erythrocytes is ex lored in Chapter 4  Glycan-remodeled erythrocytes ere xated ith 
gl taraldehyde and the sta ility as tested in a series o  ee ly hemaggl tination assays over 
the co rse o   ee s  he a lica ility o  the xated erythrocytes in  assays as assessed 

sing a s set o  contem orary  vir ses that sho  im aired aggl tination o  reg lar 
o l erythrocytes and o  hich the antigenic ro erties are no n  e vis ali ed the data in 

an antigenic ma  sing antigenic cartogra hy

nother im ortant as ect in the in en a s rveillance is the ro agation o  vir ses rom 
clinical sam les  his ro agation is essential to o tain the vir s concentrations that 
are needed to er orm antigenic characteri ation  adin- ar y canine idney CK  
cells are the most sed cell line or the ro agation o  in en a vir ses and are also 

sed or the generation o  cell- ased in en a vaccines  ver the years,  vir ses 
sho ed im aired ro agation in CK cells, hich recently led to the develo ment o  
a genetically engineered CK cell line, called hCK  n hCK cells the rototy ic h man-
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ty e glycan rece tor, α , -lin ed sialic acid, is reg lated and the rototy ic avian-ty e 
rece tor, α , -lin ed sialic acid, is do nreg lated  s a res lt, recent  vir ses 

ro agate e ciently in hCK cells  o ever, esides the sialic acid a erns, in ormation 
a o t the glycosylation in these cell lines is scarce  here ore, in Chapter 5, e analy ed the 
N-glycosylation in oth CK and hCK cells y glycomic analysis to assess otential di erences 
in glycosylation other than the sialic acid lin ages that can contri te to the increased in ectiv-
ity o  hCK cells to ard  vir ses
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Abstract

rotein glycosylation is essential to many iological nctions, incl ding rotein olding, sta-
ility, rotein translocation and cell-to-cell comm nication  or instance, hile dolichol is an 

essential li id sca old or initiating rotein N-glycosylation, genetic de ects in its rod ction 
may lead to hy oglycosylation and disr t rotein mat ration ath ay - a ty e  C G  t dies 
have accordingly re orted an nderre resentation o  mem rane roteins in dolichol-de cient 
C G atient cells and ec  cells a C  m tant mimic ing the C G , altho gh the act al state 
and e ect o  the N-glycosylation are still oorly nderstood  o investigate the glycosylation 
characteristics o  the mem rane roteins in a dolichol-de cient se ng, e here synthesi ed 
and em loyed a next-generation nctionali ed C -sialic acid ith cleava le lin er that en-
a les cleaving o  the iotin tag a er enrichment, e ectively la eling and enriching cell-s r ace 

roteins y means o  sialylation  e com ined the enrichment ith state-o -the-art C-
 to assess the heterogeneity o  rotein glycosylation  y this, e ncovered that hy oglyco-

sylation ithin dolichol-de cient cells nex ectedly a ears to e site-s eci c  an a arent 
ne  level o  iological reg lation that exists or rotein glycosylation

�
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Introduction

Glycosylation is one o  the most common and com lex co- and os ranslational rotein 
modi cations  y ically, oligosaccharides are a ached to roteins via serines or threonines 
( O-glycosylation  or via as aragines N-glycosylation  rotein glycosylation is essential to many 

iological nctions, incl ding rotein olding, sta ility, rotein translocation and cell-to-cell 
comm nication , and changes in rotein glycosylation can have dramatic iological e ects  

his is exem li ed y congenital disorders o  glycosylation C Gs , a ra idly gro ing amily o  
genetic diseases  C Gs are ca sed y de ciencies in genes involved in the glycan iosynthe-
sis  C rrently, a li le over  C G s ty es are no n , , o  hich N-glycosylation disorders 
are the most diagnosed  C Gs are ty ically classi ed as ty e  or ty e  n ty e , genetic 
de ects lead to rotein hy oglycosylation macroheterogeneity , hile in ty e  the de ects 
lead to altered rocessing o  rotein-lin ed glycan chains microheterogeneity

Glycosylation-de cient C  cells orm an im ortant genetic model system to identi y novel 
C Gs and aid to de ne the iological rocesses a ected y the de ective genes ,  ne s ch 
m tant C  cell line, ec , is de cient in the synthesis o  dolichol , the most im ortant li id 
carrier or the glycan rec rsor in the early stages o  N-glycosylation , ma ing it a good model 
to st dy ty e  C Gs  revio sly, research sing this cell line, as ell as atient cell lines, 
identi ed a signi cant nderre resentation o  several mem rane roteins and s eci cally 
revealed intercell lar adhesion molec le  C  as a hy oglycosylation mar er or the di-
agnosis o  several ty e  C Gs  hile the a ove st dy as er ormed on a roteomics level, 
gaining insight into the glycosylation o  the involved rotein co ld greatly aid the etiological 

nderstanding o  ty e  C Gs and may lead to novel insights to ard diagnostic iomar ers 
and treatment

 is an a ractive analytical method to analy e the glyco roteome  t o ers a ast and sensitive 
reado t and re ires very lo  sam le amo nts  n the last decade, develo ments in ragmen-
tation methods and im rovements in so are or a tomated glyco e tide identi cation have 
greatly increased the detection ca acities in glyco roteomics  et, des ite the rogress, 

 analysis o  com lex glyco rotein sam les is still challenging  high microheterogeneity o  
rotein glycosylation signi cantly decreases detection com ared to nmodi ed e tides, the 

hydro hilic nat re o  glycan moieties decreases ioni ation e ciency, and glycans can inter ere 
ith e tide ragmentation hich ham ers the identi cation o  the nderlying e tide  s 

a res lt, glyco e tide enrichment rior to meas rements is the standard in glyco roteomic 
st dies  n to  o  the challenges in glyco e tide detection, there is a ni e challenge in 
the analysis o  mem rane glyco roteins  heir lo  a ndance in com arison ith the rest 
o  the roteome, their lo  sol ility d e to their hydro ho ic ro erties, and their lac  o  
try sin cleavage sites ca se a ias against mem rane roteins in many standard roteomic 

or o s

 is a techni e that as develo ed or the s eci c la eling and enrichment o  mem rane 
glyco roteins ,   ses the sialyltrans erase Gal  to sialylate N-glyco roteins ith a 
C -sialic acid nctionali ed at the C  osition y a iotin tag  t allo s or very selective 
ca t ring o  mem rane N-glyco roteins, ma ing it a val a le enrichment techni e to gain 

rther insights in, e g , the e ect o  dolichol de ciency in ec  cells  o ever, the do nside o  
a one-ste   a roach or glyco roteomics is the large nctional gro  that is a ached to 
the glycan moiety on la eling  arge nctional gro s can inter ere ith glycan ragmenta-
tion and ham er the identi cation o  the la eled glyco e tides  n , a cleava le iotin 

2-enriched mem rane glyco roteomics 
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lin er containing a silane sca  old as develo ed or s eci  c cleavage nder mild conditi on 
to reserve glycosidic lin ages in the iomolec les , and as sho n to e com ati le or 
glyco roteomics analysis sing ,

n the c rrent st dy, e synthesi ed and em loyed a next-generati on ncti onali ed C -sialic 
acid ith the cleava le lin er that ena les cleaving o  the ioti n tag a  er enrichment and 
com ined this ith state-o -the-art - ased glyco roteomics  y this, e ncovered that 
hy oglycosylati on ithin dolichol-de  cient cells is remar a ly site-s eci  c  an a arent ne  
level o  iological reg lati on that exists or rotein glycosylati on

Results

Synthesis of sialic acid derivati ve

o allo  the enrichment o  mem rane glyco roteins rom C -K  and ec  cells and 
s se ent st dy y , e synthesi ed and tested an -com ati le N-acetylne raminic 
acid derivati ve ith cleava le ioti n a   nity tag  revio sly, it as sho n that cyti dine-

-mono hos hate C - e c derivati ves modi  ed ith a ioti n at C-  can e easily 
trans erred to an N-acetyllactosamine ac c  acce tor y sialyltrans erases  o ma e 

se o  this characteristi c, e synthesi ed C -sialic acid derivati ve 2 to contain a ioti n  
at the C-  ositi on, connected y a lin er ith an acid-cleava le dial oxydi henylsilane 
moti  ig re  Condensati on o  C-  a ido-modi  ed mannosamine 3  as carried 
o t ith yr vate and cyti dine -tri hos hate C  in the resence o  the aldolase 
rom aste rella m ltocida and recom inant C -sialic acid synthetase rom Neisseria 

meningiti s, yielding C - e c derivati ve 4  hen, a co er -cataly ed al yne-a ide 
cycloadditi on C C  as sed to a  ach lin er  to derivati ve 4  arget derivati ve 2 as 

lti mately ormed y a co er -cataly ed al yne-a ide in the resence o  co er s l ate 
C , sodi m ascor ate, and tris en yltria olylmethyl amine , and as ri  ed 
y si e excl sion col mn chromatogra hy over iogel  o assess the la eling e   ciency 

o  derivati ve 2, e also synthesi ed the esta lished  N-acetylne raminic acid derivati ve 
ith non-cleava le ioti n tag ollo ing revio sly lished rotocol , named derivati ve 1
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MS/MS fragmentation of the cleavable linker on serotransferrin

e assessed the ehavior o  the lin er d ring  ragmentation on la eled serotrans er-
rin, a glyco rotein carrying t o com lex-ty e N-glycans on sn  and sn  erotrans er-
rin as la eled ith the original non-cleava le  derivative derivative 1, ig re , as ell 
as ith the cleava le  derivative derivative 2, ig re , sing G  in the resence 
o  an Arthrobacter ureafaciens  sialidase or  h at  C  er ard, the lin er as cleaved 

y inc ation in  ormic acid  to release the iotin  inally, the la eled serotrans errin 
as roteolytically digested ith try sin e ore C-  meas rements

or , e a lied a set o  hy rid ragmentation methods or identi cation o  oth 
e tides and glycans ,   C ,  C - rod ct-de endent ste ing-energy C  C - d-

s C  and  C - rod ct-de endent electron-trans er higher-energy collisional dissociation 
C - d- hc  ig re  ragmentation s ectra identi ed on oth N-glycosylation sites 

on the la eled serotrans errins sn  and sn  ere com ared ith s ectra identi ed 
in nla eled serotrans errin and serotrans errin la eled ith derivative 1 ig re  n gen-
eral, com ared to derivative 1, derivative 2 yielded higher intensity oxoni m ions and lo er 

    Figure 1. Retrosynthesis scheme of derivative 2. eagents and conditions  A  a yr vate, C , 
 m  ris- Cl er  m  gCl ,  , aldolase, C -sialic acid synthetase  B  C , a 

ascor ate,  m  ris- Cl er  , 
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Figure 2. SEEL labeling derivatives, enrichment, and mass spectrometry workflow. ( A  C - e c 
derivative  ith noncleava le iotin lin er, and derivative  ith cleava le silane lin er, res lting in 

 on inc ation ith   B   la eled cells are enriched sing stre tavidin e harose and 
released sing   Ca t red roteins la eled ith derivative  are in-gel digested and analy ed on 
an r itra  sion 
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Figure 3. Fragment spectra of two common serotransferrin glycopepti des, covering A  sn  and 
( B  sn , a  er ste ing- C  at C s o  ,  and  he oom-ins o  the oxoni m ion range 
le   m  -  corres ond ith the grey areas o  the ll s ectra right  m  -  isted 
rom to  to o  om are the same glyco e ti des ith nderivati ed sialic acids resid e mass  
a , as ell as their derivati ves   a  and   a  steris s indicate additi onal 

ragmentati on rod cts hich co-a ear ith sialylated glyco e ti des o  derivati ve , t hich have 
not een rther characteri ed
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intensity n ragmented rec rsor  oth ene cial or glyco e tide se encing  he short 
lin er  gave an increment mass o   a over the nmodi ed sialic acid and co ld e 
identi ed in ragmentation s ectra ith an oxoni m ion at m   s this m  val e as 

i ito sly resent in sialylated glyco e tides, it as incl ded in rther ex eriments or the 
targeted triggering o  la eled glyco e tides lementary a le 

Labeling efficiency of the cleavable linker derivative

e then determined hether there are any e ects o  the silane lin er on la eling e ciency 
on cell lines, relative to the revio sly re orted iotin derivative or -ste   o achieve 
this, C -K  and r at cells ere la eled ith the original non-cleava le  derivative de-
rivative 1, ig re  and the cleava le  derivative derivative 2, ig re  as descri ed 

revio sly  he la eling e ciency o  oth derivatives as then com ared y an - G  o  
the la eled cell lysates ith s se ent estern lo ng sing an anti- iotin  anti ody 

lementary ig re  he ex eriment sho ed no signi cant di erences in oth signal 
intensity and a ern et een oth derivatives  e there ore concl ded that the silane lin er 
on derivative 2 did not inter ere ith the la eling e ciency

Workflow for glycoproteomic analysis of CHO-K1 and Lec9 cells

ith the no ledge that derivative 2 is cell-line- and -com ati le, and acilitates triggering 
events or  ragmentation, e moved on to com are the rotein ex ression levels and 
glycosylation a erns o  mem rane roteins in C -K  cells and the glycosylation m tant 
cell line ec  ig re  Cells rom oth cell lines ere la eled ith derivative 2 sing the 

roced re as descri ed a ove  in iological tri licates across di erent cell assages le-
mentary ig re  a eled glyco roteins ere ca t red rom  mg cell lysate y stre tavidin 

e harose a nity chromatogra hy and released via the cleava le lin er y inc ation ith  
 eleased glyco roteins ere in-gel digested ith try sin lementary ig re  and no 

rther glyco e tide enrichment as er ormed to ens re the identi cation o  oth occ ied 
and nocc ied N-glycan sites on the ca t red roteins  he digested e tides ere se a-
rated y reversed- hase C and analy ed on an r itra  sion mass s ectrometer sing the 
same hy rid ragmentation strategy as mentioned e ore  riggering o  the di erent methods 
occ rred on the detection o  glycan-derived oxoni m ions or detection o  the oxoni m ion 
o  the modi ed sialic acid lementary a le 

Quantitative proteomic analysis of CHO-K1 and Lec9 cells

a el- ree rotein anti cation as er ormed sing ax ant  ince only  roteins o  
the Chinese amster roteome Cricet l s grise s  are revie ed on ni rot, e sed the 

nrevie ed roteome or o r searches ,  roteins  denti ed e tides ere c rated on 
the minimal detection o  t o ni e e tides and resence in t o or more sam les, hich 
led to the identi cation o   roteins ig re , a le  es ite the limited availa le 
in ormation a o t the roteome o  Chinese hamster cells in ni rot, e co ld assign a s cel-
l lar location to  roteins y ma ing se o  the retrieve  ma ing tool  s s ch,  
o  all assigned roteins co ld e assigned as mem rane roteins ig re , other a ndant 
classi cations eing the cyto lasm and n cle s

Com aring C -K  and ec  cells,  roteins sho ed a signi cant alteration in a ndance 
o  at least t o old et een the cell lines    ig re   o  the  roteins ere 
overex ressed in C -K , o  hich  co ld e assigned as mem rane roteins  n ec  cells 
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 roteins ere signi cantly overex ressed, o  hich nine ere mem rane roteins see 
lementary a le  or a ll list o  rotein detections  he most signi cant overex ressed 

rotein in C -K  cells as C    - , log  old change  , the same rotein that 
as revio sly assigned as hy oglycosylation mar er d e to nderex ression in ec  cells  o 
rther investigate the changes in glycosylation a erns, and the otential correlation ith the 

rotein a ndances in oth cell lines, e contin ed ith a glyco e tide analysis sing yonic

Site-specific hypoglycosylation of N-glycan sites in Lec9 cells

or the analysis o  rotein glycosylation a erns and site occ ancy, the ra   data ere 
analy ed ith yonic   N-glycan com ositions ollo ing the iosynthetic ath ay ere 
incl ded see lementary a le  or the ll list  hen, or each com osition, a modi ca-
tion o   to o r ranches y the silane lin er ere incl ded, res lting in a total o   glycan 
incl sions or the search  ince several C  glycosylation m tant cell lines are no n to sho  
a rich cosylation a ern , e incl ded  to ve cose moieties on the N-glycan str ct res  
n addition, to cover ossi ly tr ncated and lysosomal com ositions, e incl ded a ci- and 
hos homannosylated str ct res as ell  er the search, the yonic o t t as c rated as 
revio sly esta lished score  , log ro    and delta mod  , and tri licates ere 

com ined er cell line  n C -K  cells, e identi ed a total o   ni e glyco e tides 
elonging to  glyco roteins lementary a le  n ec  cells, e identi ed a total o  

 ni e glyco e tides elonging to  glyco roteins lementary a le 

irst, e analy ed the occ ancy o  N-glycan sites in the cell lines y com aring the n m er 
o  detected sn- xx- hr er se ences ith the glycosylated variants thereo  ig re  n 
doing so, e detected in C -K  cells across sam les an average o   tative N-glyco-

e tides, o  hich  ere occ ied   n the ec  cells, on the other hand, a total 
o  ,  tative N-glyco e tides only dis layed occ ancy o   sites   s s ch, 
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Membrane
Cytoplasm
Nucleus
Mitochondrion
ER
Chromosome
Endosome
Secreted
Cytoplasmic vesicle
Golgi
Cell junction
Lysosome

-10 -5 0 5 10
0

1

2

3

4

5

Fold change (log2)

-lo
g1

0 
P 

va
lu

e

ICAM1
IL1RAP

HMG-CoA synthase ATAD1

CHO-K1
Lec9

CCDC80

LAMA2

Clusterin

UPF0696 protein C11orf68Serpine 1

AEBP1 COL1A1

CDC20

CLPTM1

TBL1XR1

CEP55

CLCN6
ATRN

PTPRU
GAS2L1

ITIH5

OPLAH

PPWD1

HELLS

DCBLD2
FAM171A2

MYL6
ITGA1

SRXN1
ENG

NT5C2

TUBA

KANK2

NDUFV1
XDH

PDPR

XRCC1
CCDC47

AXLUROD

CYP2D10

CYP51A1
PGM1

A B

Figure 4. Proteomic statistics. ( A  olcano lot o  enriched roteins anti ed et een C -K  and 
ec  cells in tri licate  ight l e dots re resent signi cantly enriched roteins in ec  cells com ared 

to C -K  cells -log  -val e  , old change  , dar  l e dots re resent signi cantly enriched 
roteins in C -K  cells com ared to ec  cells -log  -val e  , old change   B  istri tion o  

s cell lar com artments assigned y ni rot   roteins rom the total o   detected roteins 
co ld e assigned to a s cell lar location
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Figure 5. Quanti tati ve overview of N-glycopepti de detecti ons. ( A  verage detected N-glycan sites 
and B  ercentage o  occ ied N-glycan sites in C -K  and ec  cells  ata as analy ed ith an 

n aired t-test n  total N-glycan sites   , ercentage nocc ied N-glycan sites    
( C  Com arison o  anti tati ve glycan ty e distri ti on et een C -K  and ec  cells  he data 

as analy ed ith an n aired t-test n   high-mannose   , hy rid com lex   , 
a cimannose    D  elati ve distri ti on o  glyco orms detected in C -K  cells le   and 
ec  cells right  ho n are all detected glyco orms ith  a ndance or higher    hexose,   
-acetylhexosamine,   deoxyhexose cose ,   -acetylne raminic acid
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e detected a - old lo er N-glycosylati on site occ ancy in ec  cells com ared to their 
C -K  co nter arts   , ig re , indicati ng that the ex ected C G ty e  e  ect o  
dolichol de  ciency co ld e readily determined rom o r  analyses

e then made an overvie  o  the di  erent glycan ty es detected in oth cell lines  r  
la eling strategy iases o r ca t re to ard glyco roteins containing at least one com lex-ty e 
N-glycan containing a terminal galactose as a s strate or the sialyltrans erase G  ll 
additi onal glycosylati on sites on the same roteins ill ho ever e co-ca t red, allo ing s to 
not only analy e com lex-ty e N-glycans t also loo  at the distri ti on o  other glycosylati on 
ty es ithin the cell lines  n general, oth C -K  and ec  cells ere mostly decorated ith 
diantennary com lex and high-mannose N-glycans ig re C and  ext to this, e nex-

ectedly identi  ed a - old increase in the resence o  a cimannose str ct res in ec  cells 
   ig re C  or oth high-mannose str ct res and com lex glycans, detecti ons 
ere increased - old in C -K  cells    and   

o see hether the nderocc ancy o  N-glycosylati on sites correlated ith rotein a ndance, 
e selected  roteins ith rich glyco e ti de in ormati on in oth cell lines and lo  ed the 
nderocc ancy er rotein  galecti n- - inding rotein Gal- , rolo -density li o rotein 

rece tor-related rotein  , ri onase lasminogen acti vator s r ace rece tor, asigin 
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Figure 6. Relati ve N-glycan site occupancy of 16 membrane proteins. ( A  verage N-glycan site 
occ ancy detected in C -K  and ec  cells n   in enriched mem rane roteins  i  erences are 
analy ed sing an n aired t-test    ,    ,    ,     B  
relati ve a ndance o  the roteins in C -K  and ec  cells  lo  ed are the old-change di  erences in 
a ndance ased on the ax ant i  val es
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G , lexin-  , com lement com onent rece tor -li e rotein C , trans er-
rin rece tor rotein  , integrin eta G , nicastrin C , integrin al ha-  G , 
C , laminin s nit al ha-  , cation-inde endent mannose- - hos hate rece tor 

G , ne ral cell adhesion molec le  C , activated le cocyte cell adhesion molec le 
C , as ell as intercell lar adhesion molec le  C  ig re  t o   roteins, 

 sho ed a signi cant decrease in site occ ancy in ec  cells, ranging rom - old in C  
to - old in  and C  he same trend as visi le in C , al eit not signi cant  
nterestingly, one rotein, Gal- , sho ed a - old increase in occ ancy in ec  cells

e lo ed the relative a ndance o  all  roteins in oth cell lines to identi y a otential 
correlation et een the altered occ ancy and mem rane a ndance ig re  Galectin- - 

inding rotein and  ere signi cantly enriched in ec  cells, hereas G , C , 
C  and C  ere signi cantly enriched in C -K  ven tho gh Gal-  and C  

sho ed a clear correlation et een N-glycosylation site occ ancy and rotein a ndance, 
this direct correlation co ld not e o nd hen loo ing at all  roteins r  

o rther st dy the nderocc ancy in ec  cells, e ma ed the site-s eci c N-glycan 
distri tion o  C  and , hich sho ed a similar a ern in nderocc ancy t an 
o osite a ern in mem rane a ndance ig re  n o r meas rements, e detected six 
o t o   theoretical N-glycan sites on C  and  o t o   theoretical N-glycan sites on 

 or the sites detected, C  sho ed almost ll site occ ancy in C -K  cells, ith 
a lo  ercentage o  nderocc ancy at sn  s eci cally ig re  n ec  cells on the 
other hand, C  sho ed a com lete nocc ancy o  N-glycans at sites sn  and sn  

ig re , and  nocc ancy at sn  o N-glycan sites sn  and sn  ere 
lly occ ied in ec  cells, sho ing a clear site-s eci city in hy oglycosylation  he other 

exam le rotein, , sho ed a clear site-s eci c distinction in occ ancy as ell ig re 
 o ever, or  the nderocc ancy as more distri ted across the di erent N-glycan 

sites and sn  and sn  sho ed signi cant nderocc ancy in C -K  cells as ell  
nterestingly, in oth roteins the sites carrying high-mannose glycosylation a eared s ared 
rom dolichol-ind ced macroheterogeneity, instead sho ing a s itch to ard a cimannose 

str ct res
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Discussion

o im rove the com ati ility o   ith glyco roteomic analysis, and to add to the tool-
ox or glycosylation analysis, e here resent a glyco roteomics or o  that allo s or 

a roteome- ide analysis o  the N-glycosylation a er mem rane- rotein enrichment  sing 
the or o , e co ld identi y that dolichol de ciency in C  cell lines via ec , leads to an 
overall nderocc ancy o  N-glycan sites  m ortantly, e co ld also identi y that changes in 
N-glycan site occ ancy di ered ildly on a rotein-s eci c level, and that even ithin a given 

rotein not all glycosylation sites ere a ected e ally

he cleava le lin er in derivative 2 led to an increased ragmentation e ciency and generated 
a sta le lin er ragment that co ld e sed as a ragmentation trigger to rther increase the 
sensitivity o  the glyco e tide detections  here y, the se o  derivative 2 made  e er 
com ati le ith a roteome- ide analysis o  N-glycosylation y - ased glyco roteomics  

ven tho gh the co-ca t ring o  intracell lar roteins co ld not e avoided in its entirety, the 
 la eling rovided an enrichment o  mem rane roteins, and a rich glyco e tide detec-
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Figure 7. Site-specific distribution of N-linked glycosylation on ICAM1 and LRP1 proteins. ( A  ite-
s eci c distri tion o  all detected N-glycan sites on C  in C -K  le  and ec  right  B  ite-
s eci c distri tion o  all detected N-glycan sites on  in C -K  le  and ec  right  cells  on-
occ ancy mainly occ rs in the im aired ec  cell line, t not or all N-glycosylation sites
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tion that o ld other ise have een challenging or a com lex sam le li e a cell lysate

y e  C Gs lead to nocc ied glycan sites  t has een rationali ed that this nderocc -
ancy leads to an nderre resentation o  mem rane roteins, hich as sho n y e et al  

in a antitative roteomic analysis o  the ec  C  m tants and atient cell lines, in hich 
C  as identi ed as a hy oglycosylation mar er or ty e  C Gs  nterestingly, hile 
e re licated this nderre resentation o  C  in ec  cells rom the revio s st dy, no  
ith site-s eci c glyco ro ling, e generally did not o serve a correlation et een rotein 

hy oglycosylation and mem rane a ndances  he lac  o  correlation can have m lti le rea-
sons  or instance, genetic de ects leading to the mis olding o  roteins in the  can activate 
the n olded- rotein res onse , hich increases the ex ression o  target roteins and 
there y can restore cell lar homeostasis on cell lar stress ,  any genes involved in 

rotein glycosylation and li id synthesis are a le to activate the  on gene de letion, 
so it can e reasoned that the  is a le to artly  com ensate the ex ression levels o  

roteins that are a ected y the hy oglycosylation ,  ne other ex lanation o ld e that 
the e ect o  individ al N-glycosylation on rotein olding or sta ility is varia le  here one site 
might e critical to de ne rotein olding and nction, other sites might have no e ect on the 
sta ility o  the rotein  dditional research into individ al roteins a ears to e a necessity 
to nderstand the inter lay et een site occ ancy and mem rane locali ation

he lac  o  correlation et een the hy oglycosylation and the mem rane locali ation o  
roteins in this st dy s ggests that not only mem rane occ ancy, t also the ality o  

the roteins resent on the mem rane are a ected y the dolichol de ciency  he signi cant 
increase in a cimannose str ct res in ec  cells nderlines this change in glycosylation al-
ity  a cimannose glycans have een associated ith cell aging, in ammation and t morogen-
esis , there ore the resence o  the glycosylation characteristic im lies a decreased rotein 

ality  ecently, a cimannose str ct res have also een lin ed to a resence o  roteins in 
the lysosome , s ggesting that a art o  the detected roteins in ec  cells might have een 
sh led to the lysosome or degradation

ven tho gh C -K  and ec  cells orm a solid model system to st dy genetic de ects, ca -
tion is al ays needed hen inter reting intricate cell lar e ects in non-h man immortali ed 
cell lines  here ore, rther st dy in a iologically more relevant system, li e atient cells, is 
a val a le ay to con rm the res lts o tained here  evertheless, the in ormation gained 
in this st dy a o t the e ect o  glycosylation de ects on rotein ehavior aids in a e er 

nderstanding o  ty e  C Gs, and ill hel  s to dee en o r no ledge a o t the nctions 
o  N-glycosylation on rotein ehavior

o concl de, e here resented an in-de th site-s eci c N-glycosylation characteri ation o  
mem rane glyco roteins et een t o cell lines - re resentative o  ty e  C G - acilitated y 
im rovements in  la eling or mem rane glyco rotein enrichment  ith this la orm, 

e identi ed site-s eci c N-glycosylation alterations in dolichol-de cient ec  cells, there y 
sho ing that dolichol de ciency-ind ced glycan macroheterogeneity is nex ectedly site-
s eci c

Thesis_proofprint.indd   43 16-12-2022   11:03



         
44

2

Acknowledgments

his ro ect is s orted y the etherlands rgani ation or cienti c esearch  
  to G -  K  ac no ledges s ort rom  ro ect n m er 

eni  e than  ro  r  amela tanley l ert instein College o  edicine, e  
or  or indly roviding ec  cells

Author Contributions

G - , K , and v  designed the ro ect   synthesi ed the derivatives  G  la-
eled the serotrans errin  v , K , and  er ormed the remaining ex eriments  

v  er ormed data analysis  G -  and K  rovided scienti c g idance on ex erimental 
set  and data inter retation  v , K , and  rote the man scri t  all a thors 

rovided comments and s ggestions on the man scri t

References

aga, , shii, K   i,  -glycosylation is critical or the sta ility and intracell lar tra c ing 
o  gl cose trans orter G   iol  Chem  ,  

hental- echor,   evy,  ect o  glycosylation on rotein olding   close loo  at thermody-
namic sta ili ation  roc  atl  cad  ci     ,  

G ,  et al  otential roles o  -glycosylation in cell adhesion  Glycocon   ,  

dd,  , ormald,    e ,   Glycosylation and the imm ne system   rotein 
Chem  ,  

smail,   anolson,   dvances in nderstanding -glycosylation str ct re, nction, and 
reg lation in health and disease  r   Cell iol  ,  

eily, C , te art,  , en ro ,    ova ,  Glycosylation in health and disease  at  ev  
e hrol  ,  

a,   et al  ncreasing -Glc c slo s ne rodegeneration and sta ili es ta  against ag-
gregation  at  Chem  iol  ,  

inho,    eis, C   Glycosylation in cancer  echanisms and clinical im lications  at  ev  
Cancer ,  

chols i,  et al  normal -lin ed glycosylation o  cortical  rece tor s nits in schi o-
hrenia  chi o hr  es  ,  

g,  G   ree e,   ers ectives on Glycosylation and ts Congenital isorders  rends Genet  
,  

ndr s ova, , Cechova, , ansi ova, , on i ,   ae en,  Congenital disorders o  glyco-
sylation  till hot  in  iochim  io hys  cta - Gen    

erhei en, , ahata, , Ko ic , , i ers,   orava,  hera e tic a roaches in Congenital 
isorders o  Glycosylation C G  involving -lin ed glycosylation  an date  Genet  ed  , 

 

anne,  et al  Congenital disorders o  glycosylation C G  o vadis  r   ed  Genet  , 
 

Thesis_proofprint.indd   44 16-12-2022   11:03



    
45

SEEL-enriched membrane glycoproteomics �

�

e i,   ennet,  Congenital disorders o  glycosylation  Genetic model systems lead the ay  
rends Cell iol  ,  

atnai ,  K   tanley,  ectin- esistant C  Glycosylation tants  ethods n ymol  , 
 

osen ald,  G   Krag,   ec  C  glycosylation m tants are de ective in the synthesis o  
dolichol   i id es  ,  

rda,   e i,  he dolichol ath ay o  -lin ed glycosylation  iochim  io hys  cta - Gen  
 ,  

e, , g,  G , os eld,  , h ,   ree e,   denti cation o  intercell lar cell adhesion 
molec le  C -  as a hy oglycosylation mar er in congenital disorders o  glycosylation cells  

 iol  Chem  ,  

Khatri, K  et al  Com arison o  Collisional and lectron- ased issociation odes or iddle-
o n nalysis o  lti ly Glycosylated e tides   m  oc  ass ectrom  ,  

iley,  , ala er,  , riessen,    erto i, C   timal issociation ethods i er 
or -  nd -Glyco e tides   roteome es  ,  

eiding, K  , ondt, , ranc,   ec ,    he ene ts o  hy rid ragmentation methods 
or glyco roteomics  r C - rends nal  Chem  ,  

eiding, K   et al  e tro hil myelo eroxidase har ors distinct site-s eci c ec liarities in its 
glycosylation   iol  Chem  ,  

iley,  , e ert,  , est hall,    Coon,   Ca t ring site-s eci c heterogeneity ith 
large-scale -glyco roteome analysis  at  Comm n  ,  

olas y,  , , , eo, G  C   esvi hs ii,   ast and com rehensive - and -glyco ro-
teomics analysis ith ragger-Glyco  at  ethods ,  

Cao,  et al  ecent advances in so are tools or more generic and recise intact glyco e tide 
analysis  ol  Cell  roteomics ,  

i ,   et al  Glyco  ena les recision -glyco roteomics ith com rehensive ality 
control and one-ste  mass s ectrometry or intact glyco e tide identi cation  at  Comm n  , 

 

ern, , Kil,    ec er, C  yonic  dvanced e tide and rotein identi cation so are  C rr  
rotoc  ioin orma    doi i s

aas,  et al  Com ine and con er  r actants, solvents, and chaotro es or ro st mass 
s ectrometry ased analyses o  mem rane roteins  nal  Chem  ,  

Ca iccio , C   et al  Cell- r ace Glyco- ngineering y xogeno s n ymatic rans er sing 
a i- nctional C - e c erivative   m  Chem  oc  acs   doi
acs

n,  et al  ne- te  elective xoen ymatic a eling  trategy or the iotinylation and 
denti cation o  Glyco roteins o  iving Cells   m  Chem  oc  ,  

ycho s i,  et al  Cleava le iotin ro es or la eling o  iomolec les via a ide-al yne cycload-
dition   m  Chem  oc  ,  

oo, C  , avarone,  , iciarich,  , alania an, K  K   erto i, C   soto e-targeted 

Thesis_proofprint.indd   45 16-12-2022   11:03



         
46

2

glyco roteomics so aG   mass-inde endent la orm or intact - and -glyco e tide discov-
ery and analysis  at  ethods ,  

oo, C   et al  a ing and anti cation o  over  -lin ed glyco e tides in activated 
h man  cells ith isoto e-targeted glyco roteomics sotag  ol  Cell  roteomics ,  

, , , , Kar el,   Chen,  Chemoen ymatic synthesis o  C -sialic acid derivatives y 
a one- ot t o-en yme system  Com arison o  s strate exi ility o  three micro ial C -sialic 
acid synthetases  ioorganic ed  Chem  ,  

oo, C   et al  evelo ment o  so aG, a Chemical Glyco roteomics echni e or ro ling 
ntact - and -Glyco e tides rom hole Cell roteomes   roteome es  ,  

eiding, K  , ondt, , ranc,   ec ,    rends in nalytical Chemistry he ene ts o  
hy rid ragmentation methods or glyco roteomics  ,  

eiding, K   et al  e tro hil myelo eroxidase har ors distinct site-s eci c ec liarities in its 
glycosylation  ,  

en,  et al   ne- te  Chemoen ymatic a eling trategy or ro ing ialylated homsen-
riedenreich ntigen  C  Cent  ci  ,  

tanley, , anig chi, , e i,  Cha ter  - -glycans  in ssentials o  Glyco iology, rd edition 

orth,   et al  Glycomics ro ling o  Chinese hamster ovary cell glycosylation m tants reveals 
-glycans o  a novel si e and com lexity   iol  Chem  ,  

eiding, K  , in,  , van l hen,   , ei er,    ec ,    e tro hil a ro hilic 
gran le glyco roteins are distinctively decorated y aty ical a ci- and hos homannose gly-
cans  Comm n  iol  ,  

hi a lt, G , smail,   g,    he n olded rotein res onse s orts cell lar ro stness 
as a road-s ectr m com ensatory ath ay  roc  atl  cad  ci     ,  

hi a lt, G  et al  he em rane tress es onse ers ethal ects o  i id ise ili ri m y 
e rogramming the rotein omeostasis et or  ol  Cell ,  

amra ,  com rehensive characteri ation o  genes re ired or rotein olding in 
the ndo lasmatic etic l m  o tledge and  nglish cad  r    
doi -

e ossi, C  et al  ra c  is re ired or rotein glycosylation in e ra sh and h mans  ol  iol  
Cell ,  

i ser, , ello- e cam o, , iestel, , ai,    chmit ,  annito  monoclonal anti ody 
ni ely recogni es a cimannose, a mar er or h man cancer, stemness, and in ammation   

Car ohydr  Chem  ,  

haysen- ndersen,  et al  man ne tro hils secrete ioactive a cimannosidic roteins rom 
a ro hilic gran les into athogen-in ected s t m   iol  Chem  ,  

imon,  et al  ncreased ex ression o  immat re mannose-containing glyco roteins and sialic 
acid in aged mo se rains  nt   ol  ci  ,  

in, K  et al  antitative ro ling o  rotein -Glc cylation ites y an soto e- agged Cleav-
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a le in er  C  Chem  iol  ,  

oremen, K   et al  x ression system or str ct ral and nctional st dies o  h man glycosyl-
ation en ymes  at  Chem  iol  ,  

Materials and Methods

Chemicals, reagents, and materials

ec  cells ere indly rovided y ro  r  amela tanley l ert instein college o  medicine, 
e  or  he Gal  sed in this st dy as ex ressed according to literat re re orts , and 

cleaved and ri ed rom G  rior to se  man lasma serotrans errin re  nr  , 
ris- C , tris -car oxyethyl hos hine C , chloroacetamide C , sodi m deoxycholate 

C , ,  re  - ,  lysis er re  - , dithiothreitol  re  
, and iodoacetamide  re   ere rchased at igma ldrich  he asis 

el tion  - ell late ere o tained rom aters ex ord, reland  cetonitrile C  
as ac ired rom iosolve al ens aard, the etherlands   as rchased at erc  

and ysC as o tained rom  a o Chemicals   al ha medi m re  , 
l aline hos hatase re  , rotease inhi itor coc tail re  , C  assay it re  

, and Gelcode l e stain re   ere rchased at hermo isher cienti c  ry -
sin re   as ac ired rom romega  - ell lates re   ere rchased at Costar  

estern lot sam le er re  - , Clarity estern C  strate re   and 
gradient -  ris- Cl gels re   ere o tained rom iorad    gels ere 

o red in-ho se  he -con gated anti- iotin anti ody as rchased at ac son mm no 
esearch la oratories re  - -  he illi  m  as ac ired rom ili ore  -cm 

tra  col mns  m inner diameter, ac ed ith  m e ro il- r C -  ere o tained 
rom r  aisch Gm  mmer ch- ntringen, Germany   cm analytical col mns  m 

inner diameter, ac ed ith  m oroshell  C-C  ere rchased at gilent ech-
nologies anta Clara, C

NMR spectroscopy and Time-Of-Flight (TOF) MS

 and C  s ectra ere recorded on a arian    and   s ectrom-
eters  Chemical shi s are re orted in arts er million m  relative to resid al solvent signals 

sed as the internal standard   data is resented as ollo s  chemical shi , m lti licity 
s  singlet, d  do let, t  tri let, dd  do let o  do let, m  m lti let and or m lti le 

resonances , integration, co ling constant in ert   ll  signals ere assigned ased 
on   and g C ex eriments  ass s ectra ere recorded on a himad  C - -  
mass s ectrometer or an lied iosystems C     sing , -dihydroxy-

en oic acid  as a matrix  C-analysis er ormed on ilica gel    Chemical 
inc  ith detection y -a sor tion  nm  hen a lica le, and y s raying ith a sol -
tion o   s l h ric acid in ethanol ollo ed y charring

Derivative synthesis

o a sol tion o  5   mg,  e ,  mol  and C - e  4   mg,  mol  in  m   
 C  as added   sodi m -ascor ate  ,   C   , and  mg  

he res lting mixt re as stirred at room tem erat re or  h  er com letion o  the reaction 
as indicated y - , the mixt re as lyo hili ed  he resid e as ri ed y  col mn s-
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ing  C  as el ent to yield derivative 2  mg,     ,    
d,    , , ,  s, , C -tria ole , -  m, , -  m, ,  d, 
   , , ,  s, ,  s, ,  s, , tria ole- -C ,  dd,   ,  

, , C , iotin ,  dd,   ,  , , C , iotin , -  m, ri , ri , 
ri , , , -  m, , , a , -  m,  C C C C , 

, -  m, C , iotin , -  m, , tria ole-C C C , -  m, , 
C H , -  m, , C H ,  dd,   ,  , , e ,  t,    , 

, C C C C C , iotin , -  m, ax , CH C C H C C , iotin , -  m, 
C  C - C  ,   , , , , , , , , 

, , , , , , , , ,  xC ,  xC , , ,  xC , 
, , ,  xC , , , , , , , , , , , , , 
, ,  he -  m  calc lated or C O  i, - - is , hich 

as detected at m/z 

SEEL labeling of serotransferrin

 g serotrans errin as dil ted in a  m  ris er or la eling ith derivatives 1 or 2 
 g  y the h man glycosyltrans erase G   g  er la eling ith derivative 2 the 

la eled serotrans errin as inc ated in   or  h to allo  cleaving o  the silane lin er

Serotransferrin in-solution digestion and solid phase extraction

he serotrans errin sam les ere red ced, al ylated, and roteolytically digested ith ysC 
and try sin as descri ed revio sly, ith minor deviations  rie y, the sam les ere ro ght 
to  m  ris,  m  C ,  m  C ,  C  his mixt re as inc ated or  h at  
C ith ysC in an en yme rotein ratio o   w/w , ollo ed y an overnight inc ation at 

 C ith try sin in an en yme rotein ratio o   er overnight inc ation the sam le 
as ro ght to   to reci itate the C and centri ged at max s eed or  min  
he s ernatant as collected or s se ent  sing an asis l tion  - ell late 

connected to a vac m m  er conditioning o  the late ith C  and e ili ration in 
 , the s ernatant as loaded and ashed ith   he sam les ere el ted 

ith  C    he el ted sam le as dried in a eed ac and reconstit ted in  
 or s se ent C-  meas rements

Cell culture

C -K  and ec  cells ere c lt red in  al ha medi m s lemented ith  etal 
ovine ser m  Cells ere maintained at a h mid  C  atmos here at  C or C -K  

cells and at  C or ec  cells  Cells ere assaged at  con ency sing try sin x

SEEL labeling of cell lines

or one-ste  , cells ere lated in a - ell late at ,  cells ell and gro n ntil 
 con ency  Cells ere la eled as descri ed revio sly  rie y, cells ere ashed t ice 

in  and inc ated or  h at  C nder gentle sha ing in cell c lt re medi m itho t  
containing derivative   , Gal   g m ,     mg m  and   al aline 

hos hatase  er la eling the cells ere ashed x in  and cells ere lysed in  lysis 
er ith  rotease inhi itor coc tail on ice or  min  Cell lysates ere centri ged at 

,   or  min and the rotein concentration o  the s ernatant as determined 
sing C  assay
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Western blotting

or estern lo ng,  g rotein as denat red y heating at  C or  min in a red cing 
sam le er  m   he denat red rotein as resolved in a   age gel and 
trans erred on a  mem rane sing a io- ad rans- lot r o system se ngs  trans er 
standard x mini gel,  min  he trans erred mem rane as loc ed in loc ing er  
mil  in   een  or  h and inc ated ith mo se anti- iotin  ,  in loc -
ing er or  h at  er ashing x  min  in -t een, the mem rane as inc ated 

ith C  s strate and develo ed

Immunoprecipitation

or imm no reci itation, stre tavidin e harose eads ere conditioned in  er 
itho t rotease inhi itors imm no reci itation er   mg o  total rotein as inc ated 

overnight ith   stre tavidin e harose in a total vol me o    imm no reci itation 
er at  C hile rotating  er inc ation, eads ere ashed x in imm no reci itation 
er and the ca t red iotinylated roteins ere el ted y t o times  h inc ation in   

  at  hile rotating  oth el ates ere com ined and dried in the eed ac overnight  

Sample preparation for LC-MS/MS analysis

ried sam les ere reconstit ted in   o  illi ,    m   and   sam le 
er and sam les ere inc ated or  min at C  er short centri gation    m  

iodoacetamide as added to the sam les and roteins ere se arated on a gradient -  
ris- Cl gel  er se aration the gels ere xed ith  ethanol  acetic acid, stained 
ith Gelcode l e tain and destained ith illi  ach lane as excised in  ands or in gel 

digestion sing try sin  ng  er extraction ith  C , the sam les ere dried and 
stored at -  till rther se

LC-MS/MS analysis

C-  analysis as er ormed as lished revio sly ith minor alterations  or the 
C-  r n, dried sam les ere reconstit ted in     and   sam le as analy ed 

on an r itra  sion ri id ass ectrometer hermo ischer cienti c  he sam les 
ere se arated on an gilent  n nity C system on a -cm tra  col mn  m inner 

diameter, ac ed ith  m e ro il- r C -  co led to a  cm analytical col mn  
m inner diameter, ac ed ith ,  m oroshell  C-C  a le  gives an overvie  o  

the ers, o  rates, and gradient rogram  very sam le as meas red in tri licate, ith 
the same methods or  ac isition, t di erent methods or  ac isition  he mass 
range or the  ac isitions as set rom m   ith a resol tion o  ,  and an 

GC target o  ,  ith a maxim m in ection time o   ms  hree di erent  methods 
ere sed, each o  hich as initiated ith C  ragmentation  normali ed collision 

energy  on the highest charge state, lo est m/z signals ithin a cycle time o   s, ollo ed y 
an excl sion time o   s  he rst  method consisted only o  C  ragmentation  C  as 
recorded ith a resol tion o  ,  rom m/z , ith an GC target o  ,  and a 
maxim m in ection time o   ms  or the second method, ste ing- C  as triggered on a 

rec rsor signal a er the detection o  at least three oxoni m ions ithin the C  s ectr m  
te ing- C  com ined the C  ragments ith normali ed collision energy o  ,  and 

 and as recorded ith a resol tion o  ,  rom m/z - , ith an GC target 
o  ,  and a maxim m in ection time o   ms  n overvie  o  triggering oxoni m is 
listed in a le  inally, method three triggered hc   s lemental activation  on 
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detection o  oxoni m ions and as recorded ith a resol tion o  ,  rom m/z - , 
ith an GC target o  ,  and a maxim m in ection time o   ms

Proteomics data analysis using MaxQuant and Byonic

rotein anti cation as er ormed sing ax ant  and o om-  data ere 
inter reted ith yonic v   or all data analysis e made se o  the Cricet l s grise s 

roteome as availa le on ni rot accessed g st th  or ax ant, ra  data as 
searched ith a rst search tolerance o   m and a main search tolerance o   m  

e allo ed only s eci c try sin digestion, t the maxim m n m er o  miscleavages as 
set to ve  Car amidomethylation as set as xed modi cation, incl ded varia le modi ca-
tions eing et oxidation, rotein -term acetylation, er, hr or yr hos horylation, s  
deamidation, and Gln or Gl  to yrogl tamate conversion  ncl sion o  roteins occ rred on 
detection in at least t o o t o  three sam les in oth cell lines ith a minim m o  t o ni e 

e tide detections  he i  val es ere sed or the anti cation o  the roteins in oth 
cell lines  he old changes ere lo ed against the -log  -val e in a volcano lot  he same 
criteria ere sed or the yonic search ith a e  minor alterations   maxim m o  three 
try sin miscleavages ere allo ed, a rec rsor mass tolerance o   m and a ragment 
mass tolerance o   m  or N-glycosylation e incl ded  com ositions ollo ing the 

iosynthesis ath ays o  N-glycosylation and incl ding  to three modi ed sialic acids as 
a variation  he data o t t o  the tri licates as com ined er cell line and c rated on the 
score  , log ro   , and elta od  
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Supplementary Figure 1.  la eling e ciency o  derivative  noncleava le lin er  and  cleava le 
lin er  ho n are estern lot analyses o  lysates rom -la eled C -K  cells  and h man r at 
cells  sing derivative  and   g rotein as loaded er lane and the iotin la el as vis ali ed 

sing an -con gated anti- iotin anti ody

Le c 9
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C o n t r o l La b e l e d

IB:  a n t i - b i o t i n  H R P

C o o m a s s i e  Bl u e

Supplementary Figure 2. -la eled cell lysates or glyco roteomic analysis  ho n are a estern 
lot analysis and Coomassie l e stain rom the -la eled cell lysates ith derivative  in tri licates  
lso sho n are control lysates, la eled ith the la eling mixt re min s the sialyltrans erase   g o  
rotein as loaded er lane and the iotin la el as vis ali ed sing an -con gated anti- iotin 

anti ody
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Supplementary Figure S3. Enriched labeled lysates for glycoproteomic analysis. ho n are the 
Coomassie l e stained gradient -  - age gels o  the la eled lysates a er enrichment ith 
tre tavidin e harose  s a control the moc -la eled lysates ig re  ere also enriched ith 
tre tavidin e harose  he com lete el te as loaded on the gel or in-gel try sin digestion rior to 
C-  meas rements

Hex Phospho-Hex HexNAc Neu5Ac Neu5Ac-Linker Complex
127.0390 243.0264 138.0550 274.0921 433.1562 366.1395
145.0495 405.0793 168.0655 292.1027 407.1660
163.0601 186.0761 512.1974

204.0867 657.2349

Supplementary Table 1. Oxonium ions for MS/MS triggering. ist o  oxoni m ions allo ed a er C  
to trigger ragmentation y s C  or hC

Buffer A 0.05% TFA
Buffer B 0.1% TFA in 40% water 30% ACN 30% MeOH

Gradient program
Time (min) Flow rate (ml/min) A (%) B (%)

0.0 0.05 100 0
0.1 0.005 100 0
5.0 0.005 100 0
5.1 0.200 87 13

45.0 0.200 56 44
48.0 0.200 0 100
49.0 0.200 0 100
50.0 0.200 100 0
60.0 0.200 100 0

Supplementary Table 7. LC-MS gradient program.
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Abstract

ring circ lation in h mans and nat ral selection to esca e anti ody recognition or decades, 
 in en a vir ses emerged ith altered rece tor s eci cities  hese vir ses lost the 

a ility to aggl tinate erythrocytes critical or antigenic characteri ation and give lo  yields 
and ac ire ada tive m tations hen c lt red in eggs and cells, contri ting to recent vac-
cine challenges  xamination o  rece tor s eci cities o   vir ses reveals that recent 
vir ses com ensated or decreased inding o  the rototy ic h man rece tor y recogni ing 
α , -sialosides on extended ac c moieties  rythrocyte glycomics sho s an a sence o  
extended glycans roviding a rationale or the lac  o  aggl tination y recent  vir ses  

 glycan remodeling a roach installing nctional rece tors on erythrocytes allo s antigenic 
characteri ation o  recent  vir ses, con rming the co-circ lation o  antigenically di -
erent vir ses in h mans  Com tational analysis o  s in com lex ith sialosides having 

extended ac c moieties reveals that m tations distal to the  reoriented the  side 
chain res lting in an extended rece tor- inding site

�
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Introduction

man in en a  vir ses have a remar a le a ility to evolve and evade ne trali ation y an-
ti odies elicited y rior in ections or vaccinations ,  his antigenic evol tion, or dri , is mainly 
ca sed y amino acid s stit tions in the glo lar head o  the hemaggl tinin  rotein 

here inding occ rs ith sialic acid rece tors o  host cells ,  hese s stit tions in circ lating 
in en a vir ses lead to antigenic di erences as com ared to em loyed vaccines, res lting in 

oor vaccine-mediated rotection  here ore, the orld ealth rgani ation  Glo al 
n en a rveillance and es onse ystem G  contin o sly monitors antigenic changes 

in circ lating in en a vir ses and recommends dated com ositions o  in en a vaccines 
iann ally

ntigenic s rveillance and vaccine strain selection rely redominantly on the  assay, in hich 
the a ility o  ser m anti odies to loc  rece tor inding y the in en a vir s  rotein 
is anti ed  ch anti odies revent vir s-mediated aggl tination o  erythrocytes and are 
meas red as a correlate o  rotection  he  assay ma es it ossi le to select vir s strains 
that are antigenically re resentative o  circ lating vir ses or vaccine develo ment -  t is easy 
to er orm in a high-thro gh t manner, can e standardi ed and is highly re rod ci le across 
la oratoria

 vir ses, hich have ecome the leading ca se o  seasonal in en a illness and death 
since their introd ction in the h man o lation in , , exhi it a artic larly ra id anti-
genic dri  s a res lt, the  has recommended  vaccine strain dates since these vir ses 
started circ lating in h mans  he ra id antigenic evol tion o   vir ses coincided ith 
altered rece tor sage, hich in t rn has res lted in an ina ility to aggl tinate erythrocytes 
commonly em loyed or  assays  s a res lt, antigenic characteri ation o  circ lating  
vir ses sing the  assay is increasingly di c lt, com licating the selection o  a ro riate 
vaccine strains , -  he rece tor- inding henoty e o  recent  vir ses is also ham-

ering vir s re lication nder la oratory conditions or am li cation o  clinical isolates and 
leads to ada tive s stit tions hen gro n in em ryonated chic en eggs ,  he di c lties 
to antigenically characteri e circ lating  vir ses, in artic lar those elonging to the 
dominant C a clade, and the ina ility o  large-scale vir s rod ction itho t egg-ada tation 
has led to serio s ro lems ith  in en a vaccine rod ction and e ectiveness ,

s o  h man in en a vir ses ind to cell-s r ace glycans carrying terminal α , -lin ed sialic 
acid moieties e c α , Gal , hich is re erred to as the rototy ic h man rece tor  

hese rece tors are s ally art o  N-lin ed glycans, hich are highly com lex iomolec les 
com osed o  a core entasaccharide modi ed y vario s n m ers and a erns o  ranching 
N-acetylgl cosamine Glc c  moieties  hese ranching oints can e extended y several 
N-acetyl-lactosamine Gal , Glc c, ac c  re eating nits, hich in t rn can e ca ed 

y vario s ty es o  cosylation and sialylation  everal st dies have sho n that not only the 
α , -lin ed sialoside t also the nderlying oligosaccharide str ct re o  N-lin ed glycans can 
contri te to  inding selectivities -  ntigenic ress re res lts mainly in amino acid s -
stit tions near the rece tor- inding site o  , hich may res lt in changes in glycan rece tor 
s eci cities  h s, ail re o  contem orary  vir ses to aggl tinate erythrocytes, the 

oor re lication in mammalian cells and the emergence o  egg ada tive m tations are ro -
a ly d e to an ada tation to glycan rece tors that are not ex ressed y these cell s strates  

nderstanding o  the evol tion o  rece tor sage y  vir ses at a molec lar level ill 
o en aven es to address challenges in s rveillance and vaccine rod ction or these vir ses

3Glycan remodeled erythrocytes acilitate antigenic characteri ation o   vir ses
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n this or , e examined rece tor s eci cities o   vir ses re resenting di erent 
evol tionary time oints and clades sing a novel glycan microarray to identi y the minimal 
rece tor re irements or recent, non-aggl tinating  strains  Glycan analysis o  cell 
s r ace N-glycans on vario s erythrocytes reveal an a sence o  s ch rece tors  e develo ed 
an exo-en ymatic cell-s r ace glycan remodeling strategy to install a ro riate rece tors 
on o l erythrocytes to regain inding y contem orary  vir ses  ch vir ses can 
aggl tinate the glyco-engineered erythrocytes and made it ossi le to antigenically character-
i e  vir ses y  assays  e reveal s stantial antigenic di erences o  circ lating vir s 
isolates to c rrent vaccine strains roviding a rationale or oor vaccine er ormance

Results

Glycan microarray analysis to determine A/H3N2 receptor specificity

ltho gh glycan microarray technology has een sed to examine rece tor re irements o  
s , these ere not o lated ith iologically relevant glycans to esta lish minimal rece -

tor re irements  his in ormation is, ho ever, critical to nderstand ho  rece tor inding 
has evolved over time and ho  a lac  o  ex ression o  s eci c glycans y erythrocytes or la o-
ratory hosts may have res lted in a loss o  aggl tination or a lac  o  ro agation, res ectively

e have constr cted a glycan array that is o lated ith iologically relevant i-antennary
N-glycans having di erent n m ers o  ac c re eating nits in vario s str ct ral con-

g rations  hey resem le str ct res o nd on h man res iratory tiss e, hich a ndantly 
ex resses N-glycans having m lti le consec tive ac c re eating nits that can e ca ed y 
sialic acid ,  he synthetic glycans are either nmodi ed com o nds 1-3 , ca ed y avian 
α , -lin ed com o nds 4-6  or h man α , -lin ed sialosides com o nds 7-17  ost nat -
rally occ rring N-lin ed glycans have asymmetrical architect res in hich the vario s antennae 
are modi ed y oligo- ac c moieties o  di erent lengths  o ro e the im ortance o  s ch 
architect res or  recognition, e re ared symmetrical as ell as asymmetrical glycans 
( 8 , 9, 11, 12, 13, 15, 16 and 17  that are modi ed y either one or t o sialosides lin ed to 
ac c chains o  di erent length  he collections o  com o nds made it ossi le to ro e the 

im ortance o  mono- vs  identate inding interactions, and a ossi le re erence or re ire-
ment or a sialoside at s eci c antenna or at an extended ac c chain  ll glycans contain 
an anomeric as aragine moiety and its α-amine acilitated immo ili ation on amine reactive, 

-activated glass slides  he ality o  the rinting as validated y ro ing the array ith 
the lectins C ,  and,  as ell as an anti-  anti ody ig re  and lementary 

ig re 

he glycan array as ro ed ith vario s  vir ses, re resenting distinct evol tionary 
time oints and clades and having di erent a ilities to aggl tinate erythrocytes derived rom 
s ecies commonly sed in  assays lementary ig re  n this res ect, chic en and 
t r ey erythrocytes are idely em loyed in  assays eca se they are n cleated, hich n-

Figure 1. Receptor binding specificities of representative A/H3N2 viruses using glycan microarray 
analysis and glycomic analysis of N-glycosylation of unmodified fowl erythrocytes. ( A  inding as 
vis ali ed sing a h man anti-  stal  anti ody C  ars re resent the ac gro nd-s tracted 
average relative orescence nits  o  o r re licates   al es or all individ al data oints are 
re resented in the lementary o rce ata le  B  he  most a ndant N-glycans on erythrocytes 
rom chic en and t r ey organi ed y the n m er o  ac c re eating nits and relative intensity  igh-

mannose ty e N-glycans are not sho n and their a ndance is resented in lementary ig re  
he str ct res o  all detected glycans are sho n in ata 
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li e mammalian erythrocytes, sediment ra idly there y greatly acilitating the vis al reado t 
o  the assay  hey ex ress α , - and α , -lin ed sialosides and can e aggl tinated y avian 
as ell as h man in en a vir ses  ther ty es o  erythrocytes have een em loyed or  
assays  and in artic lar those o  g inea ig erythrocytes have een roven to e se l e-
ca se they exhi it a some hat roader aggl tination a ility and can or exam le e em loyed 
to antigenically characteri e  vir ses o  the C  clade hich cannot e aggl tinated 
t r ey and chic en erythrocytes

n the st dies, e incl ded   hich can aggl tinate chic en, t r ey and 
g inea ig erythrocytes,   hich only aggl tinates t r ey and g inea ig 
erythrocytes  and   hich only aggl tinates α , -resialylated t r ey and 
g inea ig erythrocytes -  ring the ast decade,  vir ses have evolved into distinct, 
cocirc lating antigenic gro s, re erred to as clades lementary ig re  e examined 

  and   as recent exam les o  the C a clade that 
ins ciently hemaggl tinate all commonly sed erythrocytes or  assays, and oorly in ect 

CK cells  he C a clade is re resented y  and , and their 
evol tionary redecessor  C  ltho gh C  vir ses cannot aggl tinate any 
erythrocyte ty e, C a vir ses are ni e as they regained an a ility to aggl tinate t r ey and 
g inea ig erythrocytes lementary ig re 

hole vir ses ere a lied to the microarray and detection o  inding as accom lished y 
a h man anti-  stal  anti ody C  lementary ig re   recogni ed most 
o  the h man-ty e rece tors, incl ding com o nds that have an α , -sialoside on a mono-
ac c resid e glycans 7-9, ig re  and lementary ig re  Com o nd 8  exhi ited 

a s stantial greater res onsiveness com ared to 9 indicating that this vir s has a re erence 
or a sialoside at the α , -arm  nterestingly, the sialyltrans erase, Gal , hich is solely re-

s onsi le or installing h man-ty e rece tors, re erentially modi es the α , -arm o  N-lin ed 
glycans  Com o nds 7 and 8  did ind similarly demonstrating that an additional sialic acid at 
the α , -arm does not s stantially contri te to inding  nother nantici ated o servation 

as that com o nds 12 and 16 did not exhi it inding hereas 9 sho ed res onsiveness 
highlighting that an extended and nmodi ed ac c moiety at the α , -arm can loc  rec-
ognition o  the other arm  Collectively, the res lts sho  that the minimal rece tor or  is 
a iantennary N-glycan having t o ac c moieties modi ed y a single sialoside glycan 8

 and  recogni ed ar e er glycans and did not ind to str ct res having their 
α , -sialosides at a mono- ac c moiety 7-9, 12 and 16  his o servation indicates that the 
minimal rece tor or these vir ses is a is-sialylated N-glycan having at least one di- ac c 
moiety glycan 13   and  C a  sho ed only strong res onsiveness to 14, 15
and 17  hese glycans have in common that at least one o  the arms is extended y three 
consec tive ac c nits that is rther modi ed y an α , -sialoside  h s, a glycan having 
o r ac c nits arranged in an asymmetrical manner 15  re resents the minimal rece tor 
or these vir ses  ono-sialylated derivative 15 gave a similar res onsiveness com ared to 

the is-sialosides 14 and 17 indicating that a identate inding event does not s stantially 
contri te to recognition as revio sly s ggested  nstead, it a ears that red ction in ind-
ing o  an α , -sialyl-Gal moiety, hich is idely regarded as the rototy ic h man rece tor, 
has een com ensated y recognition o  sialosides at extended ac c chains  C a vir ses 

 and  exhi ited a similar inding ro le as  and  and 
o nd to is-sialosides 10 and 13 having the e c resid e at a di- ac c chain  nterest-

ingly, their ancestor , C  re ired the e c resid e to e resented on a 

Thesis_proofprint.indd   60 16-12-2022   11:03



    
61

Glycan remodeled erythrocytes acilitate antigenic characteri ation o   vir ses 3

�

tri- ac c str ct re similar to the re irement o  C a vir ses  h s, recent C a vir ses 
have regained an a ility to recogni e shorter str ct res

Glycomic analysis of chicken and turkey erythrocytes

ext, e examined str ct res o  N-lin ed glycans ex ressed y chic en and t r ey 
erythrocytes and com ared the data ith the rece tor re irements o  the vario s 

 vir ses  em rane ractions o  the cells ere treated ith Gase  to release the 
N-glycans hich ere isolated y  sing C  and GC cartridges, and then analy ed y 
li id chromatogra hy mass s ectrometry C-  he  most a ndant com lex-ty e 
N-glycan com ositions or the t o cell ty es are resented in ig re  he com o nds 
are organi ed according to an increasing n m er o  ac c moieties indicated y di erent 
color coding  and incl de hy rid-ty e and core str ct res having none lac  ars  or one 
ac c moiety yello  ars  and com lex N-glycans having varia le n m ers o  ac c re-
eating nits -  ac c, green,  l e and r le ars, res ectively  igh-mannose ty e 

N-glycans ere also detected and their str ct res and a ndance are sho n in lemen-
tary ig re  tri ingly, chic en erythrocytes do not s stantially ex ress N-glycans having  
ac c nits hich is the minimal e ito e re irement or contem orary non-aggl tinating 

 vir ses  r ey erythrocytes do ex ress some glycans ith this n m er o  ac c nits 
r le ars in ig re , t the ma ority as assigned as tri- and tetra-antennary glycans 

eca se o  s stit tion ith three or o r sialic acids  he la er as s orted y selective 
release o  iantennary N-glycans y ndo , and in this case C-  analysis did not detect 
glycans having o r ac c moieties lementary ig re  h s, t r ey erythrocytes also 
do not s stantially dis lay sialylated e ito es having three consec tive ac c moieties  

he ma ority o  the glycans released y ndo  lac ed cose indicating that the cosides 
o served in some o  the str ct res de icted in ig re  can e assigned to core modi cation  
Chic en erythrocytes ex ress s stantial antities o  high-mannose glycans lementary 

ig re  hereas t r ey cells dis lay almost none o  these str ct res  he greater a ndance 
o  com lex-ty e glycans on t r ey erythrocytes o ers a ossi le rationale or the a ility o  
the  and   vir ses to aggl tinate nmodi ed or α , -resialylated t r ey 
erythrocytes, res ectively

Erythrocyte glycoengineering to install functional receptors

e em ar ed on a strategy to en ymatically remodel glycans o  o l erythrocytes to install 
rece tors or  vir ses o  the C  clade to ma e them s ita le or  assays ig re 

 reatment o  erythrocytes ith a ne raminidase as ex ected to remove sialic acids 
and reveal terminal galactosides hich are a ro riate acce tors or installing additional 
ac c moieties  he la er resid es can e introd ced y the concerted action o  the en-
ymes Gal  and Gn , hich se entially install α , -lin ed galactoside and α , -lin ed 

N-acetyl-gl cosamines, res ectively  he terminal galactosides o  the res lting extended 
ac c moieties can then e modi ed y the sialyltrans erase Gal  to install terminal α , -

lin ed sialosides  he en ymatic remodeling as conveniently er ormed y inc ating the 
erythrocytes ith the ne raminidase rom Arthrobacter ureafaciens  or  h a er hich 

Gal , Gn , -Gal and -Glc c ere added ollo ed y inc ation overnight  
ext, the cells ere elleted y centri gation, ashed to remove the en ymes and s gar 

n cleotides and then inc ated ith Gal  in the resence o  C - e c or  h  Glycomic 
analysis o  the res lting cells, hich ere denoted as , - ia oly-  cells, con rmed that the 
antennae o  the N-lin ed glycans had een extended y additional ac c moieties, and oth 
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cell ty es ex ressed sialylated str ct res having o r ac c nits ig re ,  ac c nits 
are indicated in r le ars  nalysis o  glycans on t r ey erythrocytes released y ndo  
treatment con rmed the resence o  iantennary glycans that have  ac c moieties and 
are otentially s ita le rece tors or contem orary  vir ses lementary ig re , 
glycans having  ac c nits are indicated y r le ars  Chic en and t r ey erythrocytes 
ex ress a mixt re o  α , - and α , -lin ed sialosides  o examine hether an increase in the 
a ndance o  α , -sialosides o ld im rove aggl tination, control cells ere re ared y 
treatment ith ne raminidase and resialylation ith Gal  denoted as , - ia cells  s 
negative control, e em loyed cells that have extended ac c moieties t lac  sialic acids 
denoted as oly-  cells

henoty ic ro erties o  the glyco-engineered erythrocytes ere examined sing the hemag-
gl tination  assay ig re C  s ex ected,  aggl tinated nmodi ed, , - ia and 

, - ia oly-  erythrocytes, hich as in agreement ith the nding that these vir ses can 
em loy N-glycans that have sim le and extended α , -sialylated str ct res   aggl tinated 

nmodi ed t r ey erythrocytes, t interestingly also α , -resialylated chic en erythrocytes  
he la er may e d e to an increase in the a ndance o  α , -lin ed sialosides having t o con-

sec tive ac c re eating nits, hich are resent on chic en erythrocytes  α , - esialylation 
o  t r ey erythrocytes as s cient to recover aggl tination o  , and in this case the 
greater a ndance o  α , -sialylation on extended str ct res already resent on these cells 
is ro a ly res onsi le or the im roved aggl tination  m ortantly,  and  C a  
aggl tinated only erythrocytes that ere en ymatically remodeled to have extended sialylated 
ac c moieties , - ia oly-  cells  imilar res lts ere o tained or  C , 
hich is in agreement ith rece tor re irements similar to vir ses o  the C a clade  s 

antici ated, the C a vir ses  and , hich have reverted to 
recogni e shorter str ct res, co ld also aggl tinate α , -resialyated t r ey erythrocytes

ext,  assays ere er ormed ith a ider collection o   vir ses a le  to 
validate the ro stness o  the glyco-engineering method ith a oc s on contem orary 

 vir ses that have lost the a ility to hemaggl tinate nmodi ed erythrocytes and do not 
re licate e ciently in ild-ty e CK cells  everal recent vaccine strains heavily ada ted to 
gro ing in eggs - , - , - , - , - , - , an  inga ore
G  and an in en a  aryland  strain ere incl ded as controls  s ex-

ected, re-   ilthoven , ei ing , etherlands  
strains e ciently aggl tinated nmodi ed chic en and t r ey erythrocytes  m ortantly, 

 vir ses that emerged a er  only aggl tinated the , - ia oly-  cells having 
extended sialylated e ito es  ltho gh some contem orary  vir ses can aggl tinate 
t r ey erythrocytes hen a lied ndil ted, es ecially the t o  C a vir ses, extended 

        Figure 2. Schematic overview of enzymatic modification of erythrocytes followed by glycomic 
analysis of N-glycosylation and their use in hemagglutination assays. ( A  e raminidase  

e raminidase rom Arthrobacter ureafaciens  Gn  - , -N-acetylgl cosaminyltrans erase  
Gal  - , -galactosyltrans erase  Gal  α- , -sialyltrans erase  B  he  most a ndant 

N-glycans on the en ymatically modi ed erythrocytes rom chic en and t r ey ased on relative 
intensity, excl ding high-mannose ty e N-glycans, or all str ct res re er to ata  sorted y a ndance 
and n m er o  ac c nits  ro osed str ct res are assigned to detected glycan com ositions  C  

, , , , , ,  
and  tested ith modi ed erythrocytes , - ia oly-  rom chic en l e  and t r ey 
red  nmodi ed, ,  resialylated , - ia  and extended desialylated oly-  erythrocytes ere 

added as controls  ssays ere er ormed in iological tri licates in the resence o  oseltamivir and 
the means   ere lo ed
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sialylated ac c moieties increased the e ciency o  aggl tination y  to - old, incl ding 
the  and in en a  controls  e er ormed a time co rse to determine the sta ility o  
the glyco-engineered cells, and no loss in titer or a toaggl tination or  to three ee s as 
o served similar to nmodi ed cells lementary ig re 

he , - ia oly-  cells ere em loyed to antigenically characteri e ty ical recent seasonal 
 vir ses o  vario s clades y  assay sing ost-in ection erret sera a le  ll antisera 

sho ed ro st inhi ition o  the homologo s vir ses and varia le inhi ition o  heterologo s 
vir ses  gg-derived vaccine strains dis layed oor corres ondence ith data generated ith 
cell- assaged vir ses o  the same clade  ntisera raised against cell- assaged vir s isolates 
sho ed greater clade s eci city com ared to antisera raised against egg-derived vaccine 
strains  dditionally, egg-derived vaccine strains ere inhi ited stronger y vario s antisera 
than cell- assaged vir ses  he  assay also revealed that antisera raised against recent vaccine 
vir ses, incl ding Kansas  that as selected or the  northern hemis here 
in en a vaccine , exhi ited only minimal cross reactivity against circ lating vir ses rom the 
same clades, indicating that the circ lating vir ses di er antigenically rom the vaccine strains 
o  the same clade

he res lts o  the  assay ere com ared ith a oc s red ction assay  sing the same 
sera and vir ses lementary a le  n this assay, the a ility o  anti odies to loc  vir s 
in ection in mammalian cell c lt re CK- iat cells, hich overex ress ia α , Gal moieties  
is anti ed  he  con rmed the trends o served in the  assay lementary ig re 

, indicating that the modi ed erythrocytes are relia le or antigenic characteri ation o  
 vir ses

Molecular dynamics simulations of HAs in complex with their receptors

α , - ialyl-Gal is idely considered as the rototy ic h man rece tor or s  ll vir ses e 
examined, incl ding  vir ses lementary ig re , recogni ed ith high avidity N-
glycans having an α , -lin ed sialoside on an extended ac c moiety  man res iratory tis-
s e a ndantly ex resses s ch extended str ct res , , and th s e reasoned that m tational 
changes in recent  vir ses led to a red ced inding avidity o  the rototy ic h man 
rece tor α , -sialyl-Gal , hich as com ensated y ma ing interactions ith an extended 
ac c chain

-ray crystal str ct res , ,  have sho n that sialic acid is recogni ed in a conserved hy-
dro ho ic oc et , ,  and  lementary a le  t ma es rther 
interactions thro gh a hydrogen onding net or  ith resid es - ,  and  

e ence alignments sho ed that ost-  strains ac ired single oint m tations at one 
o  these resid es lementary a le , hich disr ted the hydrogen onding net or , 
and li ely res lted in a red ced inding a nity o  the rototy ic h man rece tor, hich is a 
sialoside α , -lin ed to galactose  rthermore, s o  early h man  strains have 
Gl  at resid e , hich can orm a hydrogen ond ith  o  sialic acid, hereas ost-  
strains, avor s  at this osition, hich d e to its shorter side chain, cannot orm s ch an 
interaction  he  m tation as accom anied y a G  m tation, hich res lted in 
a rotation o  Gal-  allo ing a hydrogen ond interaction ith the site chain o  ,  his 
rotation laces the extended ac c chain closer to the -helix and otentially allo s or 
addition interactions  o examine this mode o  inding, e com ared molec lar dynamics 
generated str ct res o  α , -sialyl oly- ac c in com lex ith , , and  ig re 

 t reca it lated o servations made y -ray crystallogra hy st dies and rovided insight in 
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Guinea pig
Virus Type Clade Unmodified 2,6-Sia 2,6-Sia Poly-LN Unmodified 2,6-Sia 2,6-Sia Poly-LN Unmodified

A/Bilthoven/16190/68 H3N2 unknown 24 32 64 64 48 64 48
A/Beijing/353/89 H3N2 unknown 24 64 64 64 64 96 64
A/Netherlands/816/91 H3N2 unknown 64 128 128 64 128 128 n.t.
A/Netherlands/109/03 H3N2 unknown neg. 256 256 64 128 128 n.t.
X-161B (A/Wisconsin/067/05) H3N2 unknown 12 neg. 64 32 32 64 n.t.
IVR-147 (A/Brisbane/10/07) H3N2 unknown 4 neg. 8 16 neg. 8 n.t.
A/Netherlands/761/09 H3N2 unknown neg. neg. 64 neg. 64 64 n.t.
X-223A (A/Texas/50/12) H3N2 3C.1 8 neg. 8 12 neg. 8 n.t.
NIB-104 (A/Singapore/INFH-16-0019/16) H3N2 3C.2a1 8 2 16 24 12 24 32
A/Netherlands/2413/16 H3N2 3C.2a1 neg. neg. 96 3 24 128 n.t.
A/Netherlands/751/17 H3N2 3C.2a1 neg. neg. 6 neg. neg. 512 1
A/Netherlands/757/17 H3N2 3C.2a1 neg. neg. 64 6 16 128 n.t.
A/Netherlands/1797/17 H3N2 3C.2a1 neg. neg. 32 neg. neg. 32 neg.
A/Netherlands/295/19 H3N2 3C.2a1b neg. neg. 192 neg. neg. 192 n.t.
A/Netherlands/314/19 H3N2 3C.2a1b neg. neg. 128 neg. neg. 192 neg.
A/Netherlands/371/19 H3N2 3C.2a1b neg. neg. 32 neg. neg. 32 neg.
A/Netherlands/03466/17 H3N2 3C.2a neg. neg. 2048 neg. 6 512 neg. 
NIB-112 (A/Switzerland/8060/17) H3N2 3C.2a2 n.t. n.t. n.t. neg. neg. 4 neg.
A/Netherlands/10616/18 H3N2 3C.2a2 neg. neg. 3 neg. neg. 4 neg.
A/Netherlands/622/12 H3N2 3C.3 neg. neg. 12 neg. neg. 12 1
A/Switzerland/9715293/13 H3N2 3C.3a neg. neg. 16 2 3 24 2
A/Netherlands/153/16 H3N2 3C.3a neg. neg. 96 12 24 128 n.t.
X-327 (A/Kansas/014/17) H3N2 3C.3a neg. 2 16 6 4 16 8
A/Netherlands/384/19 H3N2 3C.3a neg. neg. 2048 12 192 1536 6
A/Netherlands/10002/19 H3N2 3C.3a neg. neg. 64 12 16 96 n.t.
A/Netherlands/10006/19 H3N2 3C.3a neg. 2 32 8 12 64 12

IVR-180 (A/Singapore/GP1908/15) H1N1 6B 32 16 48 24 32 24 32
BX-69A (B/Maryland/15/15) B n.a. 32 16 64 32 32 32 32

unknown = clade designation was not used at that time
n.t. = not tested
n.a. = not applicable
neg. = no titer obtained

Hemagglutination titres (HAU per 25ul)
Chicken Turkey 

Table 1. Hemagglutination assay of A/H3N2 virus isolates using unmodified and 2,6-Sia Poly-LacNAc 
fowl erythrocytes and unmodified guinea pig erythrocytes.

NIB 104 A/NL/314/19 NIB-112 A/NL/3466/17 A/NL/1802/18 X-327 A/NL/384/19
Virus Passage Clade 3C.2a1a 3C.2a1b 3C.2a2 3C.2a2 3C.2a2 3C.3a 3C.3a

A/Singapore/INFH-16-0019/16 (NIB 104) E7Mdck_Siat2hCK 3C.2a1a 640 320 960 160 480 <5 60
A/Netherlands/1797/17 Mdck1Siat2hCK 3C.2a1 15 160 30 40 80 <5 30
A/Netherlands/314/19 MdckSiat2hCK 3C.2a1b 30 240 30 60 80 <5 40
A/Netherlands/10009/19 mixhCK2 3C.2a1b 20 160 40 120 120 <5 30
A/Netherlands/371/19 MdckSiatmixhCK 3C.2a1b <5 160 5 30 40 <5 15

A/Switzerland/8060/17 (NIB-112) E7E1hCK 3C.2a2 640 120 1920 1280 240 <5 <5
A/Netherlands/3466/17 Siat1hCK1 10-2 3C.2a2 15 80 320 480 80 <5 30
A/Netherlands/1802/18 Siat1hCK1 10-1 3C.2a2 15 80 40 40 640 <5 20
A/Netherlands/10616/19 MdckSiatmixhCK 3C.2a2 15 80 320 640 80 <5 20

A/Kansas/14/17 (X-327) E17E1Siat1hCK 3C.3a 640 <5 <5 <5 <5 320 60
A/Netherlands/384/19 Siat2hCK 10-2 3C.3a 30 30 60 40 80 40 240
A/Netherlands/10006/19 MdckSiatmixhCK2 3C.3a <5 <5 20 20 30 <5 240

Post-infection ferret sera raised against

Table 2. Hemagglutination inhibition assay.
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ho  m tational changes allo ed or interactions ith an extended ac c chains  he  
tra ectory o   only sho ed interactions ith sialic acid, incl ding the im ortant hydrogen 

ond et een ia-   and Gl  ig re ,  n the case o   and , s  is at 
a distance o    to ia-  , and th s cannot esta lish a hydrogen ond ig re  and G  

he G  s stit tion res lted in a rotation o  the ond et een the sialic acid and Gal-  to 
orm an - ond ith its  ig re  and  s antici ated, the res lting rotation o  Gal-  
laced the extended ac c moieties near the -helix  res lting in a hydrogen ond e-

t een s  and Gal-  , hile either er or sn  rovided a - ond ith the acetamide 
moiety o  Glc c-  ig re  n addition, Gal-  ig re  and  ma es a C -  interaction 

ith the side chain o   lementary ig re  ch interactions are o en o served 
in glycan- rotein com lexes and contri te s stantially to inding  tr ct ral analysis o  the 

s o   and  sho ed that m tations distal to the rece tor- inding domain , 
 and , reorient the side chain o   res lting in an extended rece tor- inding 

site allo ing interactions ith Gal-  lementary ig re  he  sim lations s ort 
that  o  the C  clade have ndergone m tations to create and extended inding site 
to com ensate or red ced inding o  the non-extended h man rece tor ig re C,  and  
nterestingly, C a vir ses, hich can tili e shorter rece tors having t o ac c nits ig re 

, have a tyrosine to serine m tation at osition  lementary a le  h s, the 
de endence on extended rece tors is reversi le, and these vir ses have o nd a ay to ind 
shorter str ct res ith s cient a nity or in ection  he o servation that distant m tations 
can alter the osition o  a side chain o  an amino acid in the rece tor- inding site, hich s -
se ently can ecome s sce ti le to antigenic ress re, indicates that s ch remote m tations 
need to e considered or the evol tion o  rece tor inding and antigenic distance
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Discussion

Changes in rece tor- inding ro erties o   vir ses ere rst noticed y a lac  o  aggl -
tination o  commonly em loyed red lood cells and oor recovery o  isolated vir ses that ere 

ro agated in la oratory hosts s ch as eggs and CK cells ,  Conventional inding assays 
sing a limited set o  relevant glycans sho ed these vir ses had lost the a ility to ind to hat 
as regarded as the canonical h man-ty e rece tors, namely α , -sialyl-Gal ,  creening o  

a glycan microarray o lated ith symmetrical N-glycans each arm modi ed y the same 
e ito e  identi ed rece tors or contem orary  n artic lar, these vir ses co ld ind 

iantennary N-glycans having an extended sialo- a c e ito e at each o  its arm  odeling 
st dies indicated that the t o sialic acid moieties are s ciently s aced to ind to a rotomer 
o  the same  trimer  t as ro osed that the res lting identate inding mode increased 
the inding avidity

rogress in methods or the chemoen ymatic synthesis o  glycans  allo ed s to constr ct 
a glycan microarray o lated ith iantennary N-glycans that more closely resem le str c-
t res ex ressed in h man res iratory tiss e , , and incl de asymmetrical glycans having 

Figure 3. Structural comparison of HAs from evolutionary different strains in complex with extended 
glycan receptor. Details of the sialic acid binding sites are shown for A/NL/816/91 ( a ,  
( d  and  g  he interactions o  the oly-  chain ith the rotein are sho n or 

 b ,  e  and  h  he s r ace and s heres re resentations o  
glycans com lexes are sho n or  c ,  f , and  i
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either one or t o sialic acid moieties lin ed to ac c chains o  di erent length  t made it 
ossi le, or the rst time, to ncover the minimal rece tor o  contem orary  vir ses, 
hich is a iantennary N-glycan in hich one o  the arms is extended y three consec tive 

ac c nits that is modi ed y an α , -sialoside  t demonstrated that the revio sly ro-
osed identate inding event does not s stantially contri te to inding  ased on o r 

microarray data, se ence alignments, re orted crystal str ct res and  sim lations, e 
develo ed alternative inding model or  o  the C  clade  n this model, m tations 
remote to the rece tor- inding domain res lted in the rotation o  the side chain o  tyrosine 
at osition  hich gives rise to an extended inding site  rthermore, a G  m tation 
reoriented the oly- ac c chain allo ing it to ma e interactions ith the extended inding 
site  hese interactions com ensate or red ced contacts ith sialic acid ca sed y m tations 
in the rece tor- inding site arisen rom antigenic ress re  t is, ho ever, ossi le that actors 
other than antigenic ress re may have contri ted to ada tations o  rece tor s eci city  or 
exam le, a inding re irement or sialic acid on oly- ac c chain may rovide a ene t 

eca se s ch str ct res are s ally not o nd on O-glycans o  m cins, and there ore s ch a 
rece tor s eci city may contri te to esca ing the m cosal arrier

he identi cation o  the minimal rece tor or contem orary  vir ses made it ossi le 
to engineer the s r ace o  erythrocytes ith nctional rece tors allo ing easy antigenic 
characteri ation o  recent  isolates sing the  assay  t con rmed that antigenically 
distinct vir ses are circ lating in h mans and that egg- assaged  vaccine com onents 
match oorly to circ lating strains  e to the ail re o  the classical , s have een em-

loyed to antigenically characteri e  hese assays are, ho ever, time-cons ming, have 
lo  thro gh t, s er rom lo  re rod ci ility, and can lead to ada ted m tations there y 

roviding incorrect res lts  hese limitations are addressed y the glyco-engineered red 
lood cells descri ed here  he altered rece tor re irement o   vir ses is also com li-

cating ro agation in the la oratory  ecently, an CK cell line hCK  as introd ced in hich 
α , -sialyl trans erases ere genetically removed and Gal , hich introd ces h man-ty e 
rece tors, as overex ressed  his cell line s orts e cient re lication o  contem orary 
h man  vir ses that maintain higher genetic sta ility  he minimal rece tor re ire-
ments o  contem orary  vir ses esta lished in this st dy s ort rther engineering 
o  s ch cells to iosynthesi e extended α , -sialylated ac c moieties  rthermore, it is the 
ex ectation that the descri ed glycan engineering a roach or erythrocytes can e extended 
to other cells, s ch as CK cells, to ic ly rovide la oratory hosts or vir s re lication  

he res lts resented here may also rovide a rationale or hy certain sialylated inhi itors 
do not ind  hen ex ressed in C  vs  K cells here the nat re o  the sialylated lin -
ages are di erent  inally, an nderstanding o  the evol tion o  rece tor s eci cities o  

 vir ses and associated antigenic changes ill acilitate the develo ment o  redictive 
evol tionary models or the relia le selection o  vaccine strains
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Methods

Virus production

Materials
agle s minimal essential medi m , enicillin, stre tomycin, -gl tamine, sodi m 
icar onate, , x non-essential amino acids and N-tosyl- - henylalanine chloromethyl 
etone CK  treated try sin ere rchased at on a enel x , reda, he etherlands  
etal ovine ser m as o tained rom Greiner

CK, CK- iat and hCK a h mani ed CK noc -o t cell line, de cient o  several , -s e-
ci c sialyltrans erase en ymes and overex ressing h man-ty e , -sialylated rece tors  cells 

ere c lt red in  s lemented ith  etal ovine ser m ,   m -  enicillin 
,   m -  stre tomycin ,  m  -gl tamine -gl ,  mg m -  sodi m icar onate 
a C ,  m  , and x non-essential amino acids  n addition, hCK cells 

ere s lemented ith  g m -  romycin and  g m -  lasticidin and CK- iat cells 
ere s lemented ith  mg m -  Geneticine  o rod ce vir s stoc s, cells ere ashed 

t ice ith   h a er inoc lation ith the vir s o  interest and c lt red in in ection media, 
consisting o   s lemented ith   m -  enicillin,  g m -  stre tomycin,  
m  gl tamine,  mg m -  sodi m icar onate,  m  , x non-essential amino acids, 
and  g m -  CK treated try sin  o rod ce vir s stoc s in eggs,   o  vir s as 
inoc lated in the allantoic cavities o  -day-old em ryonated hens  eggs  he allantoic id 

as harvested a er  days

Microarray studies

Materials
ir s isolates ere rod ced as descri ed a ove  seltamivir as rchased rom igma-
ldrich Cat   C   stem anti ody as indly rovided y r  ir  ggin  

and ex ressed ollo ing revio sly lished roced res  Goat anti-h man lexa-  
Cat   and stre tavidin- lexa l or  Cat   anti odies ere o tained rom 
hermo isher  Control lectins Erythrina cristagalli aggl tinin C  Cat - , am ca 

nigra aggl tinin  Cat  - , aac ia am rensis lectin  al-  Cat  -  ere 
rchased rom ector a s

Arrayer and printing surfaces
Com o nds ere rinted on amine reactive, -activated glass slides   lide 

 rom cho  nc ex loiting the ree amine o  an as aragine moiety at the red cing end o  
the N-glycans  cienion sci   non-contact microarray rinter e i ed ith a 

cienion C  no le cienion nc  as sed or rinting  Glycans ere dissolved in rinting 
er sodi m hos hate,  m ,   at a concentration o    ach com o nd 

as rinted in re licates o  six ith a s ot vol me o   , at  C and  h midity  lides 
ere loc ed ith  m  ethanolamine in tris er  ,  m  or  h at  C and rinsed 
ith  ater a er rinting

Glycan microarray
ality control as er ormed sing the lant lectins C  s eci c or terminal Gal ,  

s eci c or α , -lin ed e c  and -  s eci c or α , -lin ed e c  and is sho n 
in ig re  ality control o  the C   in en a hemaggl tinin stem s eci c 
anti ody s eci city as er ormed y inc ation o  the anti ody to the array as descri ed 

Thesis_proofprint.indd   69 16-12-2022   11:03



         
70

3

elo , in the a sence o  a vir s lementary ig re  he rinted li rary o  com o nds 
com rised the glycans descri ed in the s lementary in ormation , , , , , , 

,  and lished revio sly - , , 

Sample
ir s isolates   ere dil ted ith -     een,   and a lied to the 

array s r ace in the resence o  oseltamivir  n  in a h midi ed cham er or  h, ol-
lo ed y s ccessive rinsing ith -     een ,  and deioni ed ater x  
and dried y centri gation  he vir s- o nd slide as inc ated or  h ith the C  

 in en a hemagl tinin stem s eci c anti ody  ,  g m -  in -  and ashed 
according to revio s ashing roced re   secondary goat anti-h man lexa l or-  anti-

ody  ,  g m -  in -  as a lied, inc ated or  h in a h midi ed cham er and 
ashed again as descri ed a ove  he control lectins containing a iotin tag ere vis ali ed 
ith tre tavidin- lexa l or  lides ere dried y centri gation a er the ashing ste  

and scanned immediately

Detection and data processing
he slides ere scanned sing an nno sys nnoscan  microarray scanner at the a ro riate 

excitation avelength  o ens re that all signals ere in the linear range o  the scanner s de-
tector and to avoid any sat ration o  the signals vario s gains and  val es ere em loyed  
mages ere analy ed ith a ix so are version  nno sys  and rocessed ith o r 

home ri en xcel macro  he average orescence intensity and  ere meas red or each 
com o nd a er excl sion o  the highest and lo est intensities rom the s ot re licates n

Glycomic analysis

Materials
cetic acid Cat  , -grade  Cat  , -aminoanthrallic acid -

 Cat , dimethyl s l oxide  Cat   and sodi m cyano orohydride 
Cat   ere o tained rom igma- ldrich  ri oro acetic acid  as rchased 
rom cros rganics Cat  -grade acetonitrile eC  as o tained rom io-

solve Cat  - -  Gase  as rchased rom oche iagnostics  de ned as the 
amo nt o  en yme cataly ing the conversion o   mol s strate  min-  Cat  

enat ration er  ,  m  dithiothreitol ,  - , and glyco er  
m  sodi m hos hate  ere o tained rom e  ngland iola s  mmoni m ormate as 

rchased rom l a chemicals Cat  GG - , C   e - a  ac cc  col mns 
rom aters Cor oration Cat  , GC  y ercar  y erse  cc  col mns rom 
hermo cienti c Cat  -  and  initra  e hadex G-  si e excl sion cartridges 
rom G  ealthcare Cat  - -  illi  ater as o tained rom a ynergy  ater 

ri cation system

N-glycan extraction and release from erythrocytes
Cell-s r ace N-glycans ere extracted according to a re orted rotocol  rie y, erythrocytes 

 ,  ere concentrated y centri gation  rc ,  min  and removal o  the s -
ernatant  rythrocytes ere lysed nder gentle sha ing at room tem erat re or  h sing 

deioni ed ater x ellet si e  he s s ension as centri ged  rc ,  min , the s er-
natant removed, and the ellet res s ended in deioni ed ater  he rocess as re eated 

ntil the ellet decolori ed, indicating an e cient lysis o  the erythrocytes  enat ring o  the 
cell mem rane ellet as er ormed y heating or  min to  C in denat ration er 
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 ,  m   in  he N-glycans ere released d ring overnight inc ation at 
 C ith Gase    in a sodi m hos hate er  m ,   or ith ndo  in 

sodi m acetate er  m ,  , oth containing -  

Purification and labeling of N-glycans
he released N-glycans ere a lied to a C   cartridge and glycans ere el ted ith  
eC  in   ,  m  he el ate as rther ri ed on a GC  cartridge y 

grad ally increasing the hydro ho icity rom    ,  m  to  eC  in O  
 ,  m , and to  eC  in   ,  m  hich el ted the glycans  er 

drying in a  o , the sam le as dissolved in    and la eled y addition o  a sol -
tion   o  -   mg m -  and sodi m cyano orohydride  mg m -  in acetic 
acid  v/v  or  h at  C  he cr de mixt re as dil ted ith    and ri ed 
on a initra  e hadex G-  gravity col mn y ashing ith o     and el ting ith 

   he el ate as dried nder  o  and dissolved in   o   eC  in O  
rior to C-  analysis

HILIC-IMS-QTOF analysis of N-glycans and data treatment
he N-glycan analysis as er ormed on a  n nity C system gilent echnologies  

co led to a  -  mass s ectrometer gilent echnologies  and high- er ormance 
li id chromatogra hy C  se aration ith a C -c C col mn  m,  ,  mm x 

 mm, erc  and a similar g ard col mn  mm x  mm, erc  sing a gradient rom 
  to   ithin  min   m  C O  in   eC   m  min-   C   

analysis as er ormed ith a drying gas tem erat re o   C and a o  o   m  min-  he 
ne li er ress re as set to  si, the sheath gas o  to   min-  and the tem erat re 
to  C  eas rements ere r n in negative mode ith the ca illary esta lished at   

ring the r ns the gilent t ning mix as in sed or mass cali ration ased on re erence 
signals at m/z  and m/z 

he data analysis as er ormed ith the ass nter -  ro ser and the nd eat re 
nction ltering or masses ith an ion intensity o    o nd masses ere rocessed ith 

the online Glycomod tool to identi y glycan related masses

Glyco-engineering of erythrocytes

Materials
 ne raminidase as rchased at e  ngland iola s   de ned as the amo nt o  

en yme cataly ing the conversion o   mol s strate  min-  Cat   ammalian gly-
cosyltrans erases ere ex ressed according to literat re re orts  Gn  and Gal  ere 
cleaved and ri ed rom G  tags rior to se  l aline hos hatase ast  as rchased 
at hermo cienti c Cat   cleotide s gars -Gal, -Glc c and C - e c 

ere o tained rom oche iagnostics -Gal  Cat   -Glc c  Cat  
 C - e c  Cat  

Erythrocyte preparation
resh lood rom chic en or t r ey as centri ged  min,  rc  ollo ed y removal o  

the s ernatant  ellets ere ashed three times in  ith intermi ent centri gation  
rc ,  min  rythrocyte sol tions ere stored in a  sol tion in  ntil rther se
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Enzymatic extension
o a s s ension o  o l erythrocytes  , ,    and ne raminidase   
ere added  he cells ere inc ated or  h at C hile tilting  ext, glycosyltrans erases 
G   ,  mg m -  and Gn  ,  ,  mg m - , the n cleotide s gars -Gal 

 m  and -Glc c  m , al aline hos hatase  , nCl   m  and   , 
 mg m -  ere added  his reaction mixt re as inc ated overnight at  C hile tilting  
he erythrocytes ere ashed in  x,   and the ellet as reconstit ted in   

 esialylation o  the erythrocytes as er ormed sing Gal   ,  mg m -  and 
C - e c  m  in the resence o  al aline hos hatase   and   ,  mg m -  
or  h at  C hile tilting  he erythrocytes ere ashed in  x,   and dil ted to 

a  sol tion or hemaggl tination inhi ition  assays

Stability assay

resh o l erythrocytes ere glyco-engineered as descri ed a ove or sed nmodi ed   
hemaggl tination assay as er ormed every t o days sing t o vir ses,  and 

 emaggl tination assays ere er ormed as descri ed elo  in ll iological 
tri licates  he means ere lo ed   and are sho n in lementary ig re 

Hemagglutination assay

emaggl tination assays ere er ormed ollo ing standard roced res  rie y, vir s stoc s 
ere t o- old serial dil ted in the resence o  oseltamivir  n  r ey erythrocytes , 
  ere mixed ith the serial dil ted vir ses and inc ated or  h at  C e ore recording 

o  the res lts  iters ere ex ressed as the highest dil tion o  vir s stoc  that com letely 
aggl tinated the t r ey erythrocytes

Hemagglutination inhibition assay

 assays ere er ormed ollo ing standard rotocols  rie y, or the re aration o  the 
antisera, errets ere inoc lated intranasally and lood as o tained  d later  x eriments 

ere er ormed in strict com liance ith ro ean g idelines  irective on nimal esting 
C  and tch legislation x eriments on nimals ct,  n inde endent ani-

mal ex erimentation ethical revie  commi ee tch tichting ier x erimenten Commissie 
Cons lt  a roved all animal st dies license  ntisera ere re-treated 

ith rece tor destroying en yme  y inc ating overnight ith an in-ho se rod ced 
ltrate o  i rio cholera at  C ollo ed y  h inc ation at  C  he treated antisera ere 
re-a sor ed ith extended t r ey erythrocytes  in t o cycles o   h inc ation at  C  
re-a sor ed antisera ere t o old serial dil ted starting at  and mixed ith vir s stoc  

  containing  hemaggl tinating nits  ir ses ere inc ated ith the antisera or  h 
at  C in the resence o    and oseltamivir  n  r ey erythrocyte sol tion  

,  as added and a er  h inc ation at  C inhi ition a erns ere recorded  iters 
ere ex ressed as the val e o  the highest ser m dil tion that gave com lete inhi ition o  

aggl tination

Focus reduction assay

s ere er ormed ollo ing standard rotocols  irst, in ectio s titers o  the vir s stoc s 
ere determined in hCK cells as descri ed revio sly  -treated sera ere t o old dil ted 

in a - ell late starting at  and mixed  ith  C   o  vir s  er  h 
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inc ation at  C,   o  the mixt res ere trans erred to hCK cells and a er  min 
inc ation at  C, cells ere ashed and overlaid ith  car oxymethylcell lose  er 

 h at  C, cells ere ashed and xed ith ormalin and ermea ili ed sing  riton 
-  or  min at room tem erat re  se ently, imm nostaining as er ormed sing 

a mo se monoclonal anti ody  , oerden, he etherlands  directed against the 
viral n cleo rotein , ollo ed y a horseradish eroxidase-la eled goat anti-mo se im-
m noglo lin re aration G - , nvitrogen, oster city, C , oth or  h at room tem-

erat re  er ashing, r e- l e s strate K , Gaither rg, aryland  as added ollo ed 
y a  min inc ation at room tem erat re  he lates ere ashed, dried, and s mi ed 

to a tomated image ca t re sing a eries  mm no ot mage naly er C  mm no ot, 
Cleveland ,  to antitate the ercentage ell area covered y s ots o  in ected cells  
nhi ition   as considered ositive or ne trali ation

Structural studies

Alignment
o investigate the relevance o  s eci c m tations in de ning rece tor re erences d ring 

antigenic dri , rimary amino acid se ences ere com ared o   s rom  to 
 rotein se ences and str ct res ere derived rom the l  data ase h d

cent ed l index html  and the G  e age h s gisaid org  t identi ed 
s eci c m tations that may in ence rece tor- inding re erences  e aid s eci c a ention 
to m tations in the o r str ct ral elements that de ne the , incl ding the -loo , the 

-loo , the -helix and the -loo  he res lts rom this analysis are s mmari ed in 
lementary a le 

MD simulations
 starting ose o  the  rom  as generated y s erim osition o  the model derived 

str ct re id code C  h d cent ed l index html  onto the -ray crystal 
str ct re o  the K   in en a vir s hemaggl tinin in com lex ith -  

d  code  he starting ose o   as generated y sing the -ray crystal str ct re 
o  the y  in en a vir s hemaggl tinin in com lex ith -  d  code K  
Glycan rece tors, e cα - ac c  and e cα - ac c , ere generated y sing the 
car ohydrate ilder G C - e  site h glycam org  he glycosidic torsion angles o  
the monosaccharides ere maintained as o served y -ray crystallogra hy, hile those not 
resolved ere de ned according to the lo er energy val es redicted y the G C - e  
modeling tool  he str ct ral model o  the  as o tained y sing the m tagenesis tool 
im lemented in y  he res lting oses ere sed as starting oints or  sim lations  

he  sim lations ere er ormed sing the m er  rogram  ith the rotein , the 
G C -  and the ater ti  orce elds arameters  ext, the starting  geometries 

ere laced into a   octahedral ox o  ex licit  aters, and co nter ions ere added 
to maintain electrone trality  o consec tive minimi ation ste s ere er ormed involving 

 only the ater molec les and ions and  the hole system ith a higher n m er o  
cycles, sing the stee est descent algorithm  he system as s ected to t o ra id molec lar 
dynamic sim lations heating and e ili ration  he e ili rated str ct res ere the starting 

oints or a nal  sim lations at constant tem erat re  K  and ress re  atm  n 
all,  ns  sim lations itho t constraints ere recorded, sing an  ensem le ith 

eriodic o ndary conditions, a c t-o  o   , and the article mesh ald method   total o  
, ,   ste s ere r n ith a time ste  o   s er ste  Coordinates and energy val es 

ere recorded every ,  ste s  s  or a total o  ,   models  he detailed analysis 
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o  the - ond and C -  interactions as er ormed along the  tra ectory sing the c tra  
mod le incl ded in m er- ools  ac age

Data availability  he data s orting the ndings in this a er are availa le in the man scri t 
and orting n ormation   ll overvie  o  the identi ed glycomic str ct res can e o nd 
in lementary data  and lementary data 

Code availability: he scri t or icroso  xcel acro or atch rocessing glycan microar-
ray data is loaded to h s gith com enthal yli car ohydrate-microarray- rocessing   
h s doi org enodo

Ethics statement: nimal st dies ere er ormed in accordance to relevant g idelines and 
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cons lt
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Supplementary information

Materials and Methods

Synthesis of biantennary N-glycans

Materials
n ymes ere ex ressed as revio sly descri ed Gn  and Gal , m   

 he reaction mixt res ere ri ed sing a si e excl sion iogel  rom io ad 
in cono glass col mns  x  cm   x  cm   x  cm  co led to a io rac rac-
tion collector io ad  Car ohydrate-containing ractions ere detected y thin layer chro-
matogra hy and an a ro riate staining reagent  m  c  and  m  - nisaldehyde 
in  m  t  and  m   eagents ere rchased rom igma- ldrich  ridine  
di hos hogalactose -Gal , ridine  di hos ho-  acetylgl cosamine -Glc c  and 
cytidine- -mono hos ho-N-acetylne raminic acid C - e c  ere o tained rom oche 

iagnostics -Gal  Cat   -Glc c  Cat   C - e c  
Cat   inal rod cts ere ri ed y C sing an ridge C col mn  
mm  x  mm l ,  m article si e  on a semi- re arative C system rom himad  C-

, - , C - , - , C-  he ri cation as done sing  m  C  
in   in eC  er  and  m  C  in   er  he rogress o  
the reactions as monitored on a C-  system rom himad  system controller  C -

 C m s  C -  in ector  -  sing a C C col mn e ant, K 
coated g ard C col mn,  m article si e,  x  mm  he C system as a ached to 
a r er altonics micro -  mass s ectrometer

Synthesis of N-glycans
ialylglyco e tide G  as extracted rom egg yol  and rther en ymatically modi ed to 

yield com o nd 1, hich as sed as a starting material or the synthesis ,  he terminal 
galactose o  com o nd 1 as sialylated ith an α , -s eci c sialyltrans erase m tant 

 rom Pasteurella multocida and C - e c roviding com o nd 2  his com o nd 
as s se ently extended ith N-acetyllactosamine ac c  re eats y sing mammalian 
, -galactosyltrans erase  Gal  and , -N-acetylgl cosamine trans erase Gn  

ith their corres onding n cleotide s gars -Gal and -Glc c, res ectively  s a res lt, 
com o nd 3, 4 and 6 ith one, t o and three consec tive ac c re eats on the G  

annose-  ranch and a terminal α , -lin ed N-acetylne raminic acid e c  on the 
G  annose-  ranch ere o tained  hese intermediates ere sed to synthesi e the 

isialylated com o nds 5 and 7 y sialylating the extended G  annose-  ranch ith 
the α , -s eci c sialyltrans erase m tant rom Pasteurella multocida and C - e c  Com-

o nds 9 and 11, modi ed ith a single terminal e c on either ranch, ere re ared y 
rst antitatively desialylating the intermediates 4 and 6 in an a eo s sol tion o  acetic acid  

er ard, sialyltrans erase Gal  and C - e c ere sed to install a single terminal 
e c moiety roviding the rod cts 9 and 11

General procedure for the installation of α2,6-Linked Neu5Ac using PmST1 (P34H/M144L)2

he acce tor and C - e c  e  ere dissolved in a ris er  m ,  ,  t  
 to o tain a concentration o   m  m     g er mol acce tor  and 

C    - ,   er mol o  added n cleotide  ere added to the reaction mixt re and it as 
inc ated overnight at  C ith gentle sha ing  he rogress o  the reaction as monitored 

y C-  n case o  incom lete conversion a er  h, additional m     g 
er mol acce tor  as added and the reaction mixt re inc ated at  C or an additional  
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h  er com letion, the reaction mixt re as lyo hili ed and a lied to si e excl sion chroma-
togra hy  Car ohydrate-containing ractions ere ri ed y C 2  -  in  min, 

 m  min-  5  -  in  min,  m  min-  7  -  in  min,  m  min-  
roviding the rod ct as a hite o der 2   mg, , 5   mg,  7   mg, 

General procedure for the installation of β1,3-linked glucose using B3GnT2
he acce tor and -Glc c  e  ere dissolved in a  er  m ,  ,  
t   containing   m  and nCl   m  to o tain a concentration o   m  
Gn   g er mol acce tor  and C    - ,   er mol o  added n cleotide  ere 

added to the reaction mixt re and it as inc ated overnight at  C ith gentle sha ing  
he rogress o  the reaction as monitored y C-  n case o  incom lete conversion a er 

 h, additional -Glc c  e , C    - ,   er mol o  added n cleotide  and 
Gn   g er mol acce tor  ere added and the reaction mixt re inc ated at  C 

or an additional  h  er com letion, the reaction mixt re as lyo hili ed and a lied to 
si e excl sion chromatogra hy  Car ohydrate-containing ractions ere lyo hili ed and sed 

itho t rther ri cation

General procedure for the installation of β1,4-linked galactose using B4GalT1
he acce tor and -Gal  e  ere dissolved in a ris er  m ,  , t   

containing nCl   m  to o tain a concentration o   m  Gal   g er mol acce -
tor  and C    - ,   er mol o  added n cleotide  ere added to the reaction mixt re 
and it as inc ated overnight at  C ith gentle sha ing  he rogress o  the reaction as 
monitored y C-  n case o  incom lete conversion a er  h, additional -Gal  
e , C    - ,   er mol o  added n cleotide  and Gal   g er mol acce -
tor  ere added and the reaction mixt re inc ated at  C or  h  er com letion, the 
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Supplementary scheme 1. Synthesis of asymmetric biantennary N-glycans.
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reaction mixt re as lyo hili ed and a lied to si e excl sion chromatogra hy  Car ohydrate-
containing ractions ere ri ed y C 3  -  in  min,  m  min-  4   
or  min,  m  min-  6   or  min,  m  min-   roviding the rod cts as hite 
o ders 3   mg,  4   mg,  6   mg, 

General procedure for the removal of terminal Neu5Ac
he s strate as dissolved in an a eo s sol tion o  acetic acid   and e t at  C or  

h  he solvent as removed in an  o  and the reaction mixt re as a lied to si e excl -
sion chromatogra hy  Car ohydrate-containing ractions ere lyo hili ed and sed itho t 

rther ri cation

General procedure for the installation of α2,6-linked Neu5Ac using ST6Gal1
he acce tor and C - e c  e  ere dissolved in a ris er  m ,  ,  t  

 to o tain a concentration o   m  Gal   g er mol acce tor  as added to the 
reaction mixt re and it as inc ated overnight at  C ith gentle sha ing  he rogress o  
the reaction as monitored y C-  n case o  incom lete conversion a er  h, additional 

Gal   g er mol acce tor  as added and the reaction mixt re inc ated at  C 
or  h  er com letion, the reaction mixt re as lyo hili ed and a lied to si e excl sion 

chromatogra hy  Car ohydrate-containing ractions ere ri ed y C 9  -  in 
 min,  m  min-  11  -  in  min,  m  min-  roviding the rod ct as a hite 

o der 9   g, , 11   g, 

Analytical data

nmr   and o in  ere sed to collect  data   data as o tained at room 
tem erat re on a   instr ment rom r er  he chemical shi   is given in arts er 
million m  and re ers to tetramethylsilane and the resid al solvent ea  -   

  m   data is given as ollo s  -  chemical shi  m lti licity, co ling con-
stants, relative integral, nctional gro  C data are extracted rom C s ectra and given 
as ollo s  chemical shi  lti licity is de ned as ollo s  s  singlet  d  do let  t  tri let  
m  m lti let  ignals ere assigned y n m ering the monosacharide nits starting at the 
red cing end o  the oligosaccharide  onosacharides a ached to the mannose  ranch are 
indicated y a    rime  and those a ached to the mannose  ranch itho t any mar  he 
assignment as done y sing corres onding -  s ectra C , C  e to the se o  
ammoni m ormate containing ers d ring nal ri cation, several s ectra sho  resid al 

  m, not sho n in the  s ectra  contamination  he yield concentration o  the 
nal rod cts as determined y  s ectrosco y, sing n- ro anol as an internal standard  
igh resol tion masses ere meas red on an gilent  on o ility -  C-  system  

 data can e o nd in the s lementary in ormation o  the online article

Structural studies

t has een o nd that d ring the transition rom late s to early- ,  o   vir ses 
have a red ced a nity or the rototy ic h man rece tor, the -  nalysis o  rotein se-

ence alignment sho s that the main se ences di erences reside at the -loo  resid es 
,  and , the -loo  resid es - , the -loo  resid es ,  and , 

the  m tation at the -helix, and the a earance o  a ne  glycosylation site at resi-
d e  and  ther resid es hich contri te to sialic acid inding are highly conserved 
among s incl ding , ,  and  lementary a le 
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ltho gh -ray str ct ral st dies -  have rovided an nderstanding o  the str ct ral asis o  
changes in rece tor- inding s eci city, it has not ncovered interactions ith extended glycan 
rece tors  ch str ct ral data is di c lt to o tain y -ray crystallogra hy, and there ore e 

er ormed doc ing ex eriments o  a sialoside having an extended ac c moiety ith s o  
 vir ses re resenting di erent evol tionary time oints incl ding  rom 

 ,  rom   and  rom  

Modeling of A/NL/816/91 (NL91)
 recogni ed most o  the h man-ty e rece tors, incl ding com o nds that have an α , -

sialoside on a mono- ac c resid e glycans 7-9, ig re   some hat higher res onsive-
ness as o served or rece tors having an α , -sialoside onto di- ac c resid e glycans 
10-13, ig re , hile tri- ac c containing rece tors did not rther im rove  inding 
glycans 14-17  Collectively, the res lts sho ed that the o timal rece tor or  is an N-

glycan having t o re eating ac c moieties modi ed y a , -lin ed sialoside glycan 10 
and 13  h s, e er ormed all atoms  sim lations o  the com lex et een the  
and the rece tor ac c α - e c  he  sim lation sho ed that the glycan rece tor 

inds the  rotein almost excl sively thro gh the terminal sialic acid  n act, the analysis 
o  the  derived tra ectory revealed a sta le inding ose or the α , -sialoside, hile the 

nderlying di- ac c chain ex lores m lti le orientations along the sim lation, here only 
transient intermolec lar interactions exist  Com aring -ray data and the molec lar modeling 
derived str ct res indicated that the interaction net or  is reserved in K  and  his 
is consistent ith the high str ct ral homology o  the sialic inding site o  K  and  or 

hich only t o m tations exist, G  and  ct ally, these t o resid es contri te to 
rece tor inding thro gh their ac one atoms ig re  eci cally, all the hydro ho ic 
interactions, s ch as those ith , ,  and , and - ond interactions ith 
resid es -  and  are reserved  n line ith the -ray st dies , e o nd that in   
the Gl  engages the ia-   thro gh - ond interaction ith an average distance o   

, hile  ma es hydro ho ic interactions ith the C-  o  the galactose-  ig re  or 
the nderlying di- ac c chain, the  sim lation sho ed that only the Gal-  contri tes to 

inding y either engaging  or G  in an - ond interaction  o ever, these interactions 
o late only  o  the hole  sim lation, hich res lts in a adley de ned inding 
ose or the di- ac c chain  he res lts demonstrate that the  rotein o   recogni es 

the h man rece tor thro gh the terminal α , -sialoside hile the nderlying glycan does not 
signi cantly contri te to inding

Modeling of A/NL/109/03 (NL03)
 recogni ed ar e er glycans and did not ind to str ct res having their α , -sialosides at 

a mono- ac c moiety glycans 7-9, 12 and 16, ig re  t recogni ed str ct res having the 
sialoside on at least one di- ac c moiety glycans 10 and 13 , altho gh it sho s a signi cant 
im rovement in res onsiveness hen interrogated against str ct res hich contain tri- ac c 
resid es glycans 14, 15 and 17  h s, e er ormed all atoms  sim lations o  the com lex 

et een the  and the rece tor ac c α - e c  he  sim lation sho ed that 
the extended ac c chain contri tes to  inding  he analysis o  the  derived tra ec-
tory revealed a sta le inding ose or oth the α , -sialoside and the nderlying tri- ac c 
chain  n agreement ith revio sly re orted -ray st dies , the analysis o  the  sim lations 
sho ed that in , the  does not artici ate in sialic acid inding  nstead, the  
engages the Gal-   thro gh a - ond interaction hich res lts in a change in a dihedral 
angle o  the sialic acid-galactose glycosidic ond  he rotation o  the Gal-  resid e laces all 
s se ent moieties to ard the -helix  he  sim lations sho ed that the s  
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engages the Gal-   thro gh - ond interaction, hile the sn  rovides a - ond inter-
action ith the acetamide moiety o  Glc c-  ith an average distance o    ig re  
ns ection o  -ray crystal str ct res ,  o  ost  s sho s that distal m tations to the  

,  and  reoriented the side chain o  , hich res lted in an extended 
rece tor- inding site lementary ig re  he molec lar modeling st dy sho ed that 
Gal-  ma es a C -  interaction ith the aromatic ring o   ig re  he contri tion o  

 in rther sta ili ing rece tor inding as analy ed y monitoring the distance o  Gal-  
,  and  against the aromatic ring along the  sim lation lementary ig re , 

hich sho ed a sta le interaction  hese additional interactions s ort the hy othesis that 
ost-  strains have ndergone m tations that com ensated or the red ced a nity or the 

terminal sialoside  nterestingly, the extensive e istatic net or  hich correlates m tations at 
the  ith those occ rring at distal antigenic site, s ch as the -loo  and -helix, has 

een demonstrated y large-scale m tagenesis ex eriments

Modeling of A/NL/1797/17 (NL17)
 and  C a  sho ed strong res onsiveness only to glycans 14, 15 and 17 ig-

re  hese glycans have in common that at least one o  the arms is extended y three 
consec tive ac c nits that is rther modi ed y an α , -sialoside  h s, a glycan having 
o r ac c nits arranged in an asymmetrical manner 15  re resents the minimal rece tor 
or these vir ses  ono-sialylated derivative 15 gave a similar res onsiveness com ared to 

the is-sialosides 14 and 17 indicating that a identate inding event does not s stantially 
contri te to recognition as revio sly s ggested  e doc ed the str ct re o  the   

rotein in com lex ith the rece tor ac c α - e c ased on the res lts rom  
sim lation o   in hich e re laced the m tated resid es y sing the m tagenesis tool 
im lemented in y  he res lting str ct re as minimi ed y sing the stee est descent 
algorithm im lemented in the m er  rogram  he orientation o  the glycan rece tor 
is very similar in  and  eci cally,  does not resent additional amino acid 
m tations at the sialic acid inding site, leading to the same inding interactions as or  at 
this site  he Gal-  is also o nd in a similar manner, th s orienting the Glc c-  against the 

-helix  o ever, in  resid e  is s stit ted y he or hich - ond interaction 
is not ossi le, s ggesting that  does not contri te to rece tor inding ig re G,  
and  he missing interaction ith the Glc c-  may e the reason or the lac  o  inding o  
di- ac c containing glycans o served or  ith res ect to the red ced inding o   

ig re  nstead, the  is reserved and allo s or C -  interaction ith the Gal-  o  
the internal ac c moiety  he im ortance o   in extended N-glycan inding is con rmed 

y the rece tor s eci city o  C a clade hich resent the  and  m tations  t 
is ex ected that these vir ses lost the a ility to engage the Gal-  thro gh C -  interactions 

hile com ensate y - ond interaction et een the Glc c-  and the , hich re ect 
the regained a ility o  inding sialilated di- ac c glycans glycans 10 and 13  he molec lar 
modeling st dy herein resented s ort a notion that  vir ses have ndergone m ta-
tions to create an extended inding site
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Supplementary Figure 1. Binding specificity of control lectins ECA, MAL1 and SNA and CR8020 
A/H3N2 stem antibody. Glycans ere rinted on  glass slides and rece tor s eci city o  the 

iotinylated lectins and the C  anti ody as vis ali ed sing tre tavidin- lexa l or-  and a 
goat anti-h man lexa l or-  anti ody  ars re resent the ac gro nd-s tracted average relative 

orescence nits  o  o r re licates   al es or all individ al data oints are re resented in 
the lementary o rce ata le  Glycans 1-3  non-sialylated  4-6:  α , -lin ed e c  7-17:  α , - 
lin ed e c  A - C  linear α , -lin ed e c
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Supplementary Figure 2. Evolution of A/H3N2 hemagglutination ability of fowl and guinea pig 
erythrocytes. emaggl tination  titers are sho n or a re resentative set o   vir ses over 
the co rse o  evol tion in the last t o decades  ll  assays ere er ormed in the resence o   
n  oseltamivir
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Supplementary Figure 3. Concentration-dependent response of representative A/H3N2 viruses 
in glycan microarray analysis. Glycans ere rinted on  glass slides and rece tor s eci city 

as vis ali ed sing the h man C  anti ody ollo ed ith a goat anti-h man lexa l or-  
anti ody  ir ses ere a lied to the assay x and x dil ted rom the original isolate  ars re resent 
the ac gro nd- s tracted average relative orescence nits  o  o r re licates   al es 
or all individ al data oints are re resented in the lementary o rce ata le  Glycans 1-3  non-

sialylated  4-6:  α , -lin ed e c  7-17 and A - C :  α , -lin ed e c
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Supplementary Figure 4. Glycomic analysis of N-glycosylati on of turkey erythrocytes released 
by Endo F2. he data is sorted y a ndance and n m er o  ac c nits  ro osed str ct res are 
assigned to detected glycan com ositi ons

Turkey

Total (%) = 100
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Total (%) = 100

Complex 
High mannose

Supplementary Figure 5. Relati ve cell surface occupati on of complex and high mannose glycans 
on chicken and turkey erythrocytes. he ercent al distri ti on o  com lex and high mannose 
glycans as calc lated ased on the data rom the glycomic analysis o  ntreated erythrocytes  he ll 
overvie  o  the glycomic data can e o nd in ata -
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Supplementary Figure 6. Stability assay of glyco-engineered erythrocytes. ho n are the  titers 
o    and   sing nmodi ed le  or glyco-engineered right  
erythrocytes rom chic en red  and t r ey l e  Glyco-engineering and  assays ere er ormed in 

ll iological tri licates and means are lo ed  

NIB-104 A/NL/314/19 NIB-112 A/NL/3466/17 A/NL/1802/18 X-327 A/NL/384/19
Virus Passage Clade 3C.2a1a 3C.2a1b 3C.2a2 3C.2a2 3C.2a2 3C.3a 3C.3a

NIB-104 (A/Singapore/INFH-16-0019/16) E7Mdck_Siat2hCK 3C.2a1a 240 80 240 n.t. 160 30 <20
A/Netherlands/1797/18 Mdck1Siat2hCK 3C.2a1 <20 160 <20 20 40 <20 <20
A/Netherlands/314/19 MdckSiat2hCK 3C.2a1b <20 160 <20 30 60 <20 <20
A/Netherlands/10009/19 mixhCK2 3C.2a1b <20 60 <20 n.t. 80 <20 <20
A/Netherlands/371/19 MdckSiatmixhCK 3C.2a1b <20 240 <20 30 60 <20 <20
NIB-112 (A/Switzerland/8060/17) E7E1hCK 3C.2a2 480 5120 5120 3840 240 <20 <20
A/Netherlands/3466/17 Siat1hCK1 3C.2a2 30 80 480 960 80 <20 <20
A/Netherlands/1802/18 Siat1hCK1 3C.2a2 <20 80 <20 30 640 <20 <20
A/Netherlands/10616/19 MdckSiatmixhCK 3C.2a2 <20 120 120 640 80 <20 <20
X327 (A/Kansas/014/17) E17E1Siat1hCK 3C.3a <20 <20 <20 <20 <20 960 30
A/Netherlands/384/19 Siat2hCK 3C.3a <20 <20 30 <20 30 40 80
A/Netherlands/10006/19 MdckSiatmixhCK2 3C.3a <20 <20 <20 <20 <20 20 60

n.t. = not tested

Post-infection ferret sera raised against

Supplementary table 1. Focus reduction assay of recent A/H3N2 virus isolates.
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Supplementary Figure 7. Correlation of hemagglutination inhibition and focus reduction titers by 
recent A/H3N2 viruses. ho n is the correlation et een every  titer and  titer or all vir ses 
and sera as de icted in a le  and lementary a le  he titers o  the oc s red ction assay 
d licates ere averaged or the gra h  earman s ran  correlation coe cient as meas red sing 
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Supplementary Figure 8. Receptor binding specificities of representative H1N1 viruses using glycan 
microarray analysis. inding as vis ali ed sing a h man anti-  stal  anti ody C  ars 
re resent the ac gro nd-s tracted average relative orescence nits  o  o r re licates   

al es or all individ al data oints are re resented in the lementary o rce ata le
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Subtype Year 98 131 133 134 135 136 137 143 144 145 146 153 155 156 157 158 159 160 182 183 188 189 190 193 194 195 196 221 222 223 224 225 226 227 228
H3N2 1968 Y T N G G S N P G S G W T K S G S T V H N Q E S L Y V P W V R G M S S
H3N2 1991 Y A S G E S Y S V K S W H E S E Y T V H D R E S L Y V P W V R G L S S
H3N2 1991 Y A S G E S Y S V K S W H E S D Y K V H D R E S L Y V P W V R G L S S
H3N2 2003 Y T N G T S S S N K S W T H L K Y K V H D S D S L Y A P R V R D I S S
H3N2 2003 Y T N G T S S S N K S W T H L K Y R V H D S D N L Y A P R V R D V S S
H3N2 2005 Y T N G T S S S N N S W T H L K F K V H D N D F L Y A P R I R N I P S
H3N2 2007 Y T N G T S S S N N S W T H L K F K V H D N D F L Y A P R V R N I P S
H3N2 2009 Y T N G T S S S K N S W T H L N F K V H D K D F L Y A P R V R N I P S
H3N2 2009 Y T N G T S S S N N S W T H L R F K V H D N D F L Y A P R V R N I P S
H3N2 2011 Y T N G T S S S N N S W T Q L N F K V H D K D F L Y A P R I R N I S S
H3N2 2012 Y T N G T S S S N N S W T H L N F K V H D K D F L Y A P R I R N I P S
H3N2 2014 Y T N G T S S S S S S W T H L N Y T V H D K D F L Y A P R I R D I P S
H3N2 2016 Y T N G T S S S S S S W T H L N Y T V H D K D F L Y A P R I R D I P S
H3N2 2017 Y T N G K S S S S S S W T H L N Y T X H D K D F L Y A P R I R D I P S
H3N2 2019 Y T N G K S S S S S S W T H L N Y T X H D K D F L Y A P R I R D I P S

H3N2 2013 Y T N G T S S S N S S W T H L N S K V H D K D F L Y A P R I R D I P S
H3N2 2012 Y T N G T S S S N S S W T H L N F K V H D K D F L Y A P R I R N I P S
H3N2 2016 Y T N G T S S S N S S W T H L N S K V H D K D F L Y A P R I R D I P S
H3N2 2017 Y T N G T S S S K S S W T H L N S K V H D K D S L Y A P R I R D I P S
H3N2 2019 Y T N G T S S S K S S W T H L N S K V H D K D S L Y A P R I R D I P S

Y T N G T S S S . S S W T H L N . K V H D K D F L Y A P R I R . I P S

Id
A/Hong Kong/1/68

A/Singapore/INFH-16-0019/16

A/Netherlands/816/91
A/Siena/3/91
A/Netherlands/109/03
A/New York/18/03
A/Wisconsin/67/05
A/Brisbane/10/07

A/Netherlands/10002/19

consensus sequence

aa sequence

A/Netherlands/1797/17
A/Netherlands/371/19

A/Swiss/9715293/13
A/Netherlands/622/12
A/Netherlands/153/16
A/Kansas/14/17

A/Perth/16/09
A/Netherlands/761/09
A/Victoria/361/11
A/Texas/53/12
A/Hong Kong/4801/14

Supplementary Table 2. Sequence analysis. Alignment of A/H3N2 HA sequence spanning from 1968 
to 2019. mino acid m tati on re ers to the K  se ence  mino acid sti t ti ons are la elled 
in color code according to the changes in olarity  m tati ons that led to amino acids o  similar olarity 
are la elled in gray, m tati ons that led to less olar aa are in in , m tati ons to more olar ncharged 
resid e are la eled in light l e, m tati ons to amino acids ith negati vely charged side chain are la eled 
in red, m tati ons to amino acids ith ositi ve charged side chain are la eled in dar  l e  e  occ rring 
glycosylati on sites are la eled in green

Y 15 9 Y 15 9E 15 6 H 15 6

H 15 5 T 15 5A 131 T 131

G a l - 6

A B

Supplementary Figure 9. Comparison of the last frames from MD simulati on of (a) NL91 and (b) 
NL03 highlighti ng the amino acid substi tuti ons which shaped the orientati on of the side chain of 
Y159. he C -  interacti on ith the roximal Gal-  is ossi le only or  d e to the avora le 
interacti on et een the  and  rings  n the other hand, the n avora le contacts et een 
the negati vely charged Gl  and the aromati c ring dis laces the  side chain a ay rom the Gal-  
resid e, ham ering the C -  interacti on  he - ond net or  hich sha e the orientati on o   is 
de  ned y the dashed lac  line
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Supplementary Figure 10. Details of the CH-π interacti ons for Gal-6 residue as determined by 
measuring the distance among the Gal-6 H3, H4 and H5 and the Y159 aromati c ring along the MD 
simulati on.

Supplementary Data 1 & 2. ll glycomic data o  N-glycans on , - ia oly-  o l erythro-
cytes  rovided as a se arate d   le

Supplementary Data 3. icroarray o rce data
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Abstract

Glycan engineered erythrocytes o er a sol tion or the increased challenges ith the antigenic 
characteri ation o  in en a  vir ses y  assay, and there y aid the s rveillance o  
circ lating vir ses or vaccine dates  o ever, their relatively short shel  li e a er engineer-
ing limits their se and increases their costs  here ore, in this st dy e aimed to increase 
the shel  li e o  o r engineered erythrocytes y reservation o  the cells ith gl taraldehyde  
Gl taraldehyde is a xative that reserves erythrocytes y crosslin ing roteins y a reaction 

et een the i nctional aldehyde gro s and amino acids, and rovides excellant ltrastr c-
t ral reservation   e sho ed that gl taraldehyde xated erythrocytes stayed sta le or at 
least  ee s or the se in hemaggl tination assays  lso, hen er orming an  assay e 
o served a strong ositive correlation et een the inhi ition titers o tained sing resh or 

xated erythrocytes, indicating that the gl taraldehyde xation does not inter ere ith the 
inding o  antigens and antisera in the  assay  ne di c lty o  or ing ith the gl taralde-

hyde xated erythrocytes that e o served as the altered sedimentation o  the erythrocytes, 
hich decreases the sensitivity o  the assay

�
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Introduction

n en a vir ses circ late the glo e and com romise lic health d ring seasonal o t rea s  
heir a ility to ra idly evolve and evade o r imm nity re ires reg lar vaccine dates or 

good rotection  o timely monitor i  antigenic changes in circ lating vir ses re ire a vaccine 
date, the Glo al n en a rveillance and es onse ystem G  rom the  closely 

monitors the antigenic evol tion o  in en a vir ses ,  his s rveillance rimarily relies on the 
emaggl tination inhi ition  assay  he  assay meas res the a ility o  ser m anti odies 

to loc  rece tor inding y the vir s  rotein thro gh the inhi ition o  vir s-mediated 
aggl tination o  erythrocytes  his inhi ition can e anti ed and gives a direct correlate o  

rotection  here ore, the  assay is a se l meas re to select re resentative vir s strains 
or vaccine rod ction and has een the golden standard or the last  years   assays are 
re era ly er ormed ith o l erythrocytes, hich are n cleated, heavy and there y sho  a 

sedimentation that acilitates the inter retation o  the assay

n the recent decades, antigenic characteri ation o   vir ses y the  assay has e-
come increasingly challenging ,  vol tion o  in en a  vir ses has shi ed its rece tor 
s eci city to ards α , -lin ed sialic acids resented on extended glycans containing m lti le 
ac c re eats d e to a loss o  inding to ards shorter glycans, starting et een  and 

 he a sence o  this minimal rece tor on the cell s r ace o  o l erythrocytes has led 
to a loss in aggl tinating a ility o  these vir ses, ma ing the  assay ina lica le or a gro ing 
n m er o   vir ses  lying the no ledge o  this evolved rece tor s eci city, an 
exo-en ymatic cell-s r ace glycan remodeling strategy as develo ed to install the minimal 
rece tors on the s r ace o  o l erythrocytes  his remodeling strategy res lted in an e cient 
aggl tination o  the remodeled cells y contem orary  vir ses  he com ati ility o  
the recent  vir ses ith the standard  assay sing the engineered erythrocyts co ld 
o er a sol tion to the c rrent ro lem ith the antigenic characteri ation o  these vir ses

o ma e glycan remodeled erythrocytes availa le or the antigenic characteri ation o  circ lat-
ing vir ses, increasing the sta ility o  the erythrocytes is desira le  rythrocytes are o cially 
stated to have a shel  li e o   days hen sed or lood trans sions  o ever, hen stored 
in  erythrocytes ill sho  hemolysis ithin a e  days a er isolation rom lood and most 
la oratories render them ina lica le or  assays a er  ee  o  storage in  his limita-
tion is overcome in most virology la oratories y inho se animal acilities to rovide resh 

lood on a ee ly asis  o ever, the glycan remodeling ta es several days, decreasing the 
indo  to er orm  assays sing the glycan remodeled cells  rolonging the shel -li e o  

the engineered erythrocytes ill aid oth rod ction and distri tion o  the cells y allo ing 
more e cient se o  the received atches and acilitating the rod ction o  larger atches o  
engineered erythrocytes

ne ay that has een sed to reserve erythrocytes is xation o  the cells ith gl taral-
dehyde  Gl taraldehyde is a xative that crosslin s roteins y a reaction et een the 

i nctional aldehyde gro s and amino acids ,  he extensive crosslin ing o  this xative 
rovides excellent ltrastr ct ral reservation o  the cells  ixation y gl taraldehyde can 

sta ili e red lood cells  to  months , and as o nd to e com ati le ith hemaggl tina-
tion and hemaggl tination inhi ition assays or h man in en a vir ses hen sing t r ey 
erythrocyts  here ore, e here tested the a lica ility o  gl taraldehyde xation to increase 
the shel  li e o  o r engineered cells

4Gl taraldehyde xation o  glycan remodeled erythrocytes
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Results

Stability time-course of glutaraldehyde fixated RBCs

o assess the e ect o  gl taraldehyde xation on the inding ro erties and sta ility o  the 
engineered erythrocytes e modi ed resh t r ey erythrocytes sing o r revio sly lished 
glycan remodeling roced re  in iological tri licates  er modi cation, the cells in each 
sam le ere s lit and  o  the erythrocytes ere xated in a   gl taraldehyde  
sol tion    Gl taraldehyde has roven in revio s literat re to e ciently xate red lood 
cells itho t any e ects on the rotein con ormation and antigenicity o  the cell s r ace ,  

oth xated and resh glycan remodeled erythrocytes ere stored in a   sol tion 
and their sta ility as tested ee ly in a hemaggl tination assay sing the in en a vir s 

etherlands  ig re  his  vir s rom the clade C a  has lost its 
inding a ility to nmodi ed t r ey erythrocytes  n day ero and ee   oth xated and 
resh modi ed erythrocytes sho ed sta le titers, and the xation did not signi cantly in -

ence the aggl tination o  the erythrocytes ig re  rom ee  , the resh erythrocytes 
sho ed hemolysis, ca sing insta le titers and rom ee   no titers co ld e o tained rom 
the resh cells  he xated cells ho ever sho ed very sta le titers ntil ee   he dramatic 
dro  in titer and increased  o  the xated cells in ee   and  a eared to e d e to 
increased sedimentation o  the erythrocytes d ring the hemaggl tination assay  e ad sted 
the method o  res s ension o  the cells y rotating them at  C or one ho r e ore er orm-
ing the hemaggl tination assay method , a er hich sta le titers ere o tained ntil ee  

Antigenic characterization of A/H3N2 viruses by HI assay

er con rming the increased sta ility o  the xated erythrocytes in the sta ility time co rse, 
e contin ed y er orming an  assay ith the xated erythrocytes sing a s set o  re -

resentative recent  vir ses  n the hemaggl tination assay, er ormed to set the vir s 
concentrations or the  assay, e o served the same sedimentation a ern o  the xated 
cells as e o served in the sta ility time co rse in ee  ve and six  his ca sed the hemag-
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Figure 1. Stability time course. emaggl tination assays ere er ormed sing the in en a  
vir s  clade C a , sing resh or xated glycan remodeled erythrocytes  er ee  

 erythrocytes ere res s ended y rotating or  ho r method  e ore er orming the assay  he 
mean titers -  o  the tri licates o tained in the hemaggl tination assays ere lo ed, 
starting at day 
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gl tinating titers o  the vir s stoc s to e on average seven times lo er hen sing the xated 
erythrocytes com ared to resh engineered erythrocytes a le  or this reason, se arate 
vir s dil tions ere made or the xated and resh modi ed erythrocytes or the  assay  

oth xated and resh cells ere em loyed to antigenically characteri e a set o  re resentative 
recent  vir ses o  vario s clades sing ost-in ection erret sera a le    era 

 and  sed in the  assay sho ed increased ser m control titers hen sing 
the xated erythrocytes, hich decreased the sensitivity o  the  data com ared to resh 
erythrocytes  or oth the xated and the resh cells all antisera sho ed ro st inhi ition 
o  their homologo s vir ses and sera  and  sho ed a clear clade s eci city 
in their inhi ition a ern  gg derived vaccine strain -  sho ed greater inhi ition y 
most antisera than the cell gro n vir ses  lso, ost in ection erret ser m o tained rom 

-  sho ed no cross reactivity ith any other than its homologo s vir s  n some cases, 
antisera sho ed a errant inhi ition hen sing xated erythrocytes  ost o  the a errant 
titers in xated cells sho ed a lo er inhi ition com ared to the resh cells  ir ses eth-
erlands  and etherlands  did not sho  inhi ition y any o  the 
heterologo s antisera hen sing xated erythrocytes  he titers rom the  matrices ere 

lo ed in an -  sca er to determine the correlation et een the titers o tained sing oth 
conditions ig re  here is a strong ositive correlation et een the titers o tained sing 

oth erythrocyte r   ost deviations rom the trend line can e assigned to lo er 
titers o tained hen sing the xated cells com ared to the resh erythrocytes  

Antigenic cartography

he antigenic distances et een the vir ses as meas red in the  assay ere vis ali ed in an 
antigenic ma  sing the antigenic cartogra hy  ac age acmacs , e lo ed the  data 
in a t o-dimensional ma , here the antigenic distance vis ali ed in antigenic nits  corre-
s onds to the inverse log  o  the  titers  ltidimensional scaling methods are sed to lace 
all antigens and antisera on the ma  in a ay that est ts the calc lated distances rom the  

NIB-104 19A314 17A3466 18A1802 19A384
Virus Passage Clade 3C.2a1a 3C.2a1b 3C.2a2 3C.2a2 3C.3a
NIB-104 (A/Singapore/INFH-16-0019/16) MdckSiat1_hCK2 3C.2a1a 320 320 80 640 80
A/Netherlands/1797/2017 MDCKSiat2_ hCK2 3C.2a1 <20 320 40 80 <20
A/Netherlands/314/2019 MDCKSiat2_ hCK2 3C.2a1b <20 640 80 160 40
A/Netherlands/371/2019 MDCKSiat2_MDCK1_hCK2 3C.2a1b <20 640 <20 160 60
A/Netherlands/3466/2017 Siat2_hCK2 3C.2a2 <20 80 960 80 <20
A/Netherlands/1802/2018 Siat1_hCK2 3C.2a2 <20 40 60 960 20
A/Netherlands/10616/2019 Mdck_SiatMix_hCK2 3C.2a2 <20 80 640 80 <20
A/Netherlands/384/2019 Siat2_hCK4 3C.3a <20 <20 30 40 320
A/Netherlands/10006/2019 MDCK_Siatmix_ hCK3 3C.3a <20 <20 20 30 320

Serum control 20 20 0 0 20

Post-infection ferret sera raised against

Table 1. Hemagglutination inhibition assay of A/H3N2 virus isolates using fresh modified 
erythrocytes.

NIB-104 19A314 17A3466 18A1802 19A384
Virus Passage Clade 3C.2a1a 3C.2a1b 3C.2a2 3C.2a2 3C.3a
NIB-104 (A/Singapore/INFH-16-0019/16) MdckSiat1_hCK2 3C.2a1a 320 320 640 320 80
A/Netherlands/1797/2017 MDCKSiat2_ hCK2 3C.2a1 <20 <20 40 40 <40
A/Netherlands/314/2019 MDCKSiat2_ hCK2 3C.2a1b <20 320 40 60 <40
A/Netherlands/371/2019 MDCKSiat2_MDCK1_hCK2 3C.2a1b <20 320 40 80 <40
A/Netherlands/3466/2017 Siat2_hCK2 3C.2a2 <20 80 640 80 <40
A/Netherlands/1802/2018 Siat1_hCK2 3C.2a2 <20 80 40 640 <40
A/Netherlands/10616/2019 Mdck_SiatMix_hCK2 3C.2a2 <20 80 640 40 <40
A/Netherlands/384/2019 Siat2_hCK4 3C.3a <20 <20 <20 <20 240
A/Netherlands/10006/2019 MDCK_Siatmix_ hCK3 3C.3a <20 <20 <20 <20 240

Serum control 20 20 20 0 40

Post-infection ferret sera raised against

Table 2. Hemagglutination inhibition assay of A/H3N2 virus isolates using fixated modified 
erythrocytes.
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data  he ma s ere selected o t o   o timi ations and ere aligned in their orientation  
ig re  sho s the antigenic ma s created sing the resh modi ed erythrocytes ig re  

and the xated modi ed erythrocytes ig re , resented as lo  lots to vis ali e the 
ncertainty o  each antigen and antiser m  he vir ses and sera are color coded ased on 

their antigenic clade  here are m lti le actors that in ence the lacement o  antigens and 
antisera on an antigenic ma  Generally, the data o tained rom the  matrix can e s lit into 
high reactors and lo  reactors  o  reactors are those val es that are e al to or all elo  
the detection threshold o  the assay, hich in this st dy is -  hese lo  reactors are given 
the same val es t can di er in their inding a nities  here ore, they are nrelia le and ill 

e laced on the ma  ith less certainty, res lting in larger lo s in the ma  dditionally, all 
antigens laced on the ma  ith the se o  only one or t o data oints are laced ith less 
certainty  ogether these ncertainties in enced the resol tion o  the antigenic ma  and 
res lted in a change in orientation o  m lti le antigens and antisera et een oth erythrocyte 
conditions ig re  e anti ed the resol tion o  the antigenic ma s y correlating the 
theoretical antigenic distances calc lated rom the  matrix the inverse log o  the titer  ith 
the ed antigenic distances on the antigenic ma  ig re  sho s correlations o  the data 
o tained ith resh erythrocytes ig re , r   and ith xated erythrocytes ig re 

, r  , nderlining the decreased resol tion hen sing xated erythrocytes
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Figure 2. Correlation of hemagglutination inhibition titers obtained from fresh and fixated 
remodeled erythrocytes. ho n is the correlation et een every  titer or all vir ses and antisera 
as de icted in ta le  and  earman s ran  correlation coe cient as meas red sing gra h ad 

rism  o aid the reado t o  the lot, all titers elo  the detection threshold are de icted as  in 
the gra h
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Discussion

Glycan engineered erythrocytes o er a sol tion or the increased challenges ith the antigenic 
characteri ation o  in en a  vir ses y  assays  o ever, their relatively short shel  
li e a er engineering limits their se and increases their costs  here ore, in this st dy e 
investigated the se o  gl taraldehyde xation to increase the sta ility and shel  li e o  o r 
engineered erythrocytes or e cient distri tion and se o  the cells or antigenic character-
i ation  

n a sta ility time co rse ith the recent  in en a vir s etherlands  
clade C a  e sho ed that gl taraldehyde xated erythrocytes stayed sta le or at least 

 ee s  his is in accordance ith revio s st dies that sho ed a sta ility o  gl taraldehyde 
xated cells or  to  months ,  lso, hen er orming an  assay e o served a strong 
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Figure 3. Antigenic cartography. ho n are the antigenic distances o   vir ses ased on 
serological data o tained sing resh A  and xated B  engineered erythrocytes  ntigens and antisera 
are de icted as lo s, re resenting areas in hich a artic lar antigen or antisera can e ositioned 

itho t increasing the total stress o  the ma  a ove one nit  ll are color-coded y their clades as 
de icted in the legend   nit on the antigenic ma  corres onds to a - old serial dil tion in the  assay
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Figure 4. Correlation of HI data and map distances. ho n are the correlations et een the -log  
val es o  the  titers and the distances in the antigenic ma s sing resh A  and xated B  erythrocytes  

earman s ran  correlation coe cient as meas red sing gra h ad rism 
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ositive correlation et een the inhi ition titers o tained sing resh or xated erythrocytes, 
indicating that the gl taraldehyde xation does not inter ere ith the inding o  antigens and 
antisera in the  assay  

o ever, one di c lty o  or ing ith the gl taraldehyde xated erythrocytes that e 
o served as the altered sedimentation o  the erythrocytes  he xated cells re ired an 
increased res s ension to o tain sta le titers, an ad stment that roved to e very delicate in 
the er ormance o  the  assay hen sing larger vol mes o  lood  Gl taraldehyde xation 
decreases the cell vol me o  erythrocytes y , there y increasing the density o  the cells  

his increased density might in ence the sedimentation o  the erythrocytes  o ever, this 
does not ex lain the act that this increased sedimentation co ld e revented y rolonged 
res s ension o  the cells rior to aggl tination  

ven tho gh the set o  antigens and antisera sed in the c rrent st dy as too small to dra  
de nitive concl sions, the res lts indicate that gl taraldehyde xated erythrocytes can e 

sed to identi y antigenically distinct  vir ses in an  assay  o ever, se o  the xated 
erythrocytes did res lt in an increased n m er o  titers elo  the detection threshold o  the 
assay  his res lted in a lo er resol tion in the generated antigenic ma , meaning that the 

se o  xated erythrocytes otentially decreases the chance o  correctly detecting smaller 
antigenic changes et een circ lating vir ses  his co ld ma e them less s ita le or glo al 
in en a s rveillance than resh modi ed erythrocytes   sol tion or this might e o nd in 
alterations to the xation rotocol  vent ally, t re endeavors might create the o ort nity 
to com letely re lace erythrocytes as the carrier or the glycan rece tors in  assays  e-
cently, synthrocytes ere introd ced as a synthetic alternative to the se o  Cs in  assays  
ynthetic eads might e the ltimate sol tion to create sta le eads or the se in  assays
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Material & Methods

Influenza viruses

 total o  nine h man  in en a vir ses ere chosen or this st dy to re resent the di er-
ent circ lating clades  inga ore - -  -  and etherlands  

ere chosen to re resent clade C a  and C a a  etherlands  and ether-
lands  re resented clade C a  Clade c a  as re resented y the vir ses 

etherlands , etherlands  and etherlands  astly, 
the vir ses etherlands  and etherlands  re resented vir ses rom clade 

C a  ll vir ses ere indly rovided y the de artment o  iroscience at rasm s edical 
Center

Erythrocyte preparation

rythrocytes ere o tained y centri ging resh r ey lood  min,  rc  er cen-
tri gation, the s ernatant as removed and the ellet as ashed three times in  

rythrocytes ere stored in a  sol tion at  C ntil rther se

Glyco-engineering of red blood cells

Materials
ammalian glycosyltrans erases ere ex ressed according to literat re re orts  Gn  and 

Gal  ere cleaved and ri ed rom G  tags rior to se  cleotide s gars -Gal, -
Glc c and C - e c ere rchased at oche iagnostics -Gal  Cat   

-Glc c  Cat   C - e c  Cat   Arthrobacter ureafaciens 
ne raminidase as o tained rom e  ngland iola s   de ned as the amo nt o  en yme 
cataly ing the conversion o   mol s strate  min-  Cat   l aline hos hatase 

ast  as o tained rom hermo cienti c Cat  

he en ymatic extenstion o  the erythrocytes as er omed ollo ing revio sly re orted 
rotocol  rie y,    and Arthrobacter Ureafaciens ne rmanidase   ere 

added to a s s ension o   o l erythrocytes   and inc ated or  ho rs at  C 
hile tilting or the desialylation o  the glycans  ext, the desialylated glycans ere extended 
y the addition o  the glycosyltrans erases G   ,  mg m -  and G   , 
 mg m - , the n cleotide s gars -Gal  m  and -Glc c  m , al aline hos-
hatase  , nCl  m  and   ,  mg m -  his reaction mixt re as inc ated 

overnight at  C hile tilting  er overnight inc ation the erythrocytes ere ashed t o 
times and resialylted sing Gal   ,  mg m -  and C - e c m  in the 

resence o    ,  mg m -  and al aline hos hatase  or  ho rs at  C hile 
tilting  Glycan remodeled erythrocytes ere ashed in  and stored in a  sol tion at  
C or rther se

Glutaraldehyde fixation

or the gl taraldehyde xation o  erythrocytes, rstly a stoc  sol tion o    gl taraldehyde 
igma ldrich  in  as re ared    erythrocyte sol tion as xated in  gl taral-

dehyde  in a vol me ratio o   or  ho r at room tem erat re hile rotating  ring 
xation the color o  the erythrocytes change rom right red to dar  ro n  er xation the 

cells ere ashed three times in  and stored in a  sol tion in  at  C ntil se in 
hemaggl tination inhi ition  assays
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Stability time-course

or the sta ility assay r ey erythrocytes ere glycan remodeled in ll iological tri licates 
li e descri ed a ove  er modi cation,   o  the glycan engineered erythrocytes as x-
ated ith gl taraldehyde as descri ed a ove and stored in a   sol tion  emaggl tination 
assays ere er ormed every ee  sing  erythrocytes and the in en a vir s eth-
erlands  emaggl tination assays ere er ormed ollo ing standard rotocols  

rie y, vir s stoc s ere t o- old serial dil ted in the resence o  oseltamivir  n  in a 
- ells late  he erythrocytes  ere mixed ith the serial dil ted vir ses and inc ated 

or  hr at  C e ore titers ere determined  iters ere ex ressed as the highest dil tion o  
vir s stoc  that com letely aggl tinated the t r ey erythrocytes  he means o  the titers over 
the tri licates ere lo ed - 

Hemagglutination inhibition assay

emaggl tination inhi ition assays ere er ormed ollo ing standard roced res  ost-
in ection erret sera raised against the vir ses - , etherlands , ether-
lands  and etherlands  ere indly rovided y the de artment o  

iroscience at rasm s edical Center  he treated antisera ere re-a sor ed ith either 
xated or resh erythrocytes  y inc ation or ,  hrs at  C, hile mixing every  min-
tes  re-a sor ed antisera ere t o- old serial dil ted starting at  and mixed ith vir s 

stoc    containing  hemaggl tinating nits  ir ses ere inc ated ith the antisera or 
 hr at  C in the resence o  oseltamivir  n  and   r ey erythrocyte sol tion 

 ,  as added and a er a  h inc ation at  C inhi ition a erns ere recorded  
iters ere ex ressed as the val e o  the highest ser m dil tion that gave com lete inhi ition 

o  aggl tination

Antigenic cartography

e created a geometric inter retation o  the inhi ition titers against the tested  vi-
r ses sing  ntigenic Cartogra hy acros acmacs  so are,  ac age  ased on the 
data rom the emaggl tination inhi ition assay, antigenic ma s ere constit ted in  sing 
the ac age acmacs h s gith com acorg acmacs  he acmacs ac age rovides a 
tool it or ma ing antigenic ma s rom assay data s ch as  assays as descri ed in literat re  

inimal col mn ases ere set to none, and the ma s ere ic ed ased on  o timi-
ations  he ma s are resented on a grid in hich each s are indicates  antigenic nit, 

corres onding to a t o- old dil tion o  the anti ody in the emaggl tination inhi ition assay  
ntigenic distance as meas red in any direction on the ma , and the directions o  oth ma s 
ere aligned  earman s correlation coe cients et een the data rom the  matrix and the 

distances on the antigenic ma s ere calc lated sing gra h ad rism 
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Virus Type Clade Unmodified Modified Modified & Fixated
NIB-104 (A/Singapore/INFH-16-0019/16) H3N2 3C.2a1a n.d. 64 32
A/Netherlands/1797/2017 H3N2 3C.2a1 n.d. 256 48
A/Netherlands/314/2019 H3N2 3C.2a1b n.d. 256 48
A/Netherlands/371/2019 H3N2 3C.2a1b n.d. 48 4
A/Netherlands/3466/2017 H3N2 3C.2a2 n.d. 256 32
A/Netherlands/1802/2018 H3N2 3C.2a2 n.d. 256 32
A/Netherlands/10616/2019 H3N2 3C.2a2 n.d. 256 32
A/Netherlands/384/2019 H3N2 3C.3a n.d. 192 24
A/Netherlands/10006/2019 H3N2 3C.3a n.d. 192 32

Hemagglutination titers (HAU per 25 µl)

Supplementary Table 1. Hemagglutination assay of A/H3N2 virus isolates using unmodified, 2,6-Sia 
Poly-LN modified and 2,6-Sia Poly-LN modified and fixated turkey erythrocytes.

NIB104

NL/1797/17

NL/314/19

NL/371/19

NL/3466/17
NL/1802/18

NL/10616/19

NL/384/19
NL/10006/19

NIB104

NL/314/19

NL/3466/17
NL/1802/18

NL/384/19

3C.2a1
3C.2a1a
3C.2a1b
3C.2a2
3C.3a

Supplementary Figure 1. Comparison of antigenic maps. ho n is the antigenic ma  o  xated 
erythrocytes ith arro s indicating the location o  antisera and antigens on the antigenic ma  generated 

ith resh erythrocytes  ntisera are color-coded ased on their antigenic clade   nit re resents a 
- old dil tion o  antisera in the  assay
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Abstract

or the identi cation and characteri ation o  circ lating in en a vir ses, it is essential to iso-
late and ro agate vir ses rom clinical s ecimens  CK cells are the most idely sed cell 
line or the ro agation o  in en a vir ses eca se o  their high s sce ti ility to in ection y 
vario s in en a vir s strains and their easy maintenance  o ever, recent h man in en a 

 vir ses sho  oor ro agation in CK cells   h mani ed CK cell line, called hCK, 
as there ore generated ith an increased resentation o  rototy ic h man-ty e rece tors  

hCK cells ere roven s ccess l or the ro agation o  recent  vir ses  hile the 
sialic acid lin ages in hCK cells have een st died, only s arse in ormation can e o nd on 
the rest o  the glycosylation characteristics hich might in ence in ection  here ore, to gain 
a e er nderstanding o  hich cell-line changes may have led to the enhanced in ectivity o  
recent  vir ses, e com rehensively investigated the glycosylation characteristics o  
hCK cells and com ared them to the classical CK cells  n doing so, e o served an increase 
in sialylation and oly- ac c a ndance, leading to increased si e o  com lex glycans in hCK 
cells, t e also detected considera ly increased α-galactosylation, a non-h man glycosyl-
ation characteristic  h s, hile the hCK cells may rovide val a le in ormation on vir s-host 
interactions, care has to e ta en to inter ret res lts since changes in glycosylation ha ened 
on levels eyond the sialylation lin ages

�
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Introduction

he G  is a orld ide net or  that monitors the s read o  in en a vir ses to timely 
detect antigenic m tations that re ire vaccine ada tations  C rrently, t o in en a  s -
ty es  and  and t o lineages o  the in en a  vir s amagata and 

ictoria  circ late the glo e to ca se seasonal in en a or e idemics  or the identi cation 
and characteri ation o  circ lating vir ses it is essential to isolate and ro agate vir ses rom 
clinical s ecimens  CK cells are the most idely sed cell line or the ro agation o  vir ses 

eca se o  their high s sce ti ility to in ection y vario s in en a vir s strains and their easy 
maintenance ,

he s r ace o  h man in en a  and  vir ses is covered y t o main glyco roteins, hemag-
gl tinin  and ne raminidase   acts as the rece tor- inding rotein and recogni es 
sialic acids resented on the s r ace o  the host cell or in ection   is also the ma or antigen 
that stim lates rotective imm nity in the host y the generation o  ne trali ing anti odies  

he rototy ic rece tor or  roteins on h man in en a vir ses is a sialic acid lin ed to 
the nderlying galactose in an α , -lin age e c α , Gal  his is also tho ght to e the 
main determinant o  host tro ism et een h man and avian vir ses as  roteins on avian 
in en a vir ses recogni e sialic acids lin ed in α , -lin age to the nderlying galactose or 
in ection  CK cells resent oth α , -lin ed and α , -lin ed sialic acids on their s r ace, 
ma ing them s ita le or isolation o  in en a vir ses rom m lti le s ecies

es ite the idely acce ted se o  CK cells or the ro agation o  in en a vir ses, the h -
man in en a vir s  has sho n a decrease in ro agation e ciency in CK cells  he 
ra id evol tion o  these vir ses has coincided ith an altered rece tor sage, hich res lted in 
the ina ility o  these vir ses to aggl tinate red lood cells as ell as the ina ility to ro agate 
these vir ses in CK cells  o overcome this ro lem, research has oc sed on increasing 
the rototy ic h man rece tor on the s r ace o  CK cells ,   h mani ed CK cell line, 
called hCK, as generated ith overex ressed α , -s eci c sialyltrans erase Gal  to 
increase resentation o  rototy ic h man-ty e rece tors  dditionally, to rther s e  the 
hCK sialylation a ern to ard α , -lin ages, seven di erent α , -s eci c sialyltrans erases 

ere genetically removed  ogether, hCK cells ere roven s ccess l or the ro agation o  
recent  vir ses

o ever, in recent years st dies have sho n that  vir ses might not only need the 
rototy ic α ,  -lin age or in ection, t also re ire nderlying glycan str ct res li e oly-N-

acetyllactosamine oly- ac c, oly-  str ct res or their inding -  hile the sialic acid 
lin ages resent in hCK cells have een st died, only s arse in ormation can e o nd on the 
rest o  the glycosylation characteristics hich might in ence in ection  here ore, to gain 
a e er nderstanding o  the rece tor re irements o  recent  vir ses or in ection, 

e com rehensively investigated the glycosylation characteristics o  hCK cells, and com ared 
them to the classical CK cells to ncover the ll array o  glycomic changes that may have 
led to the enhanced in ectivity

5Glycomic analysis reveals increased sialylation, α-Gal and extended glycans in hCK cells
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Results

Recent A/H3N2 viruses are efficiently propagated in hCK cells and not in MDCK cells

o veri y the ndings that only hCK cells are s sce ti le or in ection y recent  vi-
r ses , e rst investigated the ro agation e ciency o  t o  vir ses re resenting 
t o evol tionary time oints    re resents  vir ses that can e 

ro agated in CK cells  lso, this vir s can e aggl tinated y oth chic en and t r ey 
erythrocytes and sho ed e cient inding to α , -lin ed sialic acids resented on oth short 
and extended ac c re eats in microarray st dies   C a ,  re re-
sents  vir ses that cannot e ro agated in CK cells  lso, this vir s cannot e 
aggl tinated y oth chic en and t r ey erythrocytes and in inding st dies sho ed strong 

inding excl sively to α , -lin ed sialic acids on N-glycan str ct res resenting at least one 
arm ith three consec tive ac c re eats in microarray st dies

 ten- old serial dil tion o  oth vir ses as re ared and hCK and CK cells ere inoc lated 
ith ve di erent vir s dil tions  n ection e ciency o  all ve vir s dil tions as analy ed at 
 ho rs ost-in ection sing o  cytometry  oth CK and hCK cells sho ed high in ection 
ercentages a er inoc lation ith  ig re  noc lation ith  ho ever, only 

led to high in ection ercentages in hCK cells and sho ed very lo  in ection ercentages even 
or the highest vir s concentration in CK cells ig re  he di erence in in ection e -
ciency as vis ali ed y imm no orescence imaging a er an overnight in ection o   

in oth cell lines ig re  he o tained res lts con rmed revio s literat re that recent 
 vir ses co ld not e ro agated in CK cells t co ld e ro agated in the recently 

develo ed hCK cell line  
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Figure 1. Infection of MDCK and hCK cells by A/H3N2 viruses. ( A  noc lation o  CK and hCK cells 
ith  and   vir ses at ve ten- old serial dil tions  n ection 
ercentages ere determined  ho rs ost in ection y  staining and o  cytometry  B  vernight 

in ection o  CK cells and hCK cells ith  ir s articles ere vis ali ed ith the  
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Glycomic analysis of MDCK and hCK cells

er con rming the in ection a erns o  recent  vir ses in CK and hCK cells, e 
moved on to analy e the N-glycosylation a erns resented in these cell lines  Cell lysates 

ere treated ith Gase  to release N-glycans rom the glyco roteins  he released N-
glycans ere ri ed y  sing C  and oro s gra hiti ed car on GC  cartridges  the 

ri ed N-glycans ere la eled ith -amino en oic acid -  and analy ed sing C- , 
C  ragmentation or com ositional analysis o  the detected N-glycans  denti cation and 
anti cation o  the detected N-glycans as er ormed sing yline , here 

the ra  C-  traces ere analy ed or the resence o   di erent N-glycan com osi-
tions  ince li le is no n a o t the glycosylation o  canine cells, the more ncommon lin age 
α-galactose and N,N -di-N-acetyllactosediamine acdi c  ere also incl ded in the search  

n total, e detected  di erent glycan com ositions in CK cells and  in hCK cells  
verall, altho gh not signi cant, e detected more com lex-ty e N-glycans and less a ci-

mannose and high-mannose N-glycans in hCK cells com ared to CK cells ig re  lso, 
there roved to e a signi cant di erence in the n m er o  sialic acids detected er N-glycan 

et een oth cell lines ig re  n CK cells, the large ma ority o  the detected N-glycans 
did not contain sialic acids , ig re , here in hCK cells only  o  the detected 
N-glycans contained no sialic acid    dditionally, e also o served signi cant di er-
ences et een oth cell lines in the ercentage o  N-glycan str ct res containing  or more 
sialic acids  n CK cells only   o  the detected glycans contained  or more sialic acids, 

hereas in hCK cells   o  all detected glycans contained  or more sialic acids

hen loo ing at the glycan com ositions, a clear di erence co ld e o served in the detected 
com lex-ty e N-glycans et een oth cell lines ig re  n CK cells, the largest o -
lations o  com lex-ty e N-glycans consisted o  ex c ex  or ex c ex  com ositions  
or hCK cells, this distri tion as shi ed to ard ex c ex , ex c ex  and even ex-

c ex  com ositions, indicating that this cell line resents larger com lex-ty e N-glycans 
than the CK cell line  ig re  sho s the chromatogra hic se aration o  the detected 
glyco orms as sed or the anti cation in yline
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Detection of poly-LN structures by MS2 fragmentation

o investigate hether the larger com lex-ty e glycans detected in hCK cells co ld indicate 
an increase o  oly-  str ct res, e man ally searched the  traces or the resence o  
corres onding oxoni m ions   m/z    m/z    m/z   

 m/z  otential ragmentation o  the larger ac c ragments into smaller nits 
revented s rom anti ying the oly-  ragments in an a sol te manner, t the overall 

intensity o  single ac c ragments in com ination ith the resence o  oly-  ragments is 
ex ected to give an indication o  relative n m ers o  oly-  str ct res resent  s s ch, e 
calc lated the s m o  the intensity o  the detected ac c ragments over all scans ig re  
o correct or the n m er o  detected glycans in each sam le, e also corrected the ac c 

intensities y the intensity o  core Glc cs in that sam le ig re  he intensity o  core 
Glc cs as determined y the s m o  intensities o  the oxoni m ions m/z  Glc c  

 and m/z  cosylated Glc c   over all s ectra in each sam le  s sho n 
in ig re , the intensity o  detected ac c ragments in hC  cells as - old higher than 
in CK cells, indicating a otential increase in oly-  str ct res in hCK cells com ared 
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Figure 3. Quantitative overview of glycan detections in MDCK and hCK cells. ( A  ll com ositions 
that sho ed an a ndance o  at least   ere lo ed as the average -  over t o re licates 
and ere normali ed to ards the most a ndant glycan s ecies in each sam le  ach ar re resents 
one N-glycan com osition as detected in CK orange  or hCK r le  cells  B  Chromatogra hic 
se aration o  each o  the glyco orms as sed or the anti cation in yline  he de icted antenna 
com osition, cose location and the location o  the sialic acids are ased on limited  ragmentation 
analysis and the literat re on glycan iosynthesis
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to CK cells  dditi onally, ig re  sho s the ragmentati on s ectra o  t o com ositi ons, 
 and , ith clearly detecta le -  oxoni m ions m/z , rovid-

ing evidence or str ct ral characteristi c among the glycan com ositi ons
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Figure 4. Sum of LacNAc intensity in MDCK and hCK cells. ( A  he di  erence in the s m o  the intensity 
o  ac c ragments detected in CK and hCK cells over the ll  trace    ho n are 
averages   or the iological d licate  i  erences et een the cell lines ere analy ed ith 
an n aired t-test ith a -val e threshold o   B  he s m o  the intensity o  ac c ragments 
corrected y the s m o  core Glc c ragments m/z  and m/z     ho n are 
averages   or the iological d licate  i  erences et een the cell lines ere analy ed ith an 

n aired t-test ith a -val e threshold o  

Figure 5. MS/MS fragmentati on of poly-LN compositi ons in hCK cells. C  rod ct de endent 
ragmentati on o  the oxoni m ions at m/z  , to  and m/z  , 
o  om  ho n are the oomed s ectra sho ing all oxoni m ions on the le   and the ll s ectra on 

the right
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Galactose-α1,3-galactose compositions

nterestingly, an increase in the n m er o  otential galactose-α , -galactose α-Gal  com osi-
tions as also detected in hCK cells com ared to CK, ith ex c ex  and ex c ex  
orming the most a ndant com ositions ig re   traces ere man ally searched 
or the resence o  oxoni m ions at m/z  Galα - Gal  and m/z  Galα -
Gal - Glc c  to con rm the resence o  tative α-Gal str ct res  ig re  sho s the 
ragmentation o   as detected in CK cells and  as detected in hCK cells, 

in hich ragments ith oth masses co ld e identi ed  xoni m ions at m/z  can 
also re resent Gal - Glc c - Gal ragments o  a oly-  arm instead o  a terminal α-Gal 
str ct re  o ever, the changed ratio et een the ea s at m/z  and m/z  
terminal sialylated ac c  in ig re  com ared to those o   and  in 
ig re  indicates that the ea  can at least artially e assigned to the resence o  α-Gal 

str ct res
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α-Gal compositions. ll otential α-Gal 
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in each sam le  ach ar re resents one 
N-glycan com osition as detected in CK 
orange  or hCK r le  cells
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Discussion

ven tho gh in  en a in ecti on has een highly st died, esti ons remain a o t the role o  
glycan rece tors in the rocess o  in  en a in ecti on  t as revio sly indicated that not only 
sialic acids lay a role in the inding a   nity o  in  en a vir ses, t that or  vir ses the 

nderlying glycan str ct re also lays a role , , ,  n this st dy, e analy ed the distri ti on 
o  N-glycans resented in CK and hCK cells y glycomic analysis to get a e  er nderstand-
ing a o t the glycans resented in these cell lines and there y the rece tor re irements o  
recent  vir ses or in ecti on  n doing so, e identi  ed an increase in sialylati on, larger 
com lex N-glycan com ositi ons, and an increase in α-galactosylated N-glycans in hCK cells 
com ared to CK

hCK cells are geneti cally engineered to overex ress α , -sialoglycans and extremely lo  levels 
o  α , -sialoglycans to mimic the sialylati on a  erns o  the h man er res iratory e ithe-
lial cells  o achieve this, seven di  erent α , -sialyltrans erases ere geneti cally removed  

dditi onally, the cells ere trans ected ith the h man α , -sialyltrans erase Gal  to 
increase the sialylati on to ard α , -lin ages  es ite the noc -o t o  seven di  erent α , -
sialyltrans erase en ymes, e o nd that hCK cells sho ed an increase in the n m er o  sialic 
acids resented er N-glycan  his indicates that the trans ecti on o  Gal  is more than 
a le to com ensate or the noc -o t o  the α , -sialyltrans erases  his increase in sialylati on 
co ld ex lain the increased in ecti vity o  hCK cells or recent  vir ses

Figure 7. MS/MS fragmentati on of α-Gal compositi ons in MDCK and hCK cells. C  rod ct 
de endent ragmentati on o  the oxoni m ions at m/z  CK, to  anel  and m/z  
hCK, o  om anel  ho n are the oomed s ectra sho ing detected oxoni m ions on the le   and the 

ll s ectra on the right
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ext to the increased sialylation in hCK cells, e also o served an increase in the si e o  the de-
tected com lex-ty e N-glycans in this cell line com ared to CK cells   search thro gh the 

 data roved the resence o  oly-  str ct res in hCK cells, hile e did not nd roo  o  
this in CK cells  t is no n that in the iosynthesis o  N-glycans sialic acids act as ca ing 
str ct res, mar ing the end o  a glycan arm and there y reventing rther elongation o  that 
arm  lterations in the ool o  sialyltrans erases might have changed the sialylation rate in 
a ay that N-glycans had the o ort nity to elongate rther in hCK cells than in CK cells  

ecently, o r gro  lished a a er in hich e o nd that recent  vir ses not only 
need α , -sialylation, t only ind to α , -lin ed sialic acids resented on a oly-  arm  

nly a small ercentage o  these rece tors ere needed on the s r ace o  red lood cells to 
acilitate aggl tination y recent  vir ses  h s, the increase o  the si e o  N-glycans in 

hCK cells might also lay a role in the in ectivity

nterestingly, next to the altered sialylation a ern and si e o  the N-glycans, e also o nd 
an increase in the resence o  li ely α-Gal str ct res in hCK cells  Canine cells have revio sly 

een o nd to resent α-Gal str ct res and e identi ed α-Gal str ct res in CK cells, even 
tho gh in considera ly lo er n m ers  α , -galactosyltrans erases and sialyltrans erases 

oth se the terminal ac c on glycans as a s strate or galactose or sialic acid trans er  -
arently, the change in the ool o  sialyltrans erases also ind ces a com etition et een the 

ca ing en ymes, res lting in an increase o  α-Gal str ct res in hCK cells  ince α-Gal str c-
t res do not nat rally occ r in h mans, the increase o  these str ct res on the cell s r ace o  
hCK cells generates a less h man-li e henoty e  his might ose an event al challange i  e 

ant to translate ndings rom the cell line to the h man sit ation

verall, e o served an increase in oth the sialylation and the si e o  com lex glycans in 
hCK cells, indicating an increase in rototy ic h man rece tors resent in this cell line  e 
also o nd evidence that the increased glycan si es are artly d e to the resence o  oly-

 str ct res in hCK cells  Considering the ndings that recent  vir ses are evolving 
to ard a inding selectivity to extended glycan str ct res , , , , these changes might lay an 
additional role in the increased s sce ti ility or in ection   glycomics st dy o  CK-  
cells might give more insight in the contri tion o  the di erent glycosylation changes e 
o nd in hCK cells, es ecially a o t the role o  sialylation  lso, a sialic acids lin age-s eci c 

derivati ation st dy ill hel  to anti y the resence o  oth α , -lin ed and α , -lin ed 
sialic acids  ogether, ith o r res lts e ho e to have contri ted val a le in ormation to the 
st dy o  vir s-host interactions
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Materials

romycin re  , lasticidin re  , try sin, and l ecco s modi ed eagle me-
di m , -amino en oic acid - , sodi m cyano orohydride, and dimethyl s l oxide 

 ere o tained rom igma- ldrich  he C   stem anti ody as indly 
rovided y r  ir  ggin  and ex ressed ollo ing revio sly lished roced res  lexa 

or-  Goat anti-h man re   and  ere rchased at nvitrogen  Cyto x
Cyto erm as o tained rom  iosciences  n en a n cleo rotein  anti ody - -

, re  - C  as rchased rom Creative iola s  lexa l or  Goat anti-mo se 
re  -  as o tained rom hermo isher cienti c  -grade acetonitrile C  as 

o tained rom iosolve  ri oroacetic acid  as rchased rom rgos rganics  Gase 
 as o tained rom oche iagnostics  enat ration er   ,  m  dithiothreitol 

,  - , and glyco er  m  sodi m hos hate  ere o tained rom e  ng-
land iola s  C   e - a  ac  cc  cartridges ere rchased rom aters Cor oration  

GC  y ercar  y erse   cc  col mns ere o tained y the ynergy ater ri cation 
system  - ree rotease inhi itor coc tail ta lets ere rchased rom hermo isher
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Viral infection studies

Cell culture
CK cells and hCK cells ere c lt red in l ecco s modi ed eagle medi m  s le-

mented ith   n addition, hCK cells ere s lemented ith  g m -  romycin 
and  g m -  lasticidin  Cells ere maintained at a h mid  C  atmos here at  C and 

assaged at  con ency sing try sin x

Immmunofluorescent imaging of viral hemagglutinins
n ectivity o  the   as determined y inoc lating CK and hCK cells or 

an overnight in ection  or the in ection, s ernatants o  the cells ere removed, and the 
cells ere inc ated ith vir s in t overnight in  medi m s lemented ith  

 he next day the cells ere ashed x in  and xated in   or  min at room 
tem erat re  or the imm no orescent staining the xated cells ere ermea ili ed in  
containing  triton or  min  se ently, cells ere inc ated ith the rimary anti ody 
C  and the secondary anti ody lexa or  Goat anti-h man, oth or  h ith  

ashes in et een   as sed as a n clear staining and cells ere mo nted on glass slides 
sing l orsave  Cells ere imaged on a eica i  con ocal microsco e e i ed ith a x 
 o C  o ective   xcitation as achieved ith a lsed hite laser  

at  nm or the lexa or , and emissions ere o tained in the range o   nm  
aser o ers ere  ith a gain o  a maxim m o    as sed or the rocessing 

o  the images

Detection of nucleoprotein by flow cytometry
CK and hCK cells ere inoc lated ith   in ve - old serial dil -

tions - - -  in corres onding c lt re medi m itho t  Cells ere inc ated at  C in 
 C   h ost inoc lation, cells ere ashed and try sini ed  er try sin treatment, the 

cells ere xated and ermea ili ed sing  cyto x Cyto erm according to man act rer s 
instr ctions and s se ently stained or  min at  C ith the rimary anti ody in en a  
in  erm ash er  se ently, cells ere ashed and inc ated ith lexa l or  
Goat anti-mo se  he stained cells ere meas red ith o  cytometry and the ercentage 
o  - ositive cells as analy ed sing lo o v  so are  Gra hs ere created sing 
gra h ad rism 

MS analysis of N-glycans

N-glycan release from MDCK and hCK cells
e ore N-glycans ere released rom CK and hCK cells, the cells ere rst lysed in  lysis 

er or  min on ice  o isolate the roteins the cell ellets ere centri ged at ,  r m 
or  min a er lysis  roteins ere treated ith denat ring er  m  ,   at 

 C or  min and cooled on ice  N-Glycans ere then released rom the denat red roteins 
y overnight inc ation ith Gase    in a deglycosylation er  m  sodi m hos-
hate   ,   at  C

Purification and labeling of the N-glycans
eleased N-glycans ere ri ed sing a C-   cartridge, el ting the glycans directly ith 

 C ,   in   m  he sam les ere s ected to a nitrogen o  to remove 
the  and C , a er hich the N-glycans ere rther ri ed sing a GC  cartridge  

irst t o ashing ste s ere a lied sing   in   m  and  C ,   
in  s se ently, a er hich the glycans ere el ted ith  C  and   
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 m  he ri ed sam le as dried sing a s eedvac, a er hich the N-glycans ere -  
la eled  ried sam les ere dissolved in  l  and  l la eling mixt re, containing  
mg m -  o  -  and  mg m -  o  sodi m cyano orohydride in  v/v  acetic acid  

he la eling reactions as carried o t or  h at  C  inally, the la eled N-glycans ere 
ri ed rom nreacted la eling reagents sing a initra  e hadex G-  gravity col mn  

am les ere dil ted in  to reach a total vol me o   l and loaded on the col mn  er 
a ashing ste  ith  l  the glycans ere el ted ith    Collected sam les 

ere dried in a s eedvac and stored at -  C ntil se

LC-MS analysis of N-glycans
or C-  analysis o  the la eled N-glycans the dried sam les ere reconstit ted in    

 and   sam le as analy ed on an r itra  x loris  hermo cienti c  he sam les 
ere reversed- hase se arated on an ltimate  C sing e a  C  ra  Cartridges 
 mm,  m i d  and a C  analytical col mn  cm,  m i d  hermo cienti c  

lementary a el  gives an overvie  o  the ers, o  rates, and gradient rogram  
he mass range or the  meas rements as set rom m/z -  ith a resol tion o  

,  ith a normali ed GC target o   or  ragmentation a o  data-de endent 
ac isition  method ith C  ragmentation  normali ed collision energy  as sed 
in a resol tion o  ,  ith a standard GC target and an a to maxim m in ection time

Skyline analysis

a  data as anti ed sing yline version  or this, e sed the mass o  the 
-  la el as a e tide ac one consisting o  an alanine ith a static modi cation called 

- xer  modi cation orm la  C  - O  and a glycine to hold the glycan modi cations  
y this, glyco e tide anti cation in yline co ld e er ormed on the -  la eled released 

glycans as i  they ere glyco e tides   glycan com ositions, covering -  hexoses, -  
-acetylhexosamines, -  coses, -  N-acetylne raminic acids and -  hos hates, ere 

integrated rom each  r n  ntegrations o tained rom the incl ded glycan com ositions 
ere c rated y the ollo ing criteria   m error to the theoretical mass, having and idot  

o   or higher ith the theoretical isoto ic a ern,  detection in oth re licate sam les,  
el tion ith maxim m t o-min di erence et een the t o sam les o  the same condition, 

 having no a arent overla ing isoto ic a erns  he s m o  the intensity o  oxoni m ions 
over the ll  trace ere calc lated sing an in-ho se develo ed so are called ea ite  

he res lting anti cation o  glycan detections as lo ed sing gra h ad rism 

Buffer A 0.1% formic acid
Buffer B 0.1% formic acid 80% acetonitrile

Gradient program
Time (min) Flow rate (µl/min) A (%) B (%)

1.0 0.3 91 9
11.0 0.3 60 40
14.0 0.3 1 99
19.0 0.3 1 99
20.0 0.3 91 9
25.0 0.3 91 9
30.0 0.3 91 9

Supplementary table 1. LC-MS gradient program.
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Summary
Glycosylation is a revalent, yet heterogeneo s ost translational modi cation o  roteins ith 
a road range o  im lications in molec lar iology  he heterogeneity and non-tem late driven 
nat re o  glycans and glycocon gates ma es them challenging to st dy  o ever, the advent 
o  techni es li e glycomics, glyco roteomics and glycoengineering have revol tioni ed the 

eld o  glyco iology as a ast-gro ing and romising research area  merging iochemical 
glycoengineering and enrichment tools, develo ments in  ragmentation methods and 
detection so are contin o sly o en ne  ossi ilities to st dy glycans and glycocon gates 
and ma e glycan research more availa le or the roader research comm nity

n this nal cha ter e s mmari e ho  e com ined existing and ne ly develo ed glycom-
ics, glyco roteomics and glycoengineering techni es to st dy and engineer cell-s r ace 
N-glycosylation in the context o  genetic glycosylation de ects and the evol tion o  rece tor 
recognition in in en a  vir ses

n Chapter 2, e analy ed the changes in mem rane rotein N-glycosylation res lting rom 
dolichol de ciency  olichol de ciency can e ca sed y a genetic de ect in the oly renol 
red ctase en yme that converts oly renol to dolichol, leading to the congenital disorder o  
N-glycosylation -C G  olichol is the most im ortant li id sca old or oligosaccharides 
in the iosynthesis o  rotein N-glycosylation, and th s a de ciency is arg ed to lead to 

rotein hy oglycosylation  nderre resentation o  mem rane roteins in dolichol-de cient 
C G atient cells and ec  cells as revio sly re orted  ec  cells are a C  glycosylation 
m tant cell line that mimics the dolichol de ciency o nd in C G atients  e develo ed a 

 derivative ith an acid-cleava le lin er to enrich mem rane glyco roteins and er ormed 
a glyco roteomics analysis sing hy rid  ragmentation methods containing C , ste ing-

C  and hC   signi cant and site-s eci c hy oglycosylation in ec  cells as o nd com-
ared to C -K  cells  nterestingly, no direct correlation et een the hy oglycosylation and 

mem rane a ndance o  the roteins as identi ed, s ggesting that roteins are di erently 
a ected y hy oglycosylation and dolichol de ciency

�
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n Chapter 3, e shi ed oc sed on the evol tion in rece tor s eci city o  h man in en a 
 vir ses  man in en a  vir ses have a remar a le a ility to evolve and evade 

ne trali ation y anti odies elicited y rior in ections or vaccinations  ring circ lation in 
h mans and nat ral selection to esca e anti ody recognition or decades,  in en a 
vir ses emerged ith altered rece tor s eci cities  hese vir ses lost their a ility to aggl ti-
nate o l erythrocytes, there y ham ering the antigenic characteri ation o  these vir ses y 
the s al  assays  he  assay meas res the a ility o  ser m anti odies to loc  rece tor 

inding y the vir s  rotein thro gh the inhi ition o  vir s-mediated aggl tination o  
erythrocytes  Glycan microarray analysis revealed that recent  vir ses evolved in their 
rece tor recognition rom the rototy ic h man α , - ac c rece tor to ard α ,  sialosides 

resented on extended ac c moieties  Glycomic analysis o  o l erythrocytes con rmed 
an a sence o  the minimal re ired rece tor, ex laining the lac  o  aggl tinating a ility o  
these vir ses  o overcome the aggl tination ro lem, e develo ed an en ymatic glycan 
remodeling strategy to install nctional rece tors on erythrocytes  he glycan-remodeled 
erythrocytes co ld e aggl tinated y all tested contem orary  vir ses, there y al-
lo ing antigenic characteri ation o  these vir ses y the  assay  n colla oration ith the 
de artment o  iroscience at rasm s C e er ormed antigenic characteri ation o  recent 

 vir ses y  assay and co ld con rm the antigenic distances o  c rrently circ lating 
clades and the antigenic distance et een egg-derived vaccine strains and cell gro n vir ses, 

roviding a rationale or oor vaccine e ciency  r res lts sho  that the glycan-remodeled 
erythrocytes can e sed or antigenic characteri ation o  recent  vir ses y  assays 
and can there y aid in the selection o  rotective vaccines

he glycan remodeling strategy resented in Cha ter  roved to e com ati le or se in an  
assay to antigenically characteri e recent  vir ses and co ld there ore o er a sol tion 
or the c rrent challenges in the antigenic characteri ation o  these vir ses  o ever, e ore 

the remodeled erythrocytes can e made availa le or the research comm nity, several chal-
lenges need to e overcome  rythrocytes are ty ically sed or  assays ithin one ee  a er 
isolation rom the lood  he time o  se is limited eca se the cells start to sho  hemolysis 
shortly a er isolation, hich a ects the aggl tination  he glycan remodeling strategy rther 
red ces the time rame in hich the erythrocytes can e sed or  assays, hich otentially 
com licates distri tion o  the erythrocytes  o overcome this iss e, in Chapter 4 e aimed 
to ex and the shel  li e o  the glycan-remodeled erythrocytes y xation ith gl taraldehyde  
n a hemaggl tination assay time co rse e sho ed that gl taraldehyde xation rolonged 

the shel  li e o  glycan-remodeled t r ey erythrocytes and gave sta le aggl tination titers or a 
eriod o  at least  ee s  e tested the se o  gl taraldehyde xated red lood cells in an  

assay in colla oration ith the de artment o  iroscience at the rasm s C  sing a s set 
o  contem orary  vir ses ith no n antigenic characteristics, e tested the a ility 
to identi y the antigenic characteristics o  circ lating  vir ses sing the xated glycan-
remodeled erythrocytes  n doing this, e o nd a ositive correlation et een the  titers 
o tained sing resh and xated engineered erythrocytes, indicating that xated erythrocytes 
can e sed to identi y antigenic di erences et een vir ses  o ever, e also detected an 
increase in  titers elo  the detection threshold hen sing xated erythrocytes, hich 
decreases the sensitivity o  the assay and might res lt in a loss o  in ormation a o t smaller 
antigenic changes et een vir ses  t can there ore e interesting to ex lore alternative meth-
ods to increase the shel  li e o  engineered erythrocytes or  assays

6Summary and future outlook
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inally, in Chapter 5 e analy ed the cell lar glycosylation o  CK and hCK cells  CK cells 
are the most idely sed cell line to ro agate h man in en a vir ses  he evol tion o  

 vir ses ho ever, not only led to the revio sly disc ssed aggl tination ro lems, t 
also ham ered ro agation o  these vir ses in CK cells   h mani ed CK cell line, called 
hCK, as recently develo ed in hich the sialylation a ern as s e ed almost excl sively 
to ard α , -lin ed sialic acids, the rototy ic h man-ty e rece tor  hCK cells ere roven 
s ccess l or the ro agation o  recent  vir ses, and there ore s ar ed o r interest 
or a glycomic analysis to ncover otential changes in glycosylation o  these cells o tside o  

the sialic acid lin ages that might contri te to the im roved in ection   glycomic analysis o  
CK and hCK cells revealed a higher overall sialylation in hCK cells, t also an increase in 

the si e o  detected com lex-ty e glycans ith otential oly- ac c re eats, as ell as an 
increase in al ha-galactose lin ages on the glycan termini

Future outlook

Glycoproteomics platform for CDG research

here are still many nans ered estions a o t the ay in hich C G de ects ca se athol-
ogy  nalytical methods li e the glyco roteomics la orm resented in Chapter 2 may hel  to 
gain a e er nderstanding o  sensitive ath ays and a ected glyco roteins in di erent C G 
de ects  no ledge that can lead to ne  thera e tic strategies or iomar ers that can aid 
diagnosis or assessment o  thera y res onses

Cha ter  excl sively oc sed on the characteri ation o  N-glycosylation o  mem rane roteins  
o ever, C Gs can e ca sed y genetic de ects in genes involved in all ty es o  glycosylation 

and in some de ects there might even e an inter lay et een di erent glycan classes that are 
a ected  s an exam le, the dolichol de ciency as disc ssed in Cha ter  is one o  the C Gs 
that originates rom de ciencies in the iosynthesis o  the li id rec rsors  ltho gh the li id 
sca olds are rimarily lin ed to the iosynthesis o  N-glycans, the li id-lin ed monosaccha-
rides ol- -Glc c and ol- - an are oth essential or di erent O-glycosylation ath ays 
and ol- - an is involved in the iosynthesis o  G  s  he versatility that  rovides 
in sing a range o  di erent glycosyltrans erase en ymes to target certain glycan classes o -
ers an o ort nity to ex and the develo ed glyco roteomics la orm to st dy the e ect 

o  C G de ects on m lti le glycan classes and ncover otential inter lay et een glycan 
classes in the athology  he core-  O-glycan-s eci c sialyltrans erase Gal  or exam le, is 

roven to e com ati le ith  and co ld o er an ex ansion o  the techni e to ard the 
st dy to O-glycans ,  O-Glyco roteomic analysis o ers ni e challenges d e to the s ally 
densely ac ed areas o  m cin-ty e O-glycans in serine threonine-rich rotein regions  his 
ma es the areas very resistant against try sin cleavage and in general leaves e tide si es that 
are ndetecta le in - ased glyco e tide searches  he se o  the recently characteri ed 
m cinase, tc , has roven to e e cient in the cleavage o  e tide onds in O-glycan rich 
serine-threonine se ences and there y acilitates the generation o  smaller O-glyco e tides  

 ragmentation sing  and hC  as o nd to e indis ensa le or the site-s eci c 
analysis o  O-glyco e tides , and recently m lti le O-glyco roteomic analysis i elines s ch 
as - air search or eta or he s and ragger-Glyco ere develo ed that aid in the 
detection o  O-glyco e tides ,  he se o  the ni e increment mass added y the cleav-
a le lin er as descri ed in Chapter 2 ill rther im rove the detections o  O-glyco roteins y 
glyco roteomic analysis
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SEEL as a diagnostic tool for CDGs

he large heterogeneity o  C Gs orms a ig challenge in the diagnostic rocess  he ma ority 
o  C Gs are diagnosed ased on ser m trans errin isoelectric oc sing  he large heterogene-
ity o  the C Gs ho ever, only res lts in s ccess l diagnoses in a roximately  o  the 
cases ased on this analysis  here ore, there is a contin o s search to im rove diagnostic 
tools   interesting target roteins are identi ed that sho  a ni e glycan a ern in certain 
C G ty es,  might e a se l tool to ic ly scan the glycan ro les o  these roteins 
rom or exam le a ser m sam le  y ma ing se o  the versatility that t o-ste   o ers, 

a K G molec le can e added to shi  the molec lar eight o  the rotein de endent on 
the amo nt o  glycan rece tors resent on the rotein, creating a shi  in the electro horetic 
mo ility o  a glycan in gel electro horesis  his shi  can e sed to anti y the glycan loss in 
s eci c roteins  he se o  di erent glycosyltrans erase en ymes allo s the vis ali ation and 

anti cation o  several di erent glycan classes on one rotein, and a er a single la eling on 
a cell o lation all the desired roteins resent in the lysate can e analy ed y the se o  

rotein-s eci c anti odies in a estern lot analysis ig re   roo  o  rinci le or this 
techni e as er ormed sing r at cells y la eling ith the sialyltrans erases Gal , 

Gal  and Gal ac  to anti y the N-glycosylation, core-  O-glycosylation and tr ncated 
core-  O-glycosylation res ectively ig re  y sing rotein-s eci c anti odies e vis al-
i ed the glycosylation ro le o  t o glyco roteins  C  is no n to e a heavily O-glycosylated 

rotein and  is no n to e a heavily N-glycosylated rotein

Antigenic characterization of influenza viruses using synthetic engineered 
erythrocytes

he contin o s evol tion o  in en a vir ses re ires constant ada tation in the com osition 
o  vaccines, t also in the techni es sed or characteri ation o  in en a vir ses   lac  o  
the right rece tors on the s r ace o  erythrocytes or a large gro  o  in en a  vir ses 
has res lted in the ina lica ility o  the  assay or antigenic characteri ation o  these vir ses  

he research eld has there ore moved more to ard the se o  viral ne trali ation assays or 
the characteri ation o  circ lating  vir ses  his assay ho ever, has its do nsides  he 
viral ne trali ation assays ta es signi cantly longer than the  assay to er orm and re ires 
more ex ertise and s eciali ed e i ment  s a res lt, it is signi cantly more ex ensive than 
the standard  assay  he engineered erythrocytes as resented in Chapter 3 o er a sol tion 
or the hemaggl tination iss e t are still relatively ex ensive com ared to reg lar red lood 

cells   xation strategy to ex end the shel -live and there y increase the cost-e ciency o  the 
cells as resented in Chapter 4 gave relia le res lts t decreased the sensitivity o  the assay 
and might there ore not resent an ideal sol tion or the iss e  here are several di c lties 
involved in the se o  iological rod cts li e erythrocytes or the  assay  Genetic variation 
in the animals sed or the extraction o  the cells can ca se a variation in the aggl tination 

a erns o  certain vir ses  dditionally, an animal acility is needed or a la oratory to have a 
steady access to an erythrocyte s ly  emolysis o  the red lood cells a er isolation rom 
the lood ca ses a limited shel  li e o  a roximately one ee  or the se o   assays   
sol tion to these iss es may lie in the re lacement o  erythrocytes y a synthetic carrier or 
the re ired glycan rece tors   recent st dy y anche -Cano et al  resented a synthetic 
alternative o  erythrocytes that are a lica le or  assays  he so-called synthrocytes are 

 m icaster- l e articles cross-lin ed to the highly sialylated glyco rotein glyco horin 
 he sedimentation o  the eads is com ara le to red lood cells, meaning that the assay 

can e er ormed reg larly itho t many ad stments  he synthrocytes ere roven to e 
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6

s ita le or classical  and  assays sing in  en a  and in  en a  vir ses, t not 
or in  en a  vir ses  Glycoengineering glyco horin  sing o r develo ed remodel-

ing strategy co ld ma e the synthrocytes availa le or  vir ses and there y generate 
a sta le aggl ti nati on reagent that can e  mass- rod ced and made s ita le or glo al 
distri ti on  n extra advantage o  sing engineered glyco roteins in the t re might e the 

se o  geneti cally engineered cells li e the hCK cells to rod ce recom inant roteins that 
already resent the desired glycan rece tors, there y a olishing the need or an engineering 

roced re a  er crosslin ing o  the roteins to the syntheti c erythrocytes
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Figure 1. Two-step TCO-tetrazine labeling of cell lysates using 5K-PEG mass tags.
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Figure 2. Glycosylati on profi les of CD55 and LRP1  in Jurkat cells by two-step SEEL.
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Glycosylering is een veelvoor omende, maar heterogene os ranslationele modi catie van 
ei i en met vele im licaties in de molec laire iologie  e en ym-gedreven iosynthese en 
de grote heterogeniteit t ssen de glycanen en glycocon gaten ma en de st die naar de e 
molec len itdagend  e o omst van onder oe smethoden als glycomics, glyco roteomics 
en glycoengineering he en ge orgd voor een revol tie in glycaan onder oe  en he en de 
glyco iologie gevormd tot een snel groeiend en veel elovend onder oe sveld  omende 

iochemische technie en voor het modi ceren en isoleren van glycanen, de ont i eling van 
ragmentatie methodes in de massa s ectrometrie  en so are voor de data inter retatie 

van  analyses he en vele nie e mogeli heden geo end en ma en glycaan onder oe  
erei aar voor een redere onder oe sgemeenscha   

it laatste hoo dst  vat samen hoe in dit roe schri  ge r i  is gemaa t van estaande en 
nie  ont i elde glycomics, glyco roteomics en glycoengineering technie en om N-glycanen 
o  de celmem raan te modi ceren en analyseren

Hoofdstuk 2 eschri  de veranderingen in de N-glycosylering van mem raanei i en als 
gevolg van een dolichol de ci ntie  en dolichol de ci ntie an orden veroor aa t door 
een de ect in het oly renol red ctase en ym dat oly renol om et in dolichol, at leidt tot 
het congenitale de ect in glycosylering genaamd -C G  olichol is het elangri ste 
voetst  voor de o o  van oligosacchariden in de iosynthese van N-glycanen  r ordt 
daarom gedacht dat een te ort leidt tot een verminderde glycosylering van ei i en  erder 
aangetoond is dat in dolichol-de ci nte C G ati nten en ec  cellen e aalde mem raan ei-

i en i n ondervertegen oordigd  ec  is een m tante celli n a omstig van chinese hamster 
ovary C  cellen die de el de dolichol de ci ntie laat ien als C G ati nten  e he en 
een iotine-gela eld siaal r ont i eld met een s lits aar la el om N-geglycosyleerde 
mem raanei i en te isoleren en he en ge r i  gemaa t van hy riede - ragmentatie 
methodes C , ste ing- C  en hC  om de glyco-ei i en te analyseren  en signi cante 
en laats-s eci e e onderglycosylering is gevonden in ec  cellen in verho ding met C -K  
cellen  e he en geen directe correlatie nnen identi ceren t ssen de onderglycosylering 
en aan e igheid o  de celmem raan, at s ggereert dat ei i en o  verschillende manieren 

orden e nvloed door de veranderde glycosylering en dolichol de ci ntie  

n Hoofdstuk 3 he en e ons gericht o  de evol tie in rece tors eci citeit van h mane in -
en a -vir ssen  enseli e in en a -vir ssen he en het o mer eli e vermogen om 
te evol eren en ne tralisatie te om eilen door antilichamen die i n o ge e t i  eerdere in ec-
ties o  vaccinaties  oor de circ latie in mensen en de decennialange nat rli e selectie om 
aan antilichaamher enning te ontsna en i n  -in en avir ssen dominant ge orden 
met veranderde rece tor s eci citeiten  e e vir ssen he en h n vermogen verloren om 
i enerytrocyten te aggl tineren, aardoor de antigene ara terisering van de e vir ssen 

door de ge r i eli e hemaggl tinatie inhi itie  test ster  is emoeili t  e  test meet 
het vermogen van ser mantilichamen om de rece tor inding door het -ei it van het vir s 
te lo eren  e e lo ade ordt gevis aliseerd door de remming van vir s-gemedieerde 
aggl tinatie van erytrocyten  en microarray analyse onth lde dat de rece torher enning 
van recente -vir ssen is veranderd van de rototy ische menseli e α , - ac c-
rece tor naar α , -siaal ren ge resenteerd o  verlengde ac c-armen  en -analyse 
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naar de N-glycanen o  i enerytrocyten evestigde de a e igheid van de e nie e vereiste 
rece tor, at het ge re  aan aggl tinerend vermogen van de e vir ssen ver laart  m het ag-
gl tinatie ro leem aan te a en he en e een en ymatische glycaan-modi catiestrategie 
ont i eld om nctionele rece toren o  erytrocyten te installeren  e gemodi ceerde ery-
trocyten onden orden geaggl tineerd door alle geteste recente -vir ssen, aardoor 
antigene ara terisering van de e vir ssen door de hemaggl tinatieremming  test eer 
mogeli  erd  n samen er ing met de a deling iroscience van het rasm s C he en e 
een antigene ara terisering itgevoerd van recente -vir ssen door middel van een 

 test en onden e s ccesvol de antigene verschillen t ssen de momenteel circ lerende 
 vir ssen aantonen  it antigene verschil t ssen circ lerende vir ssen ver laart de lage 

vaccin-e ci ntie tegen  vir ssen in recente in en a vaccins  n e res ltaten laten 
ien dat de gemodi ceerde erytrocyten nnen orden ge r i t voor antigene ara teriser-

ing van recente -vir ssen door middel van  tests en daardoor nnen hel en i  de 
selectie van eschermende vaccins

e glycaan-modi catiestrategie die in oo dst   ordt ge resenteerd, lee  r i aar te 
i n in  tests om recente -vir ssen antigeen te ara teriseren en o  daarom een 

o lossing nnen ieden voor de h idige itdagingen in de antigene ara terisering van de e 
vir ssen  m de gemodi ceerde erythrocyten eschi aar te nnen ma en voor de redere 
onder oe sgemeenscha  moeten een aantal itdagingen orden over onnen  rytrocyten 

orden normaal ges ro en tot een ee  na isolatie it het loed voor  tests ge r i t  e 
ge r i sd r is e er t omdat de cellen ort na isolatie hemolyse eginnen te vertonen, at 
de aggl tinatie e nvloedt  e glycaan-modi catiestrategie ver ort de e ge r i sd r voor  
tests nog verder, at de distri tie van de erytrocyten emoeili t  m dit ro leem o  te 
lossen, he en e in Hoofdstuk 4 ge ro eerd de ho d aarheid van de door gemodi ceerde 
erytrocyten te verlengen door xatie met gl taaraldehyde  n een ree s hemaggl tinatie 
testen over  e en toonden e aan dat gl taaraldehyde xatie de ho d aarheid van de 
gemodi ceerde al oenerytrocyten verlengde en sta iele aggl tinatie titers ga  ged rende 
een eriode van ten minste  e en  e he en het ge r i  van gl taaraldehyde ge xeerde 
rode loedcellen in  tests onder ocht in samen er ing met de a deling iroscience van het 

rasm s C  et eh l  van een s set van hedendaagse -vir ssen met e ende 
antigene enmer en he en e getest o  de gl taaraldehyde xatie de res ltaten van de  
test e nvloedt  aar i  vonden e een ositieve correlatie t ssen de  titers ver regen met 
verse en ge xeerde gemodi ceerde erytrocyten, at aangee  dat ge xeerde erytrocyten n-
nen orden ge r i t om antigene verschillen t ssen vir ssen te identi ceren  e ontde ten 
echter oo  een toename in  titers onder de detectiedrem el i  ge r i  van ge xeerde ery-
trocyten, at de gevoeligheid van de test vermindert en o  nnen res lteren in een verlies 
van in ormatie over leinere antigene verschillen t ssen vir ssen  et an daarom interessant 
i n om alternatieve methoden te onder oe en om de ho d aarheid van gemani leerde 

erytrocyten voor  tests te verlengen

ot slot he en e in Hoofdstuk 5 de cell laire glycosylering van CK- en hCK-cellen ge-
analyseerd  CK-cellen i n de meest ge r i te celli n om menseli e in en avir ssen te 
vermeerderen  e evol tie van -vir ssen leidde echter niet alleen tot de eerder e-
s ro en aggl tinatie ro lemen, maar elemmerde oo  de vermeerdering van de e vir ssen 
in CK-cellen  en geh maniseerde CK-celli n, hCK genaamd, erd onlangs ont i eld 

aarin het sialylerings atroon is aange ast om i na itsl itend α , -ge o elde siaal ren 
te resenteren, de rototy ische h mane rece tor  hCK cellen le en s ccesvol te i n voor 
de vermeerdering van recente -vir ssen en e ten daarom on e interesse voor een 

ederlandse samenva ng

Thesis_proofprint.indd   133 16-12-2022   11:03



         
134

glycaan-analyse om mogeli e veranderingen in glycosylering in de e cellen te identi ceren 
iten de siaal r indingen om die o den nnen i dragen aan de ver eterde in ectie  en 
-analyse van de N-glycanen in CK- en hCK-cellen onth lde een hogere algehele sialyler-

ing in hCK cellen, maar oo  een toename in de groo e van gedetecteerde com lexe N-glycanen 
met otenti le oly- ac c-armen, evenals een toename van α-galactose ver indingen
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