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Figure 4. Combined glycan score vs cardiovascular disease risk and measures of subclinical atherosclerosis. A, Box plot showing
the distribution of the glycan score in quintiles of the 10-y atherosclerotic cardiovascular disease (ASCVD) risk score. B, Box plot showing
the distribution of the glycan (IgG+GlycA) score in individuals with and without carotid plaque. P values and odds ratios (OR) from

logistic regression adjusted for log (10-y ASCVD risk score). C, Box plot showing the distribution of the log (10-y ASCVD risk score) in
individuals with and without carotid plague, OR and P value adjusted for glycan score. D, Box plot showing the distribution of the glycan
score in individuals with and without femoral plaque. P value and OR adjusted for log (10-y ASCVD risk score). E, Box plot showing the
distribution of the log (10-y ASCVD risk score) in individuals with and without femoral plaque, OR and P value adjusted for glycan score.

Cl indicates confidence interval.

using the Nightingale platform. This monosialylated glycan
with core fucose is strongly negatively correlated with vari-
ous measures of lipids and triglycerides, in particular with the
concentration of very-low-density lipoprotein (VLDL) and
triglycerides in VLDL (Online Table VII). To illustrate the
magnitude of the associations between carotid plaque and gly-
cosylation traits, the distribution of GP18 in individuals with
and without carotid plaque is shown in Figure 5 side by side to
the distribution of 10-year ASCVD risk score.

Discussion
In this study, we report that there are significant and repro-
ducible IgG glycan traits associated with cardiovascular risk
in addition to the previously reported ones with one single

measure of protein glycosylation (GlycA). After adjustment
for individual risk factors, we identify 8 quantitative IgG gly-
can traits associated with the 10-year ASCVD risk score in
women from 2 independent cohorts, 6 of which are also as-
sociated in men. Four of the glycan traits identified are also
associated with presence of subclinical atherosclerosis after
adjusting for all traditional risk factors (3 with both femoral
and carotid plaques and 1 with carotid plaque only), indicating
that indeed these glycan traits are related to atherosclerosis.
Several recent studies have used targeted metabolomics plat-
forms to examine a glycan signal (referred to as GlycA) thought
to identify the concentration of circulating protein-bound
N-acetyl methyl groups of GlcNAc and N-acetylgalactosamine
glycan moieties based on NMR measures.* One such study™
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Figure 5. Association between GP18 (% of FA2G2S1 glycan
among lgG where FA2G2S1 is the 2-AB mono-sialylated-,
galactosylated biantennary N-glycan, core-substituted with
fucose), carotid plaque and circulating levels of VLDL. A,
Box plot showing the distribution of the IgG glycan trait GP18 in
individuals with and without carotid plaque. The P values shown
are unadjusted and adjusted for circulating levels of very-low-
density lipoprotein (VLDL). B, Correlation between circulating
VLDL and GP18. C, Distribution of VLDL in individuals with and
without carotid plaque. The P values shown are unadjusted and
adjusted for levels of GP18.

demonstrated that this signal was associated with longitudinal
risk of mortality related to both ASCVD and cancer.**

In this study, we have used the NMR GlycA measure as a
positive control and find that this measure of protein glycosyl-
ation previously reported to be associated with CVD mortality
by Lawler et al® is also strongly associated with our data. In

addition, 8 of the glycan associations we report to be associ-
ated with 10-year ASCVD risk score remain significant after
adjusting for individual risk factors, indicating that they are
independently contributing to CVD risk. This is line with liter-
ature data indicating that IgG glycans are only weakly related
to the GlycA NMR signal.> Importantly, we find that a linear
combination of IgG glycans predicts a large proportion of the
variance in 10-year ASCVD risk score both in men (39%) and
in women (26% to 54%) and that this is reproducible.

When we combined the GlycA NMR measure into an
IgG+GlycA score, we found that it was strongly associated with
both femoral and carotid plaques in the TwinsUK cohort. The as-
sociation with subclinical atherosclerosis of this measure remained
statistically significant after adjustment for 10-year ASCVD risk
score, in line with previous reports® that measures of protein
glycosylation contribute to cardiovascular risk in addition to tra-
ditional risk factors. It is of interest that the association between
the IgG glycan traits and CVD-related study end points remain
significant after adjusting for GlycA, suggesting that incremental
information is gained with the different measures of glycans.

It has been hypothesized® that protein glycosylation may be
capturing a combined measure of upstream inflammation related
to risk of ASCVD. Recently, there has been an emerging focus
on reclassification of diseases based on common mechanisms of
pathophysiology and away from traditional clinical manifesta-
tion—defined approaches.*® Our data, with more comprehensive
measures of protein glycosylation, highlight the potential value
of glycomics in identifying such pathways of disease, the repro-
ducibility of results across different cohorts, and the extent to
which CVD risk can be captured by these measures.

We also report that some IgG glycans are associated with
higher CVD risk and others are associated with lower CVD
risk. More precisely, glycans that contain exposed 3 GlcNAcs
(GP6) or glycans that contain both bisecting GIcNAc and 1
sialic acid are positively associated with CVD risk (consis-
tent with the previous GlycA reports), whereas sialylated gly-
cans without a bisecting GIcNAc are negatively associated.
Increased levels of glycans with a bisecting GIcNAc are report-
ed to associate with higher age, whereas decreased levels were
associated with longevity.”” Even though only nongalactosyl-
ated glycoforms with a bisecting GlcNAc were associated with
familial longevity, our results show that association of bisect-
ing GlcNAc and CVD risk is not dependent on the presence of
other sugar residues?’*’; we found agalactosylated, monogalac-
tosylated, and sialylated N-glycans with a bisecting GlcNAc
positively associated with CVD risk. Besides aging, increased
levels of glycans with a core fucose and bisecting GIcNAc are
known to be present in serum of patients with T2D,* and most
of these glycans are coming from IgG,* thus reflecting the
same traits connected with CVD risk in this study.

Age, T2D, and smoking are all factors included in the 10-
year ASCVD cardiovascular risk score assessment and have a
positive association with a bisecting GIcNAc. IgG glycosylation
is able to modulate Fc receptor binding, and bisecting GIcNAc
was shown to increase antibody-dependent cellular cytotoxicity
mediated by binding of the antibody to the Fcy-receptor.*’ Glycan
traits known to increase antibody-dependent cellular cytotoxicity
are involved in proinflammatory pathways,* and inflammation
is known to be underlying mechanism of CVD’s development.'®
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Although bisecting GIcNAc is related with proinflam-
matory activity of IgG and the aforementioned conditions,
sialylation and core fucosylation are consistently associated
with anti-inflammatory activity.'*#* Indeed, a core fucosylated
digalactosylated monosialylated glycan, GP18 (also called
FA2G2S1), over all glycan traits remains strongly associated
with the 10-year ASCVD risk score after adjustment for the
individual risk factors that constitute the ASCVD risk score.
After further investigation, we found that this glycan structure
is strongly negatively correlated with VLDL levels. VLDL
itself is a risk factor for CVD being associated with hyper-
triglyceridemia and dyslipidemia in general.* Importantly,
defects in the cholesterol metabolism pathway (particularly
in the generation of nonsterol isoprene compounds) lead to
disturbances in the glycosylation of proteins. This suggests a
functional link between cholesterol metabolism and protein
glycosylation.* Moreover, in rabbits, IgG and VLDL were
shown to contribute to arterial lesions and that sialic acid
plays a crucial role in the prevention of an arterial lesion for-
mation*’; even though our work supports that connection, the
complete picture is still missing. Therefore, further studies
should be performed focusing on the role of these glycosyl-
ated structures in predicting cardiovascular events and, in par-
ticular, their interaction with VLDL.

We note some study limitations. First, the results were dis-
covered and replicated primarily in women, even though most
of the results are also replicated in men. Second, the cross-
sectional nature of our data does not allow us to draw conclu-
sions as to whether the identified glycan traits are causative of
CVD decline or merely correlated with it, although the results
from these hypothesis-generating findings are consistent with
other less comprehensive measures of glycosylations where
causative links between glycosylation and CVD outcomes
have been shown.*3* Third, the associations were discovered
with the 10-year ASCVD risk score and not with actual CVD
events. We report that these associations were also validated
with measures of subclinical atherosclerosis after adjusting
for all the risk factors in the 10-year ACC/AHA risk score,
aiming to show that glycan traits provide molecular informa-
tion that was not present in the pooled risk equation and thus
suggesting an important biological role for these post-transla-
tional IgG modifications.

In conclusion, our data point to separate pathways whereby
immunoglobulin glycosylation may be related to cardiovascu-
lar risk; however, a large number of N-glycan traits related
to core fucose and bisecting GIcNAc are strongly associated
with atherosclerotic plaque.

However, one specific trait related to the sialylated
N-glycan seems to be strongly negatively related to circulat-
ing VLDL and is supportive of a role of IgG glycosylation
in VLDL metabolism and arterial lesion formation also in
humans.

Acknowledgments

We wish to express our appreciation to all study participants of the
TwinsUK cohort. We want to acknowledge Dr Benyu Jiang for per-
forming the majority of the carotid measurements in TwinsUK. Toma
Keser, Jerko Stambuk, Mirna Simurina, Tamara Pavi¢, and Jasminka
Kristi¢ are acknowledged for their help during the laboratory work on

IgG Glycans and Cardiovascular Risk 1563

glycan analysis. We would like to acknowledge the invaluable contri-
butions of the research nurses in Orkney, the administrative team in
Edinburgh, and the people of Orkney.

Sources of Funding

This work was funded by the British Heart Foundation (BHF) Special
Project grant SP/12/4/29573 and Medical Research Council (MRC)/
British Heart Foundation Ancestry and Biological Informative
Markers for Stratification of Hypertension (AIMHY; MR/M016560/1)
grant. Twins UK receives funding from the Wellcome Trust European
Community’s Seventh Framework Programme (FP7/2007-2013 to
TwinsUK); the National Institute for Health Research (NIHR) Clinical
Research Facility at Guy’s & St Thomas’ National Health Service
(NHS) Foundation Trust and NIHR Biomedical Research Centre
based at Guy’s and St Thomas’ NHS Foundation Trust and King’s
College London. This work also receives funding from the European
Union’s Seventh Programme for research, technological development
and demonstration under grant agreement No 603946 (Health and
Environment-wide Associations Based on Large population Surveys
(HEALS). Glycan analysis was supported by European Commission
Framework programme 7 grants Methods for Integrated analysis of
Multiple Omics datasets (MIMOmics; contract number 305280),
H2020 grants GlySign (contract number 722095), and IMforFuture
(contract number 721815), as well as by the European Structural
and Investment Funds IRI (grant number KK.01.2.1.01.0003) and
Croatian National Centre of Research Excellence in Personalized
Healthcare (grant number KK.01.1.1.01.0010). ORCADES (Orkney
Complex Disease Study) was supported by the Chief Scientist Office
of the Scottish Government (CZB/4/276, CZB/4/710), the Royal
Society, the MRC Human Genetics Unit quinquennial programme
QTL in Health and Disease, Arthritis Research UK, and the European
Union framework program 6 EUROSPAN project (contract number
LSHG-CT-2006-018947). T.D. Spector is a National Institute for
Health Research Senior Investigator. A.M. Valdes is supported by the
NIHR Nottingham British Research Council.

Disclosures

G. Lauc is a founder and owner, 1. Gudelj and I. Trbojevi¢-Akmaci¢
are employees of Genos, Ltd, which offers commercial service of gly-
comic analysis and has 2 patents in this field (W0O/2014/203010 and
WO/2017/215973). The other authors report no conflicts.

References

1. GBD 2013 Mortality and Causes of Death Collaborators. Global, re-
gional, and national age-sex specific all-cause and cause-specific mor-
tality for 240 causes of death, 1990-2013: a systematic analysis for the
global burden of disease study 2013. Lancet. 2015;385:117-171. doi:
10.1016/S0140-6736(14)61682-2.

2. Smolina K, Wright FL, Rayner M, Goldacre MJ. Determinants of the de-
cline in mortality from acute myocardial infarction in England between
2002 and 2010: linked national database study. BMJ. 2012;344:d8059.

3. Jackson R, Lawes CM, Bennett DA, Milne RJ, Rodgers A. Treatment
with drugs to lower blood pressure and blood cholesterol based on an in-
dividual’s absolute cardiovascular risk. Lancet. 2005;365:434-441. doi:
10.1016/S0140-6736(05)17833-7.

4. Ridker PM, Buring JE, Rifai N, Cook NR. Development and validation
of improved algorithms for the assessment of global cardiovascular risk
in women: the Reynolds Risk Score. JAMA. 2007;297:611-619. doi:
10.1001/jama.297.6.611.

5. Assmann G, Cullen P, Schulte H. Simple scoring scheme for calculat-
ing the risk of acute coronary events based on the 10-year follow-up of
the prospective cardiovascular Miinster (PROCAM) study. Circulation.
2002;105:310-315.

6. Ferrario M, Chiodini P, Chambless LE, Cesana G, Vanuzzo D, Panico S,
Sega R, Pilotto L, Palmieri L, Giampaoli S; CUORE Project Research
Group. Prediction of coronary events in a low incidence population.
Assessing accuracy of the CUORE Cohort Study prediction equation. Int
J Epidemiol. 2005;34:413-421. doi: 10.1093/ije/dyh405.

7. Goff DC Jr, Lloyd-Jones DM, Bennett G, er al; American College
of Cardiology/American Heart Association Task Force on Practice


http://circres.ahajournals.org/

8T0Z ‘2T aunr uo 159nb Aq /Bio'seu.no feye'salolio//.dny wouy pepeojumoq

1564

20.

21.

22.

24.

25.

26.

. Willerson

Circulation Research May 25, 2018

Guidelines. 2013 ACC/AHA guideline on the assessment of cardiovas-
cular risk: a report of the American College of Cardiology/American
Heart Association Task Force on Practice Guidelines. Circulation.
2014;129:5S49-S73. doi: 10.1161/01.¢ir.0000437741.48606.98.

. D’Agostino RB Sr, Vasan RS, Pencina MJ, Wolf PA, Cobain M, Massaro

JM, Kannel WB. General cardiovascular risk profile for use in primary
care: the Framingham Heart Study. Circulation. 2008;117:743-753. doi:
10.1161/CIRCULATIONAHA.107.699579.

. Laclaustra M, Casasnovas JA, Ferndndez-Ortiz A, Fuster V, Ledn-Latre

M, Jiménez-Borreguero LJ, Pocovi M, Hurtado-Roca Y, Ordovas JM,
Jarauta E, Guallar E, Ibanez B, Civeira F. Femoral and carotid sub-
clinical atherosclerosis association with risk factors and coronary cal-
cium: the AWHS Study. J Am Coll Cardiol. 2016;67:1263-1274. doi:
10.1016/j.jacc.2015.12.056.

. Polonsky TS, Ning H, Daviglus ML, Liu K, Burke GL, Cushman M, Eng

J, Folsom AR, Lutsey PL, Nettleton JA, Post WS, Sacco RL, Szklo M,
Lloyd-Jones DM. Association of cardiovascular health with subclinical
disease and incident events: the multi-ethnic study of atherosclerosis. J
Am Heart Assoc. 2017;6:004894.

. Selwaness M, Bos D, van den Bouwhuijsen Q, Portegies ML, Tkram

MA, Hofman A, Franco OH, van der Lugt A, Wentzel JJ, Vernooij MW.
Carotid atherosclerotic plaque characteristics on magnetic resonance
imaging relate with history of stroke and coronary heart disease. Stroke.
2016:;47:1542-1547. doi: 10.1161/STROKEAHA.116.012923.

. Polak JF, Pencina MJ, Pencina KM, O’Donnell CJ, Wolf PA, D’ Agostino

RB Sr. Carotid-wall intima-media thickness and cardiovascular events. N
Engl J Med. 2011;365:213-221. doi: 10.1056/NEJMoal012592.

. Inaba Y, Chen JA, Bergmann SR. Carotid plaque, compared with carotid

intima-media thickness, more accurately predicts coronary artery dis-
ease events: a meta-analysis. Atherosclerosis. 2012;220:128-133. doi:
10.1016/j.atherosclerosis.2011.06.044.

. Ohtsubo K, Marth JD. Glycosylation in cellular mechanisms of health and

disease. Cell. 2006;126:855-867. doi: 10.1016/j.cell.2006.08.019.

. Maverakis E, Kim K, Shimoda M, Gershwin ME, Patel F, Wilken R,

Raychaudhuri S, Ruhaak LR, Lebrilla CB. Glycans in the immune sys-
tem and the altered glycan theory of autoimmunity: a critical review. J
Autoimmun. 2015;57:1-13. doi: 10.1016/j.jaut.2014.12.002.

. Chan AC, Carter PJ. Therapeutic antibodies for autoimmunity and inflam-

mation. Nat Rev Immunol. 2010;10:301-316. doi: 10.1038/nri2761.

. Akinkuolie AO, Buring JE, Ridker PM, Mora S. A novel protein glycan

biomarker and future cardiovascular disease events. J Am Heart Assoc.
2014;3:e001221. doi: 10.1161/JAHA.114.001221.

. Lauc G, Pezer M, Rudan I, Campbell H. Mechanisms of disease: the

human N-glycome. Biochim Biophys Acta. 2016;1860:1574-1582. doi:
10.1016/j.bbagen.2015.10.016.
JT, Ridker PM.
cular risk factor. Circulation.
10.1161/01.CIR.0000129535.04194.38.
Lawler PR, Mora S. Glycosylation signatures of inflammation identify
cardiovascular risk: some glyc it hot. Circ Res. 2016;119:1154-1156. doi:
10.1161/CIRCRESAHA.116.310005.

Wang Y, Klari¢ L, Yu X, et al. The association between glycosyl-
ation of immunoglobulin G and hypertension: a multiple ethnic
cross-sectional  Study. Medicine (Baltimore). 2016;95:¢3379. doi:
10.1097/MD.0000000000003379.

Knezevic A, Gornik O, Polasek O, Pucic M, Redzic I, Novokmet M, Rudd
PM, Wright AF, Campbell H, Rudan I, Lauc G. Effects of aging, body mass
index, plasma lipid profiles, and smoking on human plasma N-glycans.
Glycobiology. 2010;20:959-969. doi: 10.1093/glycob/cwq051.

Inflammation as a cardiovas-
2004;109:112-110. doi:

. Moayyeri A, Hammond CJ, Valdes AM, Spector TD. Cohort profile:

Twinsuk and healthy ageing twin study. Int J Epidemiol. 2013;42:76-85.
doi: 10.1093/ije/dyr207.

McQuillan R, Leutenegger AL, Abdel-Rahman R, et al. Runs of homozy-
gosity in European populations. Am J Hum Genet. 2008;83:359-372. doi:
10.1016/j.ajhg.2008.08.007.

Menni C, Migaud M, Glastonbury CA, Beaumont M, Nikolau A, Small K,
Brosnan MJ, Mohney R, Spector TD, Valdes AM. Metabolomic profiling
to dissect the role of visceral fat in cardiometabolic health. Obesity (Silver
Spring). 2016;24:1380-1388. doi: 10.1002/0by.21488.

Cecelja M, Jiang B, Bevan L, Frost ML, Spector TD, Chowienczyk PJ.
Arterial stiffening relates to arterial calcification but not to noncalcified

27.

28.

29.

30.

31.

32.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

atheroma in women. A twin study. J Am Coll Cardiol. 2011;57:1480—
1486. doi: 10.1016/j.jacc.2010.09.079.

Puci¢ M, Knezevi¢ A, Vidic J, et al. High throughput isolation and
glycosylation analysis of IgG-variability and heritability of the IgG
glycome in three isolated human populations. Mol Cell Proteomics.
2011;10:M111.010090. doi: 10.1074/mcp.M111.010090.

Menni C, Keser T, Mangino M, Bell JT, Erte I, Akmaci¢ I, Vuckovic¢
FE, Puci¢ Bakovi¢ M, Gornik O, McCarthy MI, Zoldo§ V, Spector
TD, Lauc G, Valdes AM. Glycosylation of immunoglobulin G: role
of genetic and epigenetic influences. PLoS One. 2013;8:¢82558. doi:
10.1371/journal.pone.0082558.

Soininen P, Kangas AJ, Wiirtz P, Suna T, Ala-Korpela M. Quantitative
serum nuclear magnetic resonance metabolomics in cardiovascular epi-
demiology and genetics. Circ Cardiovasc Genet. 2015;8:192-206. doi:
10.1161/CIRCGENETICS.114.000216.

Aulchenko YS, Ripke S, Isaacs A, van Duijn CM. GenABEL: an R library
for genome-wide association analysis. Bioinformatics. 2007;23:1294—
1296. doi: 10.1093/bioinformatics/btm108.

Wiirtz P, Havulinna AS, Soininen P, et al. Metabolite profil-
ing and cardiovascular event risk: a prospective study of 3 pop-
ulation-based  cohorts.  Circulation. ~ 2015;131:774-785.  doi:
10.1161/CIRCULATIONAHA.114.013116.

Joshi AA, Lerman JB, Aberra TM, et al. GlycA is a novel biomarker of
inflammation and subclinical cardiovascular disease in psoriasis. Circ Res.
2016;119:1242-1253. doi: 10.1161/CIRCRESAHA.116.309637.

. Lawler PR, Akinkuolie AO, Chandler PD, Moorthy MV, Vandenburgh

MIJ, Schaumberg DA, Lee IM, Glynn RJ, Ridker PM, Buring JE, Mora S.
Circulating N-linked glycoprotein acetyls and longitudinal mortality risk.
Circ Res.2016;118:1106-1115.doi: 10.1161/CIRCRESAHA.115.308078.
Niyonzima N, Halvorsen B, Sporsheim B, Garred P, Aukrust P, Mollnes
TE, Espevik T. Complement activation by cholesterol crystals triggers
a subsequent cytokine response. Mol Immunol. 2017;84:43-50. doi:
10.1016/j.molimm.2016.09.019.

Otvos JD, Shalaurova I, Wolak-Dinsmore J, Connelly MA, Mackey RH,
Stein JH, Tracy RP. GlycA: a composite nuclear magnetic resonance
biomarker of systemic inflammation. Clin Chem. 2015;61:714-723. doi:
10.1373/clinchem.2014.232918.

Antman EM, Loscalzo J. Precision medicine in cardiology. Nat Rev
Cardiol. 2016;13:591-602. doi: 10.1038/nrcardio.2016.101.

Ruhaak LR, Uh HW, Beekman M, Koeleman CA, Hokke CH,
Westendorp RG, Wuhrer M, Houwing-Duistermaat JJ, Slagboom PE,
Deelder AM. Decreased levels of bisecting GIcNAc glycoforms of IgG
are associated with human longevity. PLoS One. 2010;5:¢12566. doi:
10.1371/journal.pone.0012566.

Itoh N, Sakaue S, Nakagawa H, Kurogochi M, Ohira H, Deguchi K,
Nishimura S, Nishimura M. Analysis of N-glycan in serum glycoproteins
from db/db mice and humans with type 2 diabetes. Am J Physiol Endocrinol
Metab. 2007;293:E1069-E1077. doi: 10.1152/ajpendo.00182.2007.
Clerc F, Reiding KR, Jansen BC, Kammeijer GS, Bondt A, Wuhrer M.
Human plasma protein N-glycosylation. Glycoconj J. 2016;33:309-343.
doi: 10.1007/s10719-015-9626-2.

Umaiia P, Jean-Mairet J, Moudry R, Amstutz H, Bailey JE. Engineered
glycoforms of an antineuroblastoma IgG1 with optimized antibody-de-
pendent cellular cytotoxic activity. Nat Biotechnol. 1999;17:176-180. doi:
10.1038/6179.

Wahl A, Kasela S, Carnero-Montoro E, et al. IgG glycosylation and DNA
methylation are interconnected with smoking. Biochim Biophys Acta.
2018;1862:637-648. doi: 10.1016/j.bbagen.2017.10.012.

Bohm S, Schwab I, Lux A, Nimmerjahn F. The role of sialic acid as a
modulator of the anti-inflammatory activity of IgG. Semin Immunopathol.
2012;34:443-453. doi: 10.1007/s00281-012-0308-x.

Tenenbaum A, Klempfner R, Fisman EZ. Hypertriglyceridemia: a too long
unfairly neglected major cardiovascular risk factor. Cardiovasc Diabetol.
2014;13:159. doi: 10.1186/s12933-014-0159-y.

Wolfe LA, Morava E, He M, Vockley J, Gibson KM. Heritable disor-
ders in the metabolism of the dolichols: a bridge from sterol biosynthe-
sis to molecular glycosylation. Am J Med Genet C Semin Med Genet.
2012;160C:322-328. doi: 10.1002/ajmg.c.31345.

Sarphie TG. Interactions of IgG and beta-VLDL with aortic valve
endothelium from hypercholesterolemic rabbits.  Atherosclerosis.
1987;68:199-212.


http://circres.ahajournals.org/

8T0Z ‘2T aunr uo 159nb Aq /Bio'seu.no feye'salolio//.dny wouy pepeojumoq

Circulation G e
Research

JOURNAL OF THE AMERICAN HEART ASSOCIATION

Glycosylation Profile of Immunoglobulin G I's Cross-Sectionally Associated With
Cardiovascular Disease Risk Score and Subclinical Atherosclerosisin Two Independent
Cohorts
Cristina Menni, Ivan Gudelj, Erin Macdonald-Dunlop, Massimo Mangino, Jonas Zierer, Erim
Besic, Peter K. Joshi, Irena Trbojevic-Akmacic, Phil J. Chowienczyk, Tim D. Spector, James F.
Wilson, Gordan Lauc and AnaM. Valdes

Circ Res. 2018;122:1555-1564; originally published online March 13, 2018;

doi: 10.1161/CIRCRESAHA.117.312174
Circulation Research is published by the American Heart Association, 7272 Greenville Avenue, Dallas, TX 75231
Copyright © 2018 American Heart Association, Inc. All rights reserved.
Print ISSN: 0009-7330. Online ISSN: 1524-4571

The online version of this article, along with updated information and services, islocated on the
World Wide Web at:
http://circres.ahajournals.org/content/122/11/1555
Free via Open Access

Data Supplement (unedited) at:
http://circres.ahajournals.org/content/suppl/2018/03/12/CIRCRESAHA.117.312174.DC1

Permissions: Requests for permissions to reproduce figures, tables, or portions of articles originally published
in Circulation Research can be obtained via RightsLink, a service of the Copyright Clearance Center, not the
Editorial Office. Once the online version of the published article for which permission is being requested is
located, click Request Permissions in the middle column of the Web page under Services. Further information
about this process is available in the Permissions and Rights Question and Answer document.

Reprints: Information about reprints can be found online at:
http://mww.Ilww.com/reprints

Subscriptions: Information about subscribing to Circulation Research is online at:
http://circres.ahajournal s.org//subscriptions/



http://circres.ahajournals.org/content/122/11/1555
http://circres.ahajournals.org/content/suppl/2018/03/12/CIRCRESAHA.117.312174.DC1
http://www.ahajournals.org/site/rights/
http://www.lww.com/reprints
http://circres.ahajournals.org//subscriptions/
http://circres.ahajournals.org/

Glycosylation profile of Immunoglobulin G is cross-sectionally associated with cardiovascular
disease risk score and subclinical atherosclerosis in two independent cohorts

Cristina Menni, PhD ¥, lvan Gudelj, PhD"", Erin MacDonald-Dunlop, MSc®, Massimo Mangino, PhD
2 Jonas Zierer, PhD? Erim Besi¢, PhD?, Peter K Joshi, PhD®, Irena Trbojevié-Akmaci¢, PhD® Phil
Chowienczyk, MD? , Tim D Spector, MD?, James F Wilson, PhD¢, Gordan Lauc, PhD *™Ana M
Valdes, PhD * 9"

 Department of Twin Research and Genetic Epidemiology, King's College London, London, UK.
® Genos Glycoscience Research Laboratory, Zagreb, Croatia

¢ Centre for Global Health Research, Usher Institute of Population Health Sciences and Informatics,
University of Edinburgh, Teviot Place, Edinburgh, EH8 9AG, Scotland

Department of Clinical Pharmacology, King's College London, London, UK.

*MRC Human Genetics Unit, Institute of Genetics and Molecular Medicine, University of Edinburgh,
Western General Hospital, Edinburgh, EH4 2XU, Scotland
" University of Zagreb, Faculty of Pharmacy and Biochemistry, Zagreb, Croatia

School of Medicine, Nottingham City Hospital, Hucknall Road, Nottingham, UK.

" NIHR Nottingham Biomedical Research Centre, Nottingham, UK.

Supplementary Material



OnlineTable I. Description of 24 quantitative 1gG glycosylation traits and 52 derived trait and association between all tested glycans and derived
traits with the 10-year ASCVD risk score in the discovery cohort. Analyses adjusted by age, BMI and family relatedness. Significance cut-off: P<
6.58x10™*

10-year ASCVD risk score
GROUP Glycan DESCRIPTION* FORMULA* Beta(SE) P
The percentage of FAL glycan
GP1 in total 1gG glycans GP1/GP* 100 0.002(0.01) 8.46E-01
The percentage of A2 glycan
GP2 in total 1gG glycans GP2/ GP* 100 0.051(0.01) 3.45E-07
The percentage of FA2 glycan
GP4 in total 1gG glycans GP4 / GP* 100 -0.005(0.011) 6.36E-01
The percentage of M5 glycan
GP5 in total 1gG glycans GP5 / GP* 100 0.037(0.01) 1.53E-04
The percentage of FA2B
GP6 glycan in total 1gG glycans GP6 / GP* 100 0.072(0.011) 1.30E-10
The percentage of A2G1
GP7 glycan in total 1gG glycans GP7 / GP* 100 0.028(0.009) 2.52E-03
The percentage of FA2[6]G1
GP8 glycan in total 1gG glycans GP8/ GP* 100 -0.046(0.009) 8.06E-07
The percentage of FA2[3]G1
GP9 glycan in total 1gG glycans GP9/ GP* 100 -0.052(0.009) 1.76E-08
The percentage of
FA2[6]BG1 glycan in total
GP10 IgG glycans GP10/ GP* 100 0.048(0.009) 1.93E-07
The percentage of
FA2[3]BG1 glycan in total
GP11 IgG glycans GP11/GP* 100 0.054(0.01) 3.42E-08
The percentage of A2G2
GP12 glycan in total 1gG glycans GP12 / GP* 100 0(0.01) 9.66E-01
The percentage of A2BG2
GP13 glycan in total 1gG glycans GP13/GP* 100 -0.01(0.009) 2.80E-01
Total 1gG glycans (neutral + The percentage of FA2G2
charged) GP14 glycan in total 1gG glycans GP14 / GP* 100 -0.063(0.012) 1.49E-07




The percentage of FA2BG2

GP15 glycan in total 1gG glycans GP15/GP* 100 0.005(0.011) 6.35E-01
The percentage of FA2G1S1
GP16 glycan in total IgG glycans GP16 / GP * 100 -0.049(0.009) 1.32E-07
The percentage of A2G2S1
GP17 glycan in total 1gG glycans GP17/ GP * 100 0.012(0.009) 1.84E-01
The percentage of FA2G2S1
GP18 glycan in total 1gG glycans GP18/GP * 100 -0.077(0.012) 5.59E-11
The percentage of FA2BG2S1
GP19 glycan in total IgG glycans GP19/GP * 100 -0.013(0.009) 1.55E-01
(GP20+GP21)/GP *
GP20+GP21 100 0.017(0.009) 6.23E-02
The percentage of A2BG2S2
GP22 glycan in total IgG glycans GP22 / GP * 100 0.022(0.009) 8.87E-03
The percentage of FA2G2S2
GP23 glycan in total 1gG glycans GP23/GP * 100 -0.071(0.01) 1.43E-13
The percentage of FA2BG2S2
GP24 glycan in total IgG glycans GP24 / GP * 100 -0.003(0.009) 7.04E-01
The percentage of sialylation | SUM(GP16 + GP18 +
of fucosylated galactosylated | GP23) / SUM(GP16 +
structures without bisecting GP18 + GP23 + GP8
FGS/(FG+FGS) GIcNAc in total 1gG glycans + GP9 + GP14)* 100 -0.034(0.01) 5.36E-04
The percentage of sialylation | SUM(GP19 + GP24) /
of fucosylated galactosylated | SUM(GP19 + GP24 +
structures with bisecting GP10 + GP11 +
FBGS/(FBG+FBGYS) GIcNAc in total 1gG glycans GP15)* 100 -0.031(0.009) 4.26E-04
SUM(GP16 + GP18 +
The percentage of sialylation | GP23) / SUM(GP16 +
of all fucosylated structures GP18 + GP23 + GP4
without bisecting GIcNAc in + GP8 + GP9 +
FGS/(F+FG+FGS) total 1gG glycans GP14)* 100 -0.042(0.011) 1.31E-04
The percentage of sialylation | SUM(GP19 + GP24) /
Total 1gG glycans - derived of all fucosylated structures SUM(GP19 + GP24 +
parameters FBGS/(FB+FBG+FBGYS) with bisecting GIcNAc in total | GP6 + GP10 + GP11 -0.042(0.009) 4.47E-06




1gG glycans + GP15)* 100
The percentage of
monosialylation of
fucosylated
monogalactosylated GP16 / SUM(GP16 +
FG1S1/(FG1+FG1S1) structures in total 1gG glycans | GP8 + GP9)* 100 -0.005(0.009) 5.89E-01
The percentage of
monosialylation of
fucosylated digalactosylated GP18/SUM(GP18 +
FG2S1/(FG2+FG2S1+FG2S2) | structures in total 1gG glycans | GP14 + GP23)* 100 -0.021(0.009) 1.93E-02
The percentage of
disialylation of fucosylated
digalactosylated structures in | GP23 / SUM(GP23 +
FG2S2/(FG2+FG2S1+FG2S2) | total 1gG glycans GP14 + GP18)* 100 -0.027(0.009) 2.99E-03
The percentage of
monosialylation of
fucosylated digalactosylated
FBG2S1/(FBG2+FBG2S1+FB | structures with bisecting GP19/SUM(GP19 +
G2S2) GIcNAc in total 1gG glycans | GP15 + GP24)* 100 -0.018(0.009) 5.64E-02
The percentage of
disialylation of fucosylated
digalactosylated structures
FBG2S2/(FBG2+FBG2S1+FB | with bisecting GIcNAc in total | GP24 / SUM(GP24 +
G2S2) 1gG glycans GP15 + GP19)* 100 -0.001(0.009) 9.00E-01
Ratio of all fucosylated (+/-
bisecting GlyNAc)
monosialylated and SUM(GP16 + GP18 +
disialylated structures in total | GP19) / SUM(GP23 +
Foes1/FRs2 IgG glycans GP24) -0.009(0.009) 3.29E-01
Ratio of fucosylated (without
bisecting GIcNAc)
monosialylated and
disialylated structures in total [ SUM(GP16 + GP18) /
FS1/FS2 IgG glycans GP23 0.028(0.009) 1.50E-03




Ratio of fucosylated (with
bisecting GIcNAc)
monosialylated and
disialylated structures in total

FBS1/FBS2 IgG glycans GP19/ GP24 -0.01(0.009) 2.65E-01
Ratio of all fucosylated SUM(GP19 + GP24) /
sialylated structures with and | SUM(GP16 + GP18 +

FBS"@/Fse without bisecting GIcNAc GP23) 0.053(0.01) 4.18E-07
Ratio of fucosylated
monosialylated structures
with and without bisecting GP19/SUM(GP16 +

FBS1/FS1 GIcNAC GP18) 0.041(0.01) 6.08E-05
The incidence of bisecting
GlcNAc in all fucosylated
monosialylated structures in GP19/SUM(GP16 +

FBS1/(FS1+FBS1) total 1gG glycans GP18 + GP19) 0.042(0.01) 5.97E-05
Ratio of fucosylated
disialylated structures with

FBS2/FS2 and without bisecting GIcNAc | GP24 / GP23 0.101(0.01) 9.48E-23
The incidence of bisecting
GIcNAc in all fucosylated
disialylated structures in total | GP24 / SUM(GP23 +

FBS2/(FS2+FBS?2) IgG glycans GP24) 0.101(0.011) 2.23E-21
The percentage of FA1 glycan
in total neutral 1gG glycans

GP1" (GP" GP1/GP™ 100 0.009(0.01) 3.48E-01
The percentage of A2 glycan
in total neutral 1gG glycans

GP2" (GP" GP2/GP™ 100 0.055(0.01) 3.34E-08
The percentage of FA2 glycan
in total neutral 1gG glycans

GP4" (GP" GP4 / GP™ 100 0.007(0.012) 5.32E-01
The percentage of M5 glycan
in total neutral 1gG glycans

Neutral 1gG glycans GP5" (GP" GP5/ GP™ 100 0.046(0.01) 2.01E-06




GP6"

The percentage of FA2B
glycan in total neutral 1IgG
glycans (GP")

GP6 / GP™ 100

0.096(0.012)

7.93E-17

GP7"

The percentage of A2G1
glycan in total Ineutral IgG
glycans (GP")

GP7/ GP"™ 100

0.032(0.009)

5.28E-04

GPg"

The percentage of FA2[6]G1
glycan in total neutral 1gG
glycans (GP")

GP8/GP"™ 100

-0.044(0.01)

4.31E-06

GP9"

The percentage of FA2[3]G1
glycan in total neutral 1IgG
glycans (GP")

GP9 / GP™ 100

-0.047(0.009)

2.58E-07

GP10"

The percentage of
FA2[6]BG1 glycan in total
neutral 1gG glycans (GP")

GP10/ GP™ 100

0.062(0.009)

1.99E-11

GP11"

The percentage of
FA2[3]BG1 glycan in total
neutral 1gG glycans (GP")

GP11/GP"™ 100

0.067(0.01)

4.19E-12

GP12"

The percentage of A2G2
glycan in total neutral 1IgG
glycans (GP")

GP12/ GP"™ 100

0.006(0.01)

5.30E-01

GP13"

The percentage of A2BG2
glycan in total neutral 1IgG
glycans (GP")

GP13/GP"™ 100

0.003(0.01)

7.79E-01

GP14"

The percentage of FA2G2
glycan in total neutral 1gG
glycans (GP")

GP14 / GP™ 100

-0.047(0.012)

9.50E-05

GP15"

The percentage of FA2BG2
glycan in total neutral 1gG
glycans (GP")

GP15/ GP™ 100

0.017(0.011)

1.14E-01

GO"

The percentage of
agalactosylated structures in
total neutral 1gG glycans

SUM(GP1": GP6")

0.036(0.012)

3.07E-03

G1"

The percentage of

SUM(GP7": GP11")

-0.026(0.009)

4.69E-03




monogalactosylated
structures in total neutral
1gG glycans

The percentage of
digalactosylated structures in

G2" total neutral 1gG glycans SUM(GP12": GP15") -0.037(0.012) | 1.72E-03
SUM(GP1"+ GP4™+
The percentage of all GP5"+ GP6"+ GP8"+
fucosylated (+/- bisecting GP9"+ GP10"+
GIcNAc) structures in total GP11"+ GP14"+
ph ol neutral 1gG glycans GP15") -0.028(0.009) | 1.55E-03
The percentage of SUM(GP1"+ GP4"+
fucosylation of GP5"+ GP6") / GO" *
FGO""?/G0" agalactosylated structures 100 -0.038(0.008) | 6.61E-06
The percentage of
fucosylation of SUM(GP8"+ GP9"+
monogalactosylated GP10"+ GP11") / G1"
FG1"%/G1" structures * 100 -0.031(0.009) | 4.04E-04
The percentage of
fucosylation of SUM(GP14"+ GP15) /
FG2"% G2" digalactosylated structures G2"* 100 -0.026(0.009) | 3.56E-03
The percentage of fucosylated
(without bisecting GICNACc) SUM(GP1"+ GP4"+
structures in total neutral IgG | GP5"+ GP8"+ GP9"+
F glycans GP14" -0.084(0.009) | 3.68E-19
The percentage of
fucosylation (without
bisecting GIcNAc) of SUM(GP1"+ GP4"+
FGO0"/GO" agalactosylated structures GP5") / GO"* 100 -0.074(0.009) | 2.22E-16
The percentage of
fucosylation (without
bisecting GIcNAc) of
monogalactosylated SUM(GP8"+ GP9") /
FG1"/G1" structures G1"* 100 -0.082(0.009) 1.60E-18




FG2"/G2"

The percentage of
fucosylation (without
bisecting GIcNAc) of
digalactosylated structures

GP14"/ G2"* 100

-0.058(0.01)

1.51E-09

FB"

The percentage of fucosylated
(with bisecting GIcNAc)
structures in total neutral 1gG
glycans

SUM(GP6"+ GP10" +
GP11"+ GP15")

0.09(0.01)

7.75E-20

FBG0"/G0"

The percentage of
fucosylation (with bisecting
GIcNAC) of agalactosylated
structures

GP6"/ G0"* 100

0.073(0.009)

4.22E-15

FBG1"/G1"

The percentage of
fucosylation (with bisecting
GIcNAC) of
monogalactosylated
structures

SUM(GP10" + GP11")
/ G1"* 100

0.08(0.01)

5.72E-17

FBG2"/G2"

The percentage of
fucosylation (with bisecting
GIcNAC) of digalactosylated
structures

GP15) / G2"* 100

0.072(0.01)

1.90E-12

FB"/F"

Ratio of fucosylated structures
with and without bisecting
GIcNAc

FB"/ F" * 100

0.09(0.01)

3.70E-20

FBn/Fn total

The incidence of bisecting
GIcNAc in all fucosylated
structures in total neutral 1gG
glycans

FB" F" % % 100

0.09(0.01)

6.23E-20

F"/(B" + FB")

Ratio of fucosylated non-
bisecting GIcNAc structures
and all structures with
bisecting GIcNAc

F/(GP13"+ FB")

-0.089(0.01)

7.74E-20

B"/(F" + FB")

Ratio of structures with
bisecting GIcNAc and all
fucosylated structures (+/-

GP13" (F'+ FB") *
1000

0.004(0.009)

6.61E-01




bisecting GIcNAc)

FBG2"/FG2"

Ratio of fucosylated
digalactosylated structures
with and without bisecting
GIcNAC

GP15"/GP14"

0.074(0.01)

4.86E-13

FBG2"/(FG2" + FBG2")

The incidence of bisecting
GIcNAc in all fucosylated
digalactosylated structures in
total neutral 1gG glycans

GP15"/(GP14" +
GP15") * 100

0.074(0.01)

5.73E-13

FG2"/(BG2" + FBG2")

Ratio of fucosylated
digalactosylated non-
bisecting GIcNAc structures
and all digalactosylated
structures with bisecting
GIcNAC

GP14"/(GP13"+
GP15")

-0.074(0.01)

1.23E-12

BG2"/(FG2" + FBG2")

Ratio of digalactosylated
structures with bisecting
GIcNAc and all fucosylated
digalactosylated structures
(+/- bisecting GIcNAC)

GP15"/(GP14" +
GP15") * 1000

0.038(0.01)

2.18E-04

*Previously published in Lauc et al. 2013




Online Table Il. Descriptive characteristics of the male population included in the validation analysis.

TwinsUK ORCADES
Phenotype Mean(SD) Mean(SD)
n 189 656
Males % 100% 100%
Age 57.21(10.88) 54.51(14.76)
10-years ASCVD Risk Score 11.04(9.29) 12.19(13.59)
BMI 26.70(3.71) 28.03(5.51)
DBP, mmHG 82.03(9.79) 72.67(9.23)
HDL Cholesterol, mmol/l 1.24(0.35) 1.33(0.37)
SBP, mmHG 133.19(16.13) 132.07(16.26)
Current smokers,% 2.65% 8.52%
Total Cholesterol, mmol/l 5.24(1.20) 5.32(1.12)
T2D, % 0% 4.71%




Online Table I11. Glycan traits associated with the 10-years ASCVD risk score and their association with smoking, HDL and total cholesterol, systolic
blood pressure, type 2 diabetes and insulin resistance adjusting for age, BMI and family relatedness in the discovery cohort.

ASCVD SMK HDL TC SBP T2D HOMA
Glycan Beta P Beta P Beta P Beta P Beta P Beta P Beta P
(SE) (SE) (SE) (SE) (SE) (SE) (SE)
GP6 0.07 1.30x10® 052  2.08x10"° -0.04  4.07x10° 0.07 151x10% -0.13 7.01x10% 0.18  1.90x10" 0.06 9.63x10™
(0.01) (0.08) (0.01) (0.03) (0.34) (0.14) (0.02)
GP14 -0.06 1.49x107 -0.13  1.80x10" 0.03 7.50x10* -0.15 9.48x10®% -021 556x10% -0.11 5.71x10% -0.03  1.91x10?
(0.01) (0.1) (0.01) (0.03) (0.36) (0.19) (0.02)
GP18 -0.08 5.50x10M -0.19  4.71x10° 0.05 8.92x10% -0.15  2.94x10° -0.32 3.55x10% -0.13 3.92x10% -0.05  4.20x10°
(0.01) (0.09) (0.01) (0.03) (0.35) (0.16) (0.02)
FGS/(F+FG+FGS)  -0.04 1.31x10* -0.01  8.71x10" 0.05 1.27x10® -0.06  2.10x102 -0.35 2.77x10% -0.01 9.40x10! -0.07  3.15x10°
(0.01) (0.09) (0.01) (0.03) (0.33) (0.14) (0.02)
FBStotal/FStotal 0.05 4.18x107 0.22 1.03x102% -0.03  1.31x10° 0.08 8.22x10* -0.14 6.46x101 0.07  6.66x10" 0.01 7.19x10*
(0.01) (0.09) (0.01) (0.02) (0.31) (0.15) (0.02)
FBS1/FS1 0.04 6.08x10° 0.12 1.62x101 -0.03  4.25x10* 0.07 3.56x10° -0.1 7.50x101 0.01  9.38x10 0.02 3.27x10
(0.01) (0.08) (0.02) (0.02) (0.31) (0.15) (0.02)
FBS1/(FS1+FBS1)  0.04 5.97x10° 0.11 1.76x10" -0.03  5.63x10* 0.07  2.55x10° -0.11 7.24x10" 0.01  9.31x10" 0.02 3.36x10™
(0.01) (0.08) (0.01) (0.02) (0.31) (0.16) (0.02)
GP6n 0.1 7.93x10Y 0.73  3.33x10° -0.04  4.85x10° 0.13 5.57x10° -0.24  4.99x10T 0.28  7.94x10% 0.04 3.19x107
(0.01) (0.09) (0.02) (0.03) (0.35) (0.16) (0.02)
GP9n -0.05 2.58x107 -0.54 6.40x10** 0.02 1.43x102% 0.02 3.25x10% 0.27  3.23x10% -0.18 1.23x10% -0.02  3.02x10%
(0.01) (0.06) (0.01) (0.02) (0.27) (0.12) (0.01)
GP14n -0.05 9.50x10° -0.01  9.31x10% 0.04 2.03x10° -0.1 8.11x10* -0.29 4.24x10 -0.05 7.76x10' -0.05  6.75x10°
(0.01) (0.1) (0.01) (0.03) (0.36) (0.16) (0.02)
GlycA* 0.13 0.24 -0.09 0.23 1.06 0.55 0.13
(0.01) 9.34x10%' (0.09) 9.39x10° (0.01) 3.31x10™ (0.03) 9.70x10™* (0.42) 0.01 (0.17) 1.30x10° (0.02) 5.10x10™

ASCVD=10-year atherosclerotic cardiovascular disease risk score adjusting for age, BMI and family relatedness; SMK= smoking, HDL= HDL cholesterol,
TC-=total cholesterol, SBP= systolic blood pressure; T2D=type 2 diabetes; HOMA=insulin resistance. *GlycA was measured in mmol/L by the NMR
metabolomics provider Nightingale inc under the name GP. GlycA has been standardised to have mean 0 and SD 1.



Online Table V. Association of glycan traits with the 10-year ASCVD risk score overall and adjusting for smoking, HDL cholesterol, total
cholesterol and HOMA respectively in the discovery cohort.

ASCVD ASCVD_adj SMK ASCVD_adj HDL ASCVD adj TC  ASCVD_adj HOMA
Glycan Beta P Beta P Beta P Beta P Beta P
(SE) (SE) (SE) (SE) (SE)
GP6 0.07 1.30x10™® 0.05 4.68x107 0.05 4.58x107 0.06 4.54x10° 0.05 1.57x10™
(0.01) (0.01) (0.01) (0.01) (0.01)
GP14 -0.06 1.49x107 -0.06 6.18x10° -0.05 1.39x10° -0.04 1.84x10* 9.02x10™
(0.01) (0.01) (0.01) (0.02) -0.05
(0.01)
GP18 -0.08 5.59x10™ -0.07 1.86x10™*  -0.05 6.31x107 -0.06 4.03x107 -0.06 1.24x10°
(0.01) (0.01) (0.01) (0.01) (0.01)
FGS/(F+FG+FGS)  -0.04 1.31x10* -0.04 2.96x10° -0.02 5.59x10° -0.03 1.11x10% -0.02 9.62x10
(0.01) (0.01) (0.01) (0.01) (0.01)
FBStotal/FStotal 0.05 4.18x107" 0.05 1.12x10° 0.04 2.55x10° 0.04 2.73x10° 0.05 2.13x10°
(0.01) (0.01) (0.01) (0.01) (0.01)
FBS1/FS1 0.04 6.08x10° 0.04 1.87x10° 0.03 2.72x10° 0.03 1.20x10° 0.04 8.25x10™
(0.01) (0.01) (0.01) (0.01) (0.01)
FBS1/(FS1+FBS1)  0.04 5.97x10° 0.04 1.56x10° 0.03 2.43x10° 0.03 1.34x10° 0.04 1.01x10°
(0.01) (0.01) (0.01) (0.01) (0.01)
GP6n 0.1 7.93x10"  0.07 5.69x10™ 0.08 2.90x10™ 0.08 6.75x10™ 0.08 7.35x10°
(0.01) (0.01) (0.01) (0.01) (0.01)
GP9n -0.05 2.58x10" -0.02 0.94x10° -0.04 6.14x10° -0.05 6.92x10° -0.05 2.30x10°®
(0.01) (0.01) (0.01) (0.01) (0.01)
GP14n -0.05 9.50x10° -0.05 3.02x10° -0.03 1.08x10% -0.03 3.10x10° -0.02 9.85x10%
(0.01) (0.01) (0.01) (0.01) (0.01)
GIyCA 0.13 21 0.11 16 0.09 11 0.11 15 0.11 12
(0.01) 9.34 x10 (0.01) 1.19x10 (0.01) 2.27x10 (0.01) 4.35x10 0.02) 2.33x10

ASCVD=10-year atherosclerotic cardiovascular disease risk score adjusting for age, BMI and family relatedness; ASCVD_adj_SMK= 10-years ASCVD
score adjusting for age, BMI, family relatedness and smoking, ASCVD_adj_HDL= 10-years ASCVD scor adjusting for age, BMI, family relatedness and
HDL cholesterol, ASCVD_adj_TC= 10-years ASCVD scor adjusting for age, BMI, family relatedness and total cholesterol, ASCVD_adj HOMAZ2IR= 10-
years ASCVD scor adjusting for age, BMI, family relatedness and HOMAZ2IR. Glycan traits in italics do not remain statistically significant after adjustment



for individual risk factors. *GlycA was measured in mmol/L by the NMR metabolomics provider Nightingale inc under the name GP. GlycA has been
standardised to have mean 0 and SD 1.



Online Table V. Glycan traits associated with the 10-year ASCVD risk score and their association with femoral and carotid plaque in TwinsUK

females.

Femoral plaque Femoral plaque adj SMK Carotid plaque Carotid plague adj SMK

Glycan Beta(SE) P Beta(SE) P Beta(SE) P Beta(SE) P

GP6 0.387(0.152) 0.01 0.359(0.158) 0.02 0.467(0.154) 2.40x10° 0.453(0.157) 3.92x10°
GP14 -0.174(0.165) 0.29 -0.177(0.166) 0.29 -0.213(0.155) 0.17 -0.221(0.156) 0.16
GP18 -0.128(0.162) 0.43 -0.144(0.165) 0.38 -0.494(0.147)  7.70x10™ -0.524(0.152) 5.81x10™
FBStotal/FStotal 0.021(0.149) 0.89 0.022(0.149) 0.89  0.173(0.133) 0.19 0.177(0.132) 0.18
FBS1/FS1 -0.03(0.148) 0.84 -0.003(0.15) 0.98 0.123(0.127) 0.33 0.154(0.13) 0.23
FBS1/(FS1+FBS1) -0.041(0.149) 0.78 -0.014(0.152) 0.93 0.12(0.13) 0.35 0.152(0.133) 0.25
GP6n 0.48(0.154) 1.88x10° 0.427(0.159) 0.01  0.39(0.152) 0.01 0.347(0.155) 0.03
GP9n -0.252(0.128) 0.05 -0.211(0.129) 0.10 -0.297(0.119) 0.01 -0.264(0.121) 0.03
GlycA* 0.317(0.105) 0.002 0.313(0.107) 0.003  0.194(0.099) 0.05 0.298(0.15) 0.049

*GlycA was measured in mmol/L by the NMR metabolomics provider Nightingale inc under the name GP. GlycA has been standardised to have mean 0 and

SD 1.



Online Table VI. Pearson’s correlation and p-value between the 8 I1gG glycans reproducibly and the NMR GlycA measure in TwinsUK

Pearson GlycA* GP6 GP14 GP18 FBStotal/ FBS1/FS1 FBS1/ GP6n GP9n
Correlations FStotal (FS1+FBS1)
GlycA 1
GP6 0.21 1
7.7x10*8
GP14 -0.22 -0.69 1
3.4x10% 2.5x107%%8
GP18 -0.21 -0.74 0.87 1
2.5x10*8 5.4x107%% <103%
FBStotal/FStotal 0.17 0.50 -0.73 -0.76 1
4.5x10™"? 8.1x10™1® 4.8x10°" <103
FBS1/FS1 0.16 0.50 -0.70 -0.77 0.97 1
2.2x10 4.1x107*2 7.4x107% <1073 <103
FBS1/(FS1+FBS1) 0.16 0.50 -0.70 -0.77 0.97 0.99 1
2.2x10 7.0x107% 2.1x10% <1073 <103% <103%
GP6n 0.20 0.94 -0.78 -0.76 0.55 0.51 0.52 1
9.8x10™" <103 <103 <103 3.2x10"% 3.7x10* 9.6x10%3
GP9n -0.06 -0.30 0.1369 0.111 -0.10 -0.08 -0.08 -0.34

2.4x107 8.0x10%¢ 2.7x108 2.0x10° 2.1x10° 1.1x10° 2.1x10° 2.2x10%

*GlycA was measured in mmol/L by the NMR metabolomics provider Nightingale inc under the name GP. GlycA has been standardised to have mean 0 and
SD 1.



Online Table VII. Association between GP18 and various measures of cholesterol, lipoproteins and triglycerides in serum from TwinsUK females

Lipid trait Beta SE P
Apolipoprotein A-1 0.069 0.055 2.09x107
Apolipoprotein B -0.148  0.052 4.86x107
Concentration of chylomicrons and extremely large VLDL -0.210 0.053 9.73x10°
particles

Concentration of IDL particles -0.070 0.052 1.80x10™
Concentration of large HDL particles 0.149 0.054 5.70x10°
Concentration of large LDL particles -0.083 0.053 1.19x10™
Concentration of large VLDL particles -0.226 0.053 2.29x10°
Concentration of medium HDL particles 0.093 0.050 6.36x107
Concentration of medium LDL particles -0.082 0.054 1.30x10™
Concentration of medium VLDL particles -0.228 0.052 1.56x107
Concentration of small LDL particles -0.089 0.053 9.23x10%
Concentration of small VLDL particles -0.213  0.050 2.25x107
Concentration of very large HDL particles 0.095 0.055 8.66x10
Concentration of very large VLDL particles -0.224 0.054 3.49x10”
Concentration of very small VLDL particles -0.149 0.049 2.64x10°
Remnant cholesterol (non-HDL, non-LDL -cholesterol) -0.138 0.049 5.16x10°
Sphingomyelins -0.045  0.058  4.41x10™
Triglycerides in chylomicrons and extremely large VLDL -0.209 0.053 9.24x10”
Triglycerides in HDL -0.079  0.045 8.26x107
Triglycerides in IDL -0.086  0.046 6.48x10™
Triglycerides in large HDL 0.092 0.047 4.93x10%
Triglycerides in large LDL -0.060 0.047 2.07x10™
Triglycerides in large VLDL -0.223 0.052 1.85x107
Triglycerides in LDL -0.063 0.049 1.97x10"
Triglycerides in medium HDL -0.093  0.048 5.38x107
Triglycerides in medium LDL -0.038 0.050 4.51x10™
Triglycerides in medium VLDL -0.227 0.051 1.31x10°

Triglycerides in small LDL -0.106 0.048 2.94x10%




Triglycerides in small VLDL
Triglycerides in very large HDL
Triglycerides in very large VLDL
Triglycerides in very small VLDL
Triglycerides in VLDL

-0.213
-0.048
-0.223
-0.165
-0.197

0.050
0.050
0.053
0.048
0.048

2.81x10”
3.37x10™
2.71x10°
6.04x10™
5.10x10°




Online Figure I. Glycan traits significantly associated with 10-years ASCVD risk in females
and validation in males.
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