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We are all not the same!l!

ﬂé)
\
i~

THE NOBEL PRIZE IN PHYSIOLOGY OR MEDICINE 1930

Antigen 0 Antigen A Antigen B
Q red blood cell

5 o s
- .

Karl Landsteiner
(4 June 1868-26 June 1943)

Prize share: 1/1 O galactose
for his discovery of human blood groups”. —  naceygucosamine
A fucose

O N-acetylgalactosamine
“"Nobelprize.org

www.genos-glyco.com



Heatlhy ageing vs health deterioration

Population 65+ by Age: 1900-2050
Source: U.S. Bureau of the Census
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Eficient patient stratification is the holy
grail of modern medicine
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Genome wide association studies (GWAS)
initiated revolution in genetics
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Gene-gene interactions are very complex

Genotype Space
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Genetic polymorphisms are very far away
from the phenotype
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Glycans are important structural
component of nearly all proteins

www.genos-glyco.com



Glycans are one of four principal components of a cell

Nucleic Acids Glycans
(DNA and RNA)

W
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At least 2000 different glycan determinants are being
attached to polypeptide backbones
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Small local effects of glycans on protein structure
can have dramatic physiological efects

Hypothesis 1: Hypothesis 2:
N-glycosylation stabilizes N-glycosylation stabilizes
IgG1 Fc 4° structure local IgG1 Fc structure

Subedi and Barb,
Structure, 2015
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Contrary to polypeptide part of proteins that
is fixed for our lifetime, glycans are dynamic

Optical density
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Glycans have four principal modes of action

1. Glycans are ligands for specific glyco-receptors
(lectins)

— Selectins, pathogen attachment

2. Alternative glycosylation alters membrane dynamics
of various receptors
— Cytokine receptors, GLUTs

3. Alternative glycosylation modulates structure of a
protein and modulates its interaction with specific
receptors

— IgG, Notch
4. Glycosylation as a regulatory modification
—  0O-GIlcNAc
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Glycome composition differs significantly between
individuals
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Genome does not contain templates for synthesis
of glycan parts of glycoproteins

C[?NA — RNA proteins

| 222

, -%\V glycoproteins
}%2

(Gain z(Ga|1 -4GIcNAc1 «

,g X
}b%\ J @; lGal1 4Gal'1 -4GIcNAc1 4Man1
P \
6

Gan 4Gal1 -4GIcNAc1 '

‘ gllan1-4R
e Y Gal1-4Gal-4GIcNAC «
1 i\# . A - <’ 4 /
1 2Man1
-y NeuAg::2-6Galj}1-4GIcNAC 1/

www.genos-glyco.com



Glycans are encoded in a complex dynamic nztwork
of hundreds of genes

Rough endoplasmic reticulum
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For more than 30 years we know that IgG
glycans change in disease

Association of rheumatoid arthritis and
primary osteoarthritis with

changes in the glycosylation

pattern of total serum IgG

R. B. Parekh*, R. A. Dwek*, B. J. Suttont,
D. L. Fernandes*, A. Leung}, D. Stanworthi
& T. W. Rademacher*

Departments of *Biochemistry and tMolecular Biophysics, University
of Oxford, South Parks Road, Oxford OX13QU, UK

i Department of Immunology, Rheumatoid and Allergy Research
Unit, University of Birmingham, The Medical School, Vincent Drive,
Birmingham B15 2TJ, UK

T. Mizuochi§, T. Taniguchi§, K. Matsuta||,
F. Takeuchi||, Y. Nagano||, T. Miyamotol|
& A. Kobata$§

§ Department of Biochemistry, Institute of Medical Science,
University of Tokyo, Minato-ku, Tokyo 108, Japan

|| Department of Medicine and Physical Therapy, Faculty of
Medicine, University of Tokyo, Bunkyo-ku, Tokyo 113, Japan

from 46 IgG samples, indicate that: (1) IgG isolated from normal
individuals, patients with RA and patients with OA contains differ-
ent distributions of asparagine-linked bi-antennary complex-type
oligosaccharide structures, (2) in neither disease is the IgG associ-
ated with novel oligosaccharide structures, but the observed differ-
ences are due to changes in the relative extent of galactosylation
compared with normal individuals. This change results in a ‘shift’
in the population of IgG molecules towards those carrying complex
oligosaccharides, one or both of whose arms terminate in N-
acetylglucosamine. These two arthritides may therefore be glycosy-
lation diseases, reflecting changes in the intracellular processing,
or post-secretory degradation of N-linked oligosaccharides.

At least 30 different complex-type bi-antennary oligosac-
charides are associated with human serum IgG (Fig. 2). To
compare the molar proportions of each of these structures, each
serum IgG sample was subjected to controlled hydrazinolysis
to release intact its associated oligosaccharide moieties'’. Reduc-
tion of the reducing terminal N-acetylglucosamine residues
using NaB’H, was then performed to label radioactively each
carbohydrate chain. Each labelled oligosaccharide mixture was
subjected to exhaustive neuraminidase digestion in order to
analyse the distribution of neutral structures. The resulting
‘asialo’ oligosaccharide mixtures were fractionated by Bio-Gel
P-4 (~400 mesh) gel filtration chromatography, a technique that
separates neutral oligosaccharides on the basis of their effective
hydrodynamic volumes'? (Figs 2, 3).
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IgG glycome can be reliably quantified in a

high-throughput manner
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Advancing from low- to high-throughput is
not a simple task
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Lesson from genetics: Nearly all published results
from small studies are false
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Distribution of glycans in plasma of ~ 1,000
examinees

Journal of

proteome

sresearch

Variability, Heritability and Environmental
Determinants of Human Plasma N-Glycome

Ana Knezevic, Ozren Polasek, Olga Gornik, Igor Rudan, Harry Campbell, Caroline Hayward, Alan
Wright, Ivana Kolcic, Niaobh O’'Donoghue, Jonathan Bones, Pauline M. Rudd, and Gordan Lauc

J. Proteome Res., 2009, 8 (2), 694-701 « Publication Date (Web): 26 November 2008
Downloaded from http://pubs.acs.org on February 6, 2009
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Knezevié et al, J. Proteome Res, 2009
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Plasma glycome | __IgG Glycome

10001 Dalmatian 2,000 4.000
Orcades 2,000% 2,000
TwinsUK 4.000 4,500
KORA _ 2,000
SABRE 2,000 _
Global population study _ 2,700
FINNRISK _ 1,200
Estonian biobank _ 1,300
China 1,000 1,000
CRC 2,000% 2,000
IBD 3,000 5,700
SLE - 1,200
Type 1 Diabetes 1,000 1,000
Type 2 Diabetes _ 3,000
Down syndrome _ 800
PTSD 600 600 * Analysed

Total 17,600 33,000 in NIBRT

.9 GENOS
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Mining the gold from big glycomics datasets
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ARTHRITIS & RHEUMATOLOGY

Vol. 67, No. 11, November 2015, pp 2978-2989

DOI 10.1002/art.39273

© 2015 The Authors. Arthritis & Rheumatology is published by Wiley Periodicals, Inc.

on behalf of the American College of Rheumatology. This is an open access article under
the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which
permits use and distribution in any medium, provided the original work is properly cited,
the use is non-commercial and no modifications or adaptations are made.

Association of Systemic Lupus Erythematosus With Decreased
Immunosuppressive Potential of the IgG Glycome

Frano Vuckovi¢,' Jasminka Kristié,' Ivan Gudelj,1 Maria Teruel,”> Toma Keser,’ Marija Pezer,’
Maja Pucié-Bakovié,! Jerko Stambuk,! Irena Trbojevié-Akmaéié,1 Clara Barrios,* Tamara Pavic,
Cristina Menni,” Youxin Wang,® Yong Zhou,” Liufu Cui,® Haicheng Song,® Qiang Zeng,’
Xiuhua Guo,’ Bernardo A. Pons-Estel,'’ Paul McKeigue,11 Alan Leslie Patrick,? Olga Gornik,>
Tim D. Spector,5 Miroslav Harjaéek,13 Marta Alarcon-Riquelme,14 Mariam Molokhia,’
Wei Wang,'® and Gordan Lauc'®
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Glycosylation of Imnmunoglobulin G Associates With Clinical
Features of Inflammatory Bowel Diseases

Mirna Simurina,” Noortje de Haan,? Frano Vuékovié,® Nicholas A. Kennedy,*

Jerko Stambuk,® David Falck,? Irena Trbojevié-Akmacié,® Florent Clerc,” Genadij Razdorov,®
Anna Khon,” Anna Latiano,® Renata D’Inca,” Silvio Danese,® Stephan Targan,’

Carol Landers,” Marla Dubinsky,” The Inflammatory Bowel Disease Biomarkers Consortium,
Dermot P. B. McGovern,” Vito Annese,'®'' Manfred Wuhrer,” and Gordan Lauc'*

"Faculty of Pharmacy and Biochemistry, University of Zagreb, Zagreb, Croatia; Center for Proteomics and Metabolomics,
Leiden University Medical Center, Leiden, The Netheriands; 3Genos Glycoscience Research Laboratory, BIOCentar, Zagreb,
Croatia; “University of Exeter, Exeter, UK; °Division of Gastroenterology, S. Camillo-Forianini Hospital, Circonvallazione
Gianicolense, Rome, Italy; ®Division of Gastroenterology, Casa Sollievo della Sofferenza Hospital, Istituto di Ricovero e Cura a
Carattere Scientifico, San Giovanni Rotondo, Italy; “Division of Gastroenterology, University Hospital, Padua, Italy; 8 Humanitas
University, Inflammatory Bowel Disease Center, Department of Gastroenterology, Humanitas Clinical and Research Hospital,
Milan, Italy; °F. Widjaja Foundation, Inflammatory Bowel and Immunobiology Research Institute, Cedars-Sinai Medical Center,
Los Angeles, California; "°Division of Gastroenterology, University Hospital Azienda Ospedaliero Universitaria Careggi,

} Florence, Italy; and ""Valiant Clinic, Dubai, United Arab Emirates
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Monogalactosylation, IgG1
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Galactosylation of IgG strongly associates with the
“Human Development Index”

IgG1_Agalactosylation IgG1_Monogalactosylation lgG1_Digalactosylation
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— Fully randomised accross 32 96-well plates
— 1gG Fc glycosylation analyses on glycopeptide level by LC-MS
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Collaborative Cross cohort of mice strains

The Collaborative Cross (CC) «0-00-00-00-0 ay
combines the genomes of eight l l l l }ﬁ S i
enetically diverse founder strains:

& Y 08-00 @0-08  Frof Grant
1. AJJ 1 1 Morahan
2. C578L/6) « 0800 - G000

3. 129S1/SvimlJ 1

4. NOD/LU ® 5% 8% |

5. NZO/HILt) . w T

6. CAST/EiJ,

7. PWK/Ph)J

8.

WSB/EiJ
:".:. § ' 0
\ /3 e :.
\ 7 71
- & g ZET T A A
— ) - ions

Morahan et al., Mamm Genome,2008 . 5, 4 1,000
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Variation in
galactosylation between
mouse strains exceeds

variation between human

individuals

Relative amount of Glycan

20 -

_‘¢+++?9+¢?

111 mouse strains from the
GeneMine Collaborative 20~
cross cohort 15+
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Three generations of inter-breeding generated stable
and heritable differences in IgG structure and function
between mouse strains

-40

Rapid evolution through
alternative glycosylation
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The majority of genes that affect IgG
glycosylation are still not known
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Genome-wide association (GWA) studies can
be used to map genes involved in glycosylation
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The first GWAS study of human glycome
identified HNF1A as a master regulator of
plasma protein fucosylation

L-fucose GDP-mannose

Ve LI 4

| | Ana Muzinic

L-fucokinase GDP- mannose 4,6-dehydratase
* \ g HNFACL / +
L-fucose-1-P HNF1a 5 GDP-4-ox0-6-deoxy-D-mannose
fucose-1-phosphate| I GDP- L-fucose synthase
guanylyltransferase
GDP-L-fucose
g HNF40L 5
/ HNF1a \/
fucosyltransferase 6,3,5 fucosyltransferase 8

|

!

“Lauc et al, PLoS Genetics, 2010
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Mutations in HNF1A cause Maturity Onset Diabetes
of the Young (HNF1A-MODY)

Severe Insulin

Eluceldraae Mitochondrial resistance

mutation mutation

Hepatocyte
Nuclear Factor
1a mutation

Type 2

Latent

Autoimmune
Diabetes in
Adults
Type 1
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Mutations in HNF1A result in decreased fucosylation of
plasma proteins
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Glycan ratio (DG9 - index) is a robust
biomarker for HNF1A-MODY

O_
O—I—C/ DGS8 @/OF— DGS Mislav Novokmet

1.0 + — 1.0
0.8 0.8 1
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- 0.6 - - 0.6 4
S s
- -
] (0]
P 04 7D g4
Test1, A=0.90 Test1, A=0.94
0.2 0.2 4
T2DM TiDM
0.0 1 I 0.0 : | T
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0
1 - Specificity Thanabalasingham et al, Diabetes, 2013
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Epigenetic memory of past environmental events
can affect glycome composition

Genome
(genotype)
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Epigenetic silencing of HNF1A
associates with changes in plasma
N-glycome

¥ |

Prof V. Zoldos

Epigenetics 7:2, 164-172; February 2012; © 2012 Landes Bioscience

Epigenetic silencing of HNF1A associates
with changes in the composition
of the human plasma N-glycome
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Epigenetic HNF1A-MODY” might b
a new subtype of diabetes
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Methylation of HNF1A is significantly
increased in a subgroup of T2D patients
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Plasma glycome can
predict development of
type 2 diabetes in some

individuals
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Plasma glycome is a very good predictor for
hyperglycemia in acute disease
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The analysis of plasma glycome (glycomics) blurs
protein-specific effects
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IgG glycosylation is functionally important

Fab

(A) Fab

(B)

Galactose is required for high affinity C1q binding

[21]. Removal of galactose either increases or “‘Removal of fucose enhances IgG
decreases affinity for FcyR, depending on specific affinity for FCyRIIIA [24].

FCyR and IgG subtype pairig [22].

al-6
Asn297

Endoglycosidase-S isolated from
Straptococcus pyogenes cleaves the
core GIcNAc residues, leaving all but
the reducing GIcNAc (and fucose if
present).

i A A e
A

“Anti-inflammatory” properties (presence ‘Exposed GIcNAc residues (“G0")

of sialic acid decreases binding to r : :
FcyRII/IV, but maintains functional FcyRIlI g:{rf.r;tfiz;n[qn] s geen; I {hematold
B interaction) [20]. :

& sialic acid @ Galactose B GicNAc @ Mannose A Fucose
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Ublituximab, glyco-engineered anti CD20
mADb is much more effective than Rituximab

Figure 1: CD20 Antigen Binding Epitope of Ubliutimxab Figure 2: ADCC Comparison of Rituximab and Ublituximab
in CLL Patient Cells
n=22
l ok kk ok 5k ok sk skokk I
50 1 1 1 1 10 1
40 1
:5 309 Black: Ubl b ”é”
&) ack: Ublituxima | -
< 20 4 White: Rituximab
10 -
. . . . 0 i i ! L
Reld: Key ofatl.Jmum%b E?Itg::?e amlng aCI.dS 0-005 0.05 0-5 5 50 500 5000
Purple: Core amino acids of ublituximab epitope mAb (ng/ml)
Figure adapted from Ruuls et al, 2008 De Romeuf et al, 2008
| v 4
26 | p1-4__p1-2 : «— Core fucose
OB iy |t
p14 __Pt4

Oaz-s‘om.lﬂ-Z 716

de Romeuf et al, Br J Haematol 2008
Sharman et al, Blood 2014
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Antibody drugs act in the context of high
concentrations of host immunoglobulins

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%
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GWAS of IgG glycome performed on 2247 individuals
identified 16 genome wide significant associations

Bisecting Galactosylation

Fucosylation .
N-acetviglucosamine IL6ST-

FUT8

IKZF1 \ _
:}H‘j}’ " Initial results of the IgG glycome GWAS

“on over 12,000 individuals indicate that
at least 37 genetic loci participate in e

s s theregulation of IgG glycosylation %i:.}d

SMARCD3 HLA

N

don

Lauc et al, PLoS Genetics, 2013
Wahl et al, Front Immunol, 2018
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Out of 37 loci that associate with IgG glycans, only 4
contain known glyco-genes

N-acetyl IL6ST-
FUTS LAMB1 ANKRD55

MGAT3 SMARCB1-
IKZF1 DERL3
T B el

alylatio
SUV420H1 STEGALL
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«:a{g::),l ®
ABCF2- HLA-DQA2 = 2/
SMARCD3 HLA-DQB2

N

PRRT].
mpe S T BACHZ

%2}-‘

: Bisectin Galactosylation
cosylation
samine

Lauc et al, PLoS Genetics, 2013
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Many factors participate in the “decision”
about optimal IgG glycosylation

Foreign Antige% s.o Self Antigens
*.-.‘ g0t el
° ‘_Q Modified self lipids

\ /

PRR's §

/ p
Natural / Adaptive Ab's Disease related Ab's
Immunity (GC vs foci form.) Effector functions Tissue destruction (IC's)
Metabolic functions Antigen Presentation Interfearing Ab’'s

Antigen Transponrt
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Genes that govern IgG glycosylation show
pleiotropy with multiple diseases and traits

e

IGH

IgG monosialylation

19G bisecting GlcNAc

ST OGALi
1—-’

B4GALT IgG ”'9'V°°SV"“'

Gonetcgonrazsdpiopsy - .gG d,ga.m,.,,,m
IgG disialylation

FUTG4\\ {

MGAT3

— UG Shen et al, Nature Comm, 2017
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Changes in IgG glycosylation associate with numerous diseases

ARTHRITIS & RHEUMATOLOGY

Vol. 67, No. 00, Month 2015, pp 00-00
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© 2015, American College of Rheumatology

Svetemic Tupus Erythematosus Is Associated With Decreased
unosuppressive Potential of the IgG Glycome
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Glycomics should be integrated in the “big data” science
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Network analysis can be used to modify prior knowledge

Network
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Are glycosylation changes in a disease a
cause or a consequence?

ARTIMITS & BatEAMATISN Baslc and translatlonal research
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Research Paper

Galactosylation and Sialylation Levels of IgG Predict Relapse in Patients With PR3-ANCA
Associated Vasculitis
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lgG glycosylation changes in RA are
present years before diagnosis
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Sialylation,
galactosylation, and
bisecting GIcNAc on

lgG associate with
loss of kidney
function in SLE
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Si?lylation, galactosylation, and bisecting |
GIcNAc on IgG associate with decreased kidney ' |
function in general population
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lgG glycome associates with hypertension
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Age is a very strong confounder for IgG glycome
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IgG glycome composition is an excellent
biomarker of chronological and biological age

h/an Giridali e o %7 lacminlsa

Journals of Gerontology: BIOLOGICAL SCIENCES © The Author 2013. Published by Oxford University Press on behalf of The Gerontological Society of America.
Cite journal as: J Gerontol A Biol Sci Med Sci All rights reserved. For permissions, please e-mail: journals.permissions @oup.com.
doi:10.1093/gerona/glt202

Guest Editorial

Are Glycans the Holy Grail for Biomarkers of Aging?
(Comment on: Glycans Are a Novel Biomarker of
Chronological and Biological Age by Kristic et al.)

David G. Le Couteur,"** Stephen J. Simpson,** and Rafael de Cabo’
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After correcting for chronological age, glycan age
index associates with “unhealthy” life

Orkney Vis and Korcula
Beta p Beta p

Insulin 0.0755 9.22E-08 0.0402 3.50E-01
Fibrinogen 0.0157 1.98E-06 0.0167 8.83E-05
HbAlc 0.1106 2.63E-06 0.0084 3.16E-03
BMI 0.0585 1.67TE-04 0.0344 1.04E-02
Triglycerides 0.0092 1.75E-04 0.0140 1.20E-04
Glucose 0.0113 2.09E-04 0.0091 4.77E-02
Waist circumference 0.1468 2.08E-04

Calcium 0.0010 2.35E-04 0.0002 7.04E-01
D-dimer 2.9670 8.24E-04

Cholesterol 0.0036 3.07E-01 0.0201 5.51E-08
LDL 0.0031 3.26E-01 0.0146 6.08E-06
Uric acid 1.0773 4.02E-02 0.7620 9.68E-04

Note: HbAlc = glycosylated hemoglobin: BMI = body mass index;
LDL = low-density lipoprotein; p = p value: beta = regression coefficient.

Kristic et al, J Gerontol, 2014
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Changes of I1gG glycome in many diseases resemble ageing

GO total G2 total S total

—

Cohort

SLE1
SLE2

SLE3
RA
CD

aa ZIuC

| T /IT2D

' Ii /|CRC
T /AGE

Effect
o

—

——

}—
S

m«i

" Gohort " """ 'LaucG, BBA, 2016

——

b

www.genos-glyco.com




I

IgG glycome in Down syndrome reflects
accellerated ageing
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Changes within an individual generally
follow trends observed in a population
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Plasma glycome | __IgG Glycome

10001 Dalmatian 2,000 4.000
Orcades 2,000% 2,000
TwinsUK 4.000 4,500
KORA _ 2,000
SABRE 2,000 _
Global population study _ 2,700
FINNRISK _ 1,200
Estonian biobank _ 1,300
China 1,000 1,000
CRC 2,000% 2,000
IBD 3,000 5,700
SLE - 1,200
Type 1 Diabetes 1,000 1,000
Type 2 Diabetes _ 3,000
Down syndrome _ 800
PTSD 600 600 * Analysed

Total 17,600 33,000 in NIBRT

.9 GENOS
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Mining the gold from big glycomics datasets
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Take-home message 2
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1. The majority of proteins are glycoproteins =\ % "%
— Nearly all secreted and membrane proteins b ey

2. Glycans are integral part of protein structure
— Glycans affect both structure and function of proteins

3. Inter-individual variation in glycosylation is large

— Alterantive glycosylation can have same functional
consequences as coding mutations

4. Glycomic data should be combined with other omics

data
— We need methods for multi-omic data analysis
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