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46  Abstract

47  Immunoglobulin G (IgG) is the most abundant serum antibody and is a key determinant of
48 the humoral immune response. Its structural characteristics and effector functions are
49 modulated through the attachment of various sugar moieties called glycans. 1IgG N-glycome
50 patterns change with the age of individual and in different diseases. Variability of 1gG
51 glycosylation within a population is well studied and is affected by a combination of genetic
52  and environmental factors. However, global inter-population differences in 1gG glycosylation
53 have never been properly addressed. Here we present population-specific N-glycosylation
54  patterns of whole IgG, analysed in 5 different populations totalling 10,482 1gG glycomes, and
55  of 1gG’s fragment crystallisable region (Fc), analysed in 2,530 samples from 27 populations
56  sampled across the world. We observed that country of residence associates with many N-
57 glycan features and is a strong predictor of monogalactosylation variability. 1gG
58 galactosylation also strongly correlated with the development level of a country, defined by
59  United Nations health and socioeconomic development indicators. We found that subjects
60 from developing countries had low 1gG galactosylation levels, characteristic for inflammation
61 and ageing. Our results suggest that citizens of developing countries may be exposed to
62  country-specific environmental factors that can cause low-grade chronic inflammation and

63 the apparent increasein biological age.
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64 Introduction

65 Immunoglobulin G is the most abundant glycoprotein and antibody class in human plasma’.
66 It mediates interactions between antigens and the immune system?. There are four 1gG
67 subclasses present in plasma: 1gG1, 1gG2, 1gG3 and 1gG4>. Each subclass has distinctive
68 functions, such as pronounced affinity for certain types of antigens, formation of immune
69 complexes, complement activation, interactions with effector cells, half-life and placental

70  transport’.

71  Glycosylation is co- and post-translational modification which is orchestrated by a complex
72 biosynthetic pathway”. 1gG contains a conserved N-glycosylation site on Asn297 residue
73 within its fragment crystallisable (Fc) region on each of the two heavy chains’. Glycans
74  attached to 1gG are a complex biantennary type, with core structure consisting of four N-
75  acetylglucosamines and three mannoses. Different glycan moieties such as bisecting GICNAc,
76  gaactose, sidlic acid and fucose can be attached to this core®. 1gG shows a high degree of
77  glycosylation diversity. Each of four 1gG subclasses displays a distinctive glycan profile’.
78  Also, each of the heavy chains of the same molecule can carry different glycans, creating a
79  large repertoire of possible glycan patterns®. Finally, in 15-20% of cases, an additional N-
80 glycosylation site appears within a variable region of the antibody, as a result of sequence

81 variationin the variableregion®.

82 The mgority of 1gG functions are achieved through interactions with receptors on immune
83 cells and complement proteins. Fc glycans affect immunoglobulin conformation, which, in
84 turn, defines binding affinity for Fc gamma receptors (FcyRs) on effector cells and
85 complement, leading to alternations in effector functions™'’. 1gG galactosylation has an
86 extensive effect on its inflammatory potential™’. Namely, agalactosylated IgG increases

87  inflammation through activation of complement system***. Moreover, galactosylation was
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88 found necessary for Clg complement component binding and activation of complement-
89 dependent cytotoxicity (CDC)™. It was also required for increased binding of 1gG to
90 activating Fc gamma receptors and therefore activation of antibody-dependent cellular
91 cytotoxicity (ADCC)™. On the other hand, presence of galactose is necessary for activation
92 of anti-inflammatory cascade through interactions with FcyRIIB and inhibition of the
93  inflammatory activity of C5a complement component™®*’. Presence of fucose attached to the
94  first N-acetylglucosamine, i.e. core fucose, decreases ADCC activity, while the presence of
95 hisecting GIcNAc increases hinding to activating Fcy receptors™®. Termina sialic acid
96  increases anti-inflammatory roles of 1gG by decreasing ADCC. Salylated 1gG molecules are
97 aso recognized by lectin receptors and complement component Clg, but proposed
98 mechanisms underlying anti-inflammatory functions initiated through these interactions are

99 il subject of debates™®.

100 There is a prominent inter-individual variability of total 1gG N-glycome®. Average 1gG
101 glycome heritability is approximately 50%, while the remaining variability can be mostly
102  attributed to environmental factors?®*??. The composition of 1gG N-glycome gradually
103  changes over the lifetime. It is strongly influenced by age, sex hormones and lifestyle®.
104  Prominent changes in the IgG glycome were found in a number of diseases. In different
105 autoimmune and alloimmune disorders, cancers and infectious diseases, 1gG glycosylation
106  changes reflect the increase inflammation, which is accompanying these conditions™. The
107 impact of 1gG glycosylation on its ability to modulate inflammation has been extensively
108 studied as a potential biomarker for disease prognosis and therapy response, as well as for

109  monoclonal antibody development®?,

110 Ageing is a process of damage aggregation in an organism, leading to the disruption of
111  health. It is influenced by both genetic factors and environment/lifestyle. In a healthy

112  individual, a gender-specific gradual change in IgG glycosylation can be observed with an
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113  increase of chronological age. Namely, digalactosylated structures decrease with age, while
114  agalactosylation and hisecting GIcNAc increase in older individuals®. On the other hand,
115 changes in siaylation and core fucosylation displayed inconsistent trends in different
116  studies®. Proposed model to describe and explain age-related changes in glycosylation is “the
117  inflammageing model”, which implicates that inflammation causes changes in 1gG
118 glycosylation which, in turn, accelerate the process of ageing®. Consequently, changing
119  under influence of both genes and environment, IgG glycans predict biologica age and

120  represent a measure of organisms health™.

121  Despite the fact that structural and functional aspects of IgG glycosylation are intensively
122  studies and associated with predisposition and course of different diseases, little is known
123  about the regulation of 1gG glycosylation or mechanisms that lead to extensive changes in
124  glycome composition after environmental challenge™"?®. Therefore, the aim of this study
125 was to estimate and compare various |gG N-glycosylation patterns in populations across the
126 world as a result of their different genetic backgrounds and specific environmental

127  influences.
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128 Results
129 Tota IgG glycans change with chronological age

130 In the initial analysis, samples originating from 10,482 healthy individuals and 5 different
131 populations were anaysed. Fluorescently labelled N-glycans released from IgG were
132  separated into 24 chromatographic peaks (Supplementary Table 1; Supplementary Figure 1).
133  Additionally, derived glycan traits (galactosylation, core fucosylation, siaylation and
134  presence of bisecting GIcNAc) were calculated, based on the initia 24 glycan measures.
135 Derived glycan traits represent a portion of structurally similar glycan species in the total 1gG
136  glycome (Supplementary Table 2). In general, galactosylation showed the highest variability

137  of al 1gG glycan traits, which isin line with the previous studies (Supplementary Figure 2).

138 It is known that the chronological age of subject affects 1gG glycosylation®. Age-related
139 changes were observed in the levels of 1gG glycan traits in all studied populations (Figure
140 1a). Agalactosylated species and glycans containing bisecting N-acetylglucosamine
141 (GIcNAC) increased with the chronological age of the participant. The opposite trend was
142  observed for the levels of digalactosylated and sialylated glycans, which were decreasing
143  with chronological age. On the other hand, core fucosylation and monogalactosylation levels
144  did not change consistently with age. Also, age-related changes in glycosylation displayed

145  sex-specific patterns, where female participants displayed more rapid changes.
146  Age and country of residence can predict total 1gG glycosylation

147  Although total IgG N-glycans showed similar age-related changes within each of the studied
148  cohorts, every population displayed particular glycan patterns (Figure 1b). Again, the most
149  pronounced differences between populations were observed in the levels of agalactosylated
150 glycans, which increased with a median age of the analysed population. This glycan trait had

151 the lowest median value in young Chinese cohort (20%), while the highest was observed in
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152  Estonian cohort (36%), which contained the oldest population. Besides agalactosylation,
153 pronounced differences between populations were also observed in the levels of
154  digaactosylated and sialylated glycans (Supplementary Table 3). Relations of age, country of
155 residence and sex with the total 1gG glycans were evaluated to further investigate changes in
156  1gG glycan traits in different populations. Chronological age appeared to be a good predictor
157  of digalactosylation and agalactosylation variability (explaining 30% and 31% respectively),
158 while it was able to describe 20% of bisecting GICNAc variability. Contrary to age,
159 participant’s country of residence appeared to be the strongest predictor of core fucose levels
160 (P<6x10*° n=5), explaining 57% of the variability in this glycan trait. It was aso a good
161  predictor of monogalactosylation and sialylation variability. On the other hand, sex was able

162 toexplain lessthan 1% of the variability of any glycan trait (Supplementary Table 4).
163 FcIgG glycan patternsin 14 countries

164  To validate observed diversity and unambiguously determine IgG N-glycosylation patternsin
165 different populations, while eliminating potential batch effects, we compared glycan features
166  derived from I1gG subclass-specific Fc glycopeptides from 2,530 individuals (Supplementary
167 Table 5, Supplementary Figure 3). This part of the study included 27 populations collected in
168 14 different countries (Supplementary Table 6). Subclass-specific glycopeptides were
169 separated and accurate masses were measured for each glycoform. Calculated I1gG Fc N-
170  glycan derived traits displayed considerable variability between analysed populations. The Fc
171  N-glycome composition is known to differ from the total IgG N-glycome, as a result of Fab
172 N-glycome contribution to the total 1gG glycome®. Again, the most prominent variation
173 appearedto bein level of IgG1 galactosylation (Figure 2), although expected decrease of this
174  glycan trait with the age of population was not observed. On the contrary, some populations
175 appeared to have lower galactosylation than expected for the given chronological age.

176  Population from Papua New Guinea, as the youngest one, surprisingly had the highest
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177  median level of agalactosylation (45%), while the subjects from England exhibited the lowest
178 levels of this glycan trait (28%) on IgG1 subclass. The opposite effect was observed for
179  monogalactosylation levels - the subjects from Papua New Guinea had the lowest median
180 value of this glycan trait, while the highest levels were observed in the participants from
181 England. In a similar manner, participants from countries such as Germany and Italy had
182  higher monogalactosylation levels (comparable to subjects from England) than the ones from
183  countries such as Uganda, which were more similar to the subjects from Papua New Guinea

184  (Supplementary Table 7).

185 Inthe case of 1gG2 and 1gG4 subclasses, galactosylation levels displayed similar variation to
186 1gG1l subclass, although observed glycosylation patterns appeared to be subclass-specific,
187 especidly in case of 1gG4, which is the least abundant subclass in the human plasma

188  (Supplementary Tables 8 and 9).

189  Age and county of residence can predict 1gG Fc glycosylation

190 To determine the source of variation in IgG Fc glycan profiles, we analysed relationship of
191 glycan traits with sex, chronological age and country of residence. Here as wéll,
192 chronologica age was a predictor of agalactosylation and digalactosylation variability (Table
193 1). Interestingly, age was the best predictor of 1gG2 digalactosylation. It was able to explain

194  28% of 1gG2 agalactosylation variability compared to 22% in the case of 1gG1.

195  Country of residence was the best predictor of IgG Fc monogalactosylation variability (Table
196 1). Namely, 38% of IgG1 Fc monogalactosylation variability was explained by the subject’s
197  country of residence. Similar patterns were observed for 1gG2 and 1gG4 Fc glycosylation.
198 The sameasin the case of total 1gG glycans, sex was able to explain up to 1% of the IgG Fc
199 glycan variability. Therefore, chronological age and country of residence are good predictors

200 of 1gG Fc glycosylation.
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201  1gG Fc galactosylation correlates with the development level of a country

202 Development indicators measure the quality of specific life aspects. In order to resolve
203  whether the observed associations between country of residence and studied I1gG Fc glycan
204  traits can be attributed to the development level of the country, we analysed relations between
205 45 development indicators and 5 derived glycan traits of each analysed IgG subclass
206  (Supplementary Tables 10 - 12). The analysis resulted with 44 datisticaly significant
207  correlations of 1gG Fc monogalactosylation, digalactosylation and agalactosylation with 23
208 different development indicators. Magjority of development indicators displayed significant
209 positive correlations with 1gG1 monogalactosylation (Supplementary Table 13). As for the
210 subclasses 1gG2 and 1gG4, only monogal actosylation appeared to be significantly correlated
211  with the studied indicators. On the other hand, we did not observe any significant correlations
212  between any of the development indicators and sialylation or the incidence of bisecting

213  GIcNAc on any of the IgG subclasses.

214 United Nation’s Human development index (HDI) is a summary measure of the development
215 level of a certain country. It represents three dimensions of life: economy, education and
216 hedth quality. Among the studied populations, Western European nations (Germany,
217  England, Scotland, Sweden) have the highest development level expressed through HDI,
218 while Papua New Guinea and Uganda have the lowest HDI scores. We found a positive
219  correlation between HDI and IgG1 Fc monogalactosylation (Figure 3a), while it negatively
220 correlated with 1gG1 agalactosylation. These observations replicated on 1gG2 subclass, where
221 HDI positively correlated with monogalactosylation levels. Therefore, participants from
222  developing countries appear to have lower 1gG galactosylation when compared to their

223  counterparts from developed countries.

224 19G Fc galactosylation as amarker of population’s health status
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225  To determine the impact of the quality of health on IgG glycans, correlations between the two
226  were calculated. Population’s health quality was expressed through overall health indices and
227  specific health indicators. Countries with lower development level, in general, had also lower
228 hedlth-related indicators (Supplementary Table 12). Majority of health-related indicators
229 appeared to be correlated with 1gG monogalactosylation (Supplementary Table 13).
230  Millennium development goals (MDG) index, which describes health-related indicators in
231 MDG system, positively correlated with 1gG1l and 1gG2 monogalactosylation (r=0.97,
232 P=7.44x10° and r=0.86, P=4.59x107 respectively) and 1gG1 agalactosylation (r=-0.90,
233 P=8.16x10% Figure 3d). In a smilar fashion, positive correlation with I1gG1l
234  monogalactosylation displayed also the sustainable development goals (SDG) index, non-
235 MDG index (hedth-related SDG indicators not included in MDG) and Health index, which
236 like MDG index display overall health quality of a specific country (Supplementary Table 13,

237  Figure 3a). SDG index was negatively correlated with 1gG1 agalactosylation (Figure 3b).

238 Besides health-related indices, specific health-related indicators also correlated with 1gG Fc
239 gaactosylation. Among all studied specific indicators, the decline in stunted growth
240 prevalence demonstrated the strongest positive correlation with IgG1 monogal actosylation
241  (r=0.97, P=1.16x10""; n=14). Of the other studied indicators, universal health coverage and
242  the decrease in occupationa risk burden displayed substantial correlations with 1gG Fc
243  galactosylation. Life expectancy is also one of the most important indicators, used to describe
244  life quality. Both female and male life expectancies were correlated with 1gG Fc
245  monogalactosylation. Exposure to various antigens was presented through indicators such as
246  hygiene, water, WasH mortality and sanitation, which also displayed correlations with 1gG Fc
247  gaactosylation. Of the infectious diseases, only hepatitis B showed a significant correlation

248  with 1gG Fc monogalactosylation (Supplementary Table 13).
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249  Moreover, digalactosylation of 1gG1l demonstrated five positive correlations with health-
250 related development indicators, where skilled birth attendance and again, stunted growth, had

251  the strongest associations with this glycan trait (Supplementary Table 13).

252  Although IgG Fc glycans showed the highest correlation coefficients with the health-related
253 indicators, significant correlations between 1gGl Fc galactosylation features and the
254  socioeconomic indicators such as education and economic development have also been
255  determined. Education index was significantly correlated with both Fc monogal actosylation
256  (r=0.94, P=0.0005, n=14) and agalactosylation (r=-0.90, P=0.010, n=14), while Gross
257  Domestic Product (GDP) was significantly correlated only with monogal actosylation (r=0.89,

258 P=0.01, n=14; Supplementary Table 13).
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259 Discussion

260 1gG N-glycosylation varies between individuals within the same population as well as
261  between different populations®*°. In this study, we compared glycan profiles of the whole
262 1gG molecule in 10 482 subjects originating from 5 different populations and Fc glycan
263  profiles of 2 530 subjects from 27 cohorts and 25 ethnicities. Furthermore, this study yielded
264 vauable data on IgG glycan levels in healthy participants from 14 countries and 25
265 ethnicities. The observed changes in glycome composition of the analysed populations

266  suggest country-specificity of 1gG glycan profiles.

267 Besides genetics, environment plays a crucial role in 1gG glycosylation?®%. Pathogens, stress
268 and nutrition are possible players orchestrating non-genomic component of the inter-
269 populational variation in 1gG glycosylation patterns*>'. Development level of a country
270  reflects human well-being in a specific community and thereby environmental impact on an
271 individual. We found that the development level of a country of residence was positively
272  correlated with 1gG gaactosylation level. Namely, 1gG galactosylation was decreased in
273  people from countries with lower development level, while people from highly developed
274  countries had also the highest levels of 1gG galactosylation. These associations were
275 observed on all 1gG subclasses, although the largest number of development indicators
276  correlated with glycans originating from 1gG1l subclass, probably due to the highest

277  concentration of this subclassin plasma.

278 Besides overall development level of a country, different health-related indicators displayed
279  associations with 1gG galactosylation level, indicating the impact of hedth quality on 1gG
280 glycosylation. 1gG glycosylation modulates antibody’s pro- and anti-inflammatory actions,
281 where a decline in galactosylation level, similar to the one observed in underdevel oped

282 countries, was found in severa inflammatory and autoimmune diseases, such as


https://doi.org/10.1101/535237
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/535237; this version posted February 1, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

283 inflammatory bowel disease (IBD), rheumatoid arthritis and systemic lupus
284  erythematosus?*?*2. Therefore, we speculated that populations with lower galactosylation
285 have higher inflammatory potential of 1gG and a higher low-grade systematic inflammation.
286 Our findings are supported by a recent study on 773 children, which compared 1gG
287  glycosylation in subjects from Gabon, Ghana, Ecuador, the Netherlands and Germany. The
288 increase in agalactosylated species was observed in individuals from Gabon, Ghana and
289  Ecuador, compared to participants from Netherlands and Germany. These changes were

290  correlated with the history of parasitic infections and generalised to immune activation®.

291 In our study, the prevalence of stunted growth displayed a strong correlation with
292  glycosylation. This may be partially explained by the fact that stunted growth is caused by
293 environmental enteropathy, which is a chronic intestinal inflammation caused by
294  malnutrition, continuous bacterial exposure, repeated enteric infections and small intestinal
295  bacteria overgrowth®. Since many inflammatory conditions are associated with decreased
296 1gG gdactosylation levels, environmental enteropathy could cause changes in 1gG
297 galactosylation by inducing chronic subclinical inflammation in the gastrointestinal tract™.
298 Hence, our results imply that country-specific differences in the quality of health influence

299  1gG inflammatory potential and cause specific glycosylation patterns in different countries.

300 Furthermore, we also observed significant correlations between the traits describing 1gG Fc
301 gaactosylation and the socioeconomic indicators. Economy and education quality are
302 reflected through country’s development level and quality of the health system®. For that
303  reason, our findings are not surprising and further emphasize environmental influence on the

304 health of the certain population.

305 1gG glycosylation is known to change with chronological age of individual®. Within five

306 populations where the whole 1gG glycan profiles were measured, we observed similar
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307 decrease in galactosylation levels with the age of participant. This age-related decline in 1gG
308 gaactosylation is believed to be one of the causes of higher inflammation in older
309 individuals®®*. Although exact mechanisms are still unclear, there are several proposed
310 pathways which could explain underlying age-related changes in IgG glycosylation. Possible
311 mechanisms include various expression and/or activity of glycosylation-related enzymes,
312 selection of B-cell clones with specific 1gG glycan patterns and B-cell independent
313 glycosylation. Furthermore, a decrease in IgG galactosylation was observed in the premature
314 ageing syndromes®. Through modulation of inflammation, 1gG galactosylation, or, more
315 precisely, agalactosylation is proposed to contribute to biological ageing in a process of
316 inflammaging®. Since the decrease in IgG galactosylation is a hallmark of increased
317 biological age, the proinflammatory 1gG Fc glycosylation profile in individuals from
318 developing countries may imply accelerated biological ageing in these populations, resulting

319 inashorter expected lifespan.

320 In summary, we revealed that a a community level, immunoglobulin G glycosylation
321 patterns vary between different countries. We also correlated changes in galactosylation with
322  participant’s chronologica age and development level of a country. Constant environmental
323  pressure on the immune system in developing countries maintains 1gG constantly in under-
324  gaactosylated, proinflammatory state. As a consequence of this permanent low-degree 1gG
325 Fc gaactosylation, individuals from developing countries display premature populational

326  ageing and appear to be biologically “older” than residents of more developed countries.
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327 Materials and methods

328  Study participants

329 Tota 1gG glycome analysis was based on 10,482 human participants from China®®,

330 Croatia®, Estonia and two cohorts from the United Kingdom (population of Scotland from
331  Orkney Islands® and England from the TwinsUK cohort®®) (Supplementary Table 1).
332 Subclass specific analysis of 1gG Fc glycosylation included 2,530 healthy individuals.
333 Volunteers originated from 14 different countries and 25 different ethnic groups
334  (Supplementary Table 6). For Kazak and English cohorts, we had two populations obtained
335 from different medical centres. Samples were randomized across 96-well plates (31 in total),
336  with 5 technical replicates of a standard sample and 1 blank, serving as a negative control.
337  Development level of a country was assessed using three development indices: health-related
338  Sustainable Development Goal index (SDG)*, health-related Millennium Development Goal
339 Index (MDG)* and United Nation Human Development Index (HDI)*, while specific
340 aspects of human life were assessed using other development indicators (Supplementary
341 Table 13). Blocking was performed by equally distributing subjects of the same sex and age
342 from al the cohorts across used plates. Plasma samples used as standards were obtained from
343 Croatian Nationa Ingtitute of Transfusion Medicine. Study was performed in compliance
344  with the Helsinki declaration and all participants gave written informed consent. Ethical

345 approval was obtained by relevant ethics committees.
346  Immunoglobulin G isolation

347  Protein G affinity chromatography was used to isolate immunoglobulin G from human blood
348  plasma as described previously®. In short, maximum volume of 100 pL of human peripheral
349  blood plasma or serum were diluted with 1X phosphate buffer saline (PBS) and loaded onto

350 protein G monolithic plate (BIA Separations, Ajov&ina, Slovenia). Samples were washed
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351 three times with 1X PBS and 1gG was eluted using 0.1M formic acid (Merck, Darmstadt,
352 Germany) followed by immediate neutralisation with 1M ammonium bicarbonate (Acros

353  Organics, Pittsburgh, PA).
354  Immunoglobulin G trypsin digestion and purification

355  1gG glycopeptides were obtained and purified as described before™. Approximately 15 ug of
356 isolated 1gG was treated with 0.1 ug of sequencing grade trypsin (Promega, Fitchburg, WI)
357 and incubated overnight at 37 °C. Reaction was stopped by dilution with 0.1% trifluoroacetic
358 acid (TFA; Sigma-Aldrich, St. Louis, M1). Glycopeptides were purified using a solid phase
359 extraction on Chromabond C-18 sorbent (Macherey-Nagel, Duren, Germany). Samples were
360 loaded onto beads in 0.1% TFA, and washed three times using the same solvent.
361 Glycopeptides were eluted from the phase with 20% LC-MS grade acetonitrile (ACN;
362 Honeywell, Morris Plains, NJ). Eluted glycopeptides were vacuum-dried and reconstituted in
363 20 uL of ultrapure water prior to LC-MS analysis. All glycan analyses were performed at

364  Genos laboratory.
365 Release and labelling of the total 1gG N-glycans

366  Glycan release and labelling of Croatian samples was performed as previously described®.
367 Briefly, 1IgG was incorporated into sodium dodecyl sulphate polyacrylamide gel and glycans
368 were released from protein using an overnight incubation with PNGase F (ProZyme,
369 Hayward, CA). Released glycans were labelled with 2-aminobenzamide (2-AB; Sigma-
370  Aldrich) and purified on Whatman 3 mm chromatography paper. For cohorts from Scotland,
371  England, China and Estonia, glycans were released as previously described®*. Briefly, 1gG
372  was denatured using 1.33% (w/v) sodium dodecyl sulphate (Invitrogen, Carlsbad, CA) and
373 samples were incubated at 65 °C for 10 minutes. Subsequently, 4% (v/v) Igepal CA-630

374  (Sigma-Aldrich) and 1.25 mU of PNGase F (ProZyme) were added to each sample and
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375 incubated overnight at 37 °C. For glycan labelling, 48 mg/mL of 2-AB in dimethyl sulfoxide
376  (Sigma-Aldrich) and glacial acetic acid (Merck) (v/v 85:15) was mixed with reducing agent
377 (106.96 mg/mL of 2-picoline borane (Sigma-Aldrich) in dimethyl sulfoxide). Labelling

378  mixture was added to samples, followed by 2-hour incubation at 65 °C.

379  After incubation, Estonian and Chinese samples were brought to 96% ACN (J.T. Baker,
380  Phillipsburg, NJ) and applied to each well of a 0.2 um GHP filter plate (Pall Corporation,
381 Ann Arbor, MI). Samples were subsequently washed five times using acetonitrile/water
382  (96:4, v/v). Glycans were eluted with water and stored at -20 °C until usage. Samples from
383 England and Scotland were purified using a solid-phase extraction on 200 uL of 0.1 g/L
384 microcrystalline cellulose suspension (Merck) in a 045 um GHP filter plate (Pall
385  Corporation). Deglycosylation reaction was diluted four times with ACN loaded to cellulose.

386  Samples were washed three times with 80% ACN and eluted with ultrapure water.

387 HILIC-UPLC analysis of fluorescently labelled N-glycans

388 Fluorescently labelled N-glycans were separated by hydrophilic interaction liquid
389  chromatography (HILIC) on a Waters Acquity UPLC H-class instrument (Waters, Milford,
390 MA) equipped with FLR fluorescence detector set to 330 nm for excitation and 420 nm for
391 emission wavelength. Separation was achieved on a Waters ethylene bridged hybrid (BEH)
392 Glycan chromatography column, 100 x 2.1 mm i.d., 1.7 um BEH particles with 100 mM
393  ammonium formate (pH 4.4) asasolvent A and ACN as a solvent B. Separation method used
394 linear gradient from 75% to 62% solvent B (v/v) at aflow rate of 0.4 mL/min in a 25-minute
395 anaytical run. Column temperature was maintained at 60 °C. Obtained chromatograms were
396 manually separated into 24 peaks from which, using the total area normalisation, relative

397  abundances of 24 directly measured glycan traits were obtained.

398 LC-MSanalysis of IgG Fc glycopeptides
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399 Trypsin-digested, subclass-specific glycopeptides were separated and measured on
400 nanoAcquity chromatographic system (Waters, Milford, MA) coupled to Compact mass
401  spectrometer (Bruker, Bremen, Germany), equipped with Apollo Il source as described
402  previously with minor changes™. Samples (9 pL) were loaded onto PepMap 100 C8 trap
403  column (5 mm x 300 um i.d.; Thermo Fisher Scientific, Waltham, MA) at a flow rate of 40
404  uL/min of solvent A (0.1% TFA) and washed of salts and impurities for one minute.
405  Subclass-specific glycopeptides were separated on C18 analytical column (150 mm x 100 pm
406 i.d., 100 A; Advanced Materials Technology, Wilmington, DE) in a gradient from 18% to
407  25% of solvent B (80% ACN) in solvent A. Column temperature was set to 30 °C and flow
408 rate was 1 pl/min. NanoAcquity was coupled to mass spectrometer via capillary
409 electrophoresis sprayer interface (Agilent, Santa Clara, CA), which alows mixing of
410 analytical flow with sheath liquid (50% isopropanol, 20% propionic acid; Honeywell, Morris

411  Plains, NJ).

412  Mass spectrometer was operated in a positive ion mode, with capillary voltage set to 4500 V,
413 nebulizer pressure set to 0.4 bar and drying gas set to 4 I/min at 180 °C. Spectra were

414  recorded in anvz range of 600 - 1800. Collision energy was4 eV.

415  Obtained raw data was converted to centroid mzXML files using ProteoWizard version 3.0.1.
416  software. Samples were internally calibrated using defined list of 1gG glycopeptides with
417 highest signal-to-noise ratios and required isotopic patterns. After calibration, signas
418 matching 1gG Fc glycopeptides were extracted from data using 10 m/z extraction window.
419 First four isotopic peaks of doubly and triply charged signals, belonging to the same
420  glycopeptide species, were summed together, resulting in 20 glycopeptides per 1gG subclass.
421  Predominant allotype variant of 1gG3 tryptic peptide carrying N-glycans in Caucasian
422  population has the same amino acid sequence as 1gG2. On the other hand, in Asian and

423  African populations predominant variant of the same peptide has the same amino acid
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424  composition as 1gG4 making the separation of 1gG3 from other subclasses impossible using
425 given separation methods®™. Therefore, 1gG glycopeptides were separated into three
426  chromatographic peaks labeled IgG1, 1gG2 and 1gG4. Signals of interest were normalised to

427  thetota areaof each IgG subclass.
428  Statistical analysis

429 Data analysis was performed using program R, version 3.0.1. with a ggplot2 package for
430 creation of visualisations. Derived glycan traits representing levels of galactosylation
431  (agalactosylation, monogalactosylation and digalactosylation), sialylation, core fucosylation
432  and incidence of bisecting GICNAc were calculated from obtained data as described before
433  (Supplementary Tables 2 and 5)®. In short, traits were calculated as portion of glycans
434  containing common structural featuresin atotal 1gG glycome, or in a specific subclass of 1gG
435  Fc glycopeptides. Core fucosylation was excluded from 1gG Fc specific glycopeptide analysis
436 due to low data quality of non-fucosylated species. To remove experimental and batch
437  variation, batch correction was performed using a R ComBat package followed by log-
438 transformation of glycan or glycopeptide data. Linear mixed model was used to analyse
439 correlations between glycan traits and the subject’s country of residence. In the model, sex
440 and age were fixed effects, while the country of residence was used as a random effect.
441  Likelihood ratio test was used to determine significance of country of origin variability in
442  glycan trait variability. Pearson’s correlation coefficient was used to express relationships
443  between country-specific development indicator and level of glycan trait in participants from

444 the same country. P values were adjusted for multiple testing using Bonferroni correction.
445 Dataavailability

446  The datathat support the findings of this study are available from the corresponding author

447  upon reasonable request.
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Table 1: Proportion of glycan feature variability in 14 countries explained by linear mixed
model with age and sex defined as fixed effects and country of residence as a random effect.

Displayed values represent percentage (%) glycan trait variability explained by country, age

and sex.
Pterr;ter\'/ta?ifag: lyltt:an Percent of glycan | Percent of glycan
; Y | trait varigbility | trait variability .
19G subclass Glycan feature explained by explained by explained by Country of origin P value
country of o o
residence (%) age (%) & (%)
Agalactosylation 214 183 0.9 1.0 x 101
Monogal actosylaion 38.0 2.6 0.1 7.7 x 107
1gG1 Digalactosylation 18.6 21.7 11 35x10%®
Sidylation 10.8 132 0.6 1.3x10%
Bisecting GIcNAc 18.6 175 0.0 9.3 x10™°
Agalactosylation 12.8 23.9 0.9 7.2x10%
Monogal actosyl ation 20.8 7.6 0.1 3.3x10%
19G2 Digalactosylation 104 275 11 27 x10%
Sidylaion 6.5 182 05 1.2x10%
Bisecting GIcNAc 124 119 0.1 37x10%
Agalactosylation 20.5 13.7 0.4 1.3x10%
Monogal actosylation 20.8 2.6 0.1 1.3x107
9G4 Digalactosylation 182 14.1 0.8 1.3x10%
Sidylation 15.4 9.7 0.5 6.4x10™
Bisecting GIcNAc 7.6 15.7 0.6 20x10%
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584  Figure 1: 1gG glycan levelsin five different populations. a, Relationship between age and
585  derived glycan trait. Plots describe associations between each of five glycan traits and

586 chronological age of participant. Blue and red curves represent fitted linear regression

587 models. The shaded region is the 95% confidence interval on thefitted values. b, Differences
588 inIgG glycosylation of participants from five populations. Each box represents interquartile
589 range (25th to 75" percentiles). Lines inside the boxes represent the median values, while

590 lines outside the boxes represent the 10™ and 90" percentiles. Circles indicate outliers.


https://doi.org/10.1101/535237
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/535237; this version posted February 1, 2019. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

591

592

593

594

595

Abundanco of glyean tril (% )

40

Agalactosylation

Blogeographiceal origin:

Ei EAsla  ESW EumsiaE Asia

ESW Eumsia ESSAsia EdAlNca

¥

10

? ;
— e -
.
e
.
-
I
[
- .
— T
—
. e—
R e e e
— o——
I
—_—
e e——
[ o —
—a—
— ——— -
—
y

= oo p g 3 5
DT B
ﬂsﬁgiéﬁﬁagﬁ;égﬁgiaé feses
JAbbresiation Popultion
Lvenk Lvenk minonty
Chinx Lenerdl population of China (112a)
Chikiac Kaeak minorily [Chin]
Chikic Wiz maneni by (China)
Chiyg Tygnur mnosity [Chana) |
ClEN L o I |
Troana | Goncralpopwatonof Crealia |
Boma | BomamnanmyCoany |
Germany General populabon of Gerrmony
Traly Grneral popalahon of aly
¥osowo | eencral populamon ot kosoe |

INewGul General populalion of Papus Hew Guines
| E=neral populalion ol aissia |
Rular Tatar hy || ]
Hulfak Yakul manoniby [Russia)
Sweden General populaton of Sweacn
Thailand Gencial papulabon of Thailand
[ Tl pripulalin ol T ari ol
Tk ey Teneral popul-ilon of sy
TEanoa Grneral populabon of Uzanda |
[TabEng | ‘Gencral populztion of Engrand [SAERE conerl] |
—]

THIRSUK | C2n2 1 populamian of | nglond | RAns(m canor] |

G T o I |
Salam | Bntsh lamaicans [SABRE conor) |
Tirkmery Vapularon of Droney Hilands

She Land Pogual alion o She tkand islands

ES AMea—W Eurasia EE Oceanis

Figure 2: Levels of derived 1gG1 glycan traitsin 27 different populations. Each box

represents interquartile range (25" to 75™ percentiles) with median values drawn as middle

line. Whiskers outside the boxes represent the 10" and 90™ percentiles, while dots indicate

outliers.
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Figure 3: Relationship between 1gG monogalactosylation level (a) and 1gG agalactosylation

598 level (b) with development indices in a specific country of residence. HDI = Human

599 Development Index; SDI = health-related Sustainable Development Goals Index; MDG =

600 health-related Millennium Development Goals Index.


https://doi.org/10.1101/535237
http://creativecommons.org/licenses/by-nc-nd/4.0/

