
VU Research Portal

Anti-inflammatory interventions and biomarker identification in Peritoneal Dialysis

Ferrantelli, E.

2016

document version
Publisher's PDF, also known as Version of record

Link to publication in VU Research Portal

citation for published version (APA)
Ferrantelli, E. (2016). Anti-inflammatory interventions and biomarker identification in Peritoneal Dialysis. [PhD-
Thesis - Research and graduation internal, Vrije Universiteit Amsterdam].

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal ?

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

E-mail address:
vuresearchportal.ub@vu.nl

Download date: 23. May. 2023

https://research.vu.nl/en/publications/e605aae7-90c9-4165-aa8b-8a6efbe129dc


Evelina Ferrantelli1 , Frans J. van Ittersum2, Agnes L. Hipgrave Ederveen3, Karli 
R. Reiding3, Karima Farhat2, Robert H.J Beelen1, Manfred Wuhrer1,3,4, and Viktoria 
Dotz3,4.

1 VU University Medical Center, Department of Molecular Cell Biology and 
Immunology, Amsterdam, The Netherlands 
2 VU University Medical Center, Department of Nephrology, Amsterdam, The 
Netherlands
3 Center for Proteomics and Metabolomics, Leiden University Medical Center, 
Leiden, The Netherlands
4 VU University Amsterdam, Division of BioAnalytical Chemistry, Amsterdam, The 
Netherlands 

Chapter 8

Effl  uent and serum protein N-glycosylation is associated 
with infl ammation and transport characteristics in peritoneal 
dialysis patients
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In the present study we used glycomic methodology as a novel approach to identi fy 
biomarkers in peritoneal dialysis (PD), a life-saving treatment applied in more 
than 100,000 pati ents worldwide that are suff ering from chronic kidney disease. 
PD treatment uses the peritoneum as a natural membrane to exchange waste 
products from blood to a glucose-based soluti on. Daily exposure of the peritoneal 
membrane to these soluti ons may cause complicati ons such as peritoniti s, fi brosis 
and infl ammati on which in the long term lead to the failure of the treatment. It has 
been shown in the last years that protein N-glycosylati on is related to infl ammatory 
and fi broti c processes. Here, by using a recently developed MALDI-TOF-MS method 
with linkage-specifi c sialic acid derivati zati on, we showed that alpha2,6-sialylati on in 
peritoneal effl  uents, especially of triantennary N-glycans, is associated with criti cal 
clinical outcomes in a prospecti ve cohort of 94 PD pati ents. Moreover, we found 
an associati on between levels of presumably immunoglobulin-G-related glycans as 
well as galactosylati on of diantennary glycans with PD-related complicati ons such 
as peritoniti s and loss of peritoneal mesothelial cell mass. The observed glycomic 
changes point to changes in protein abundance and protein-specifi c glycosylati on, 
representi ng candidate functi onal biomarkers of PD and associated complicati ons.
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Peritoneal dialysis (PD) is a safe treatment modality for pati ents with end-stage 
kidney disease. PD uses pati ents’ peritoneum as a natural membrane to remove 
waste products and fl uid from the blood to the dialysis soluti on by using mainly 
glucose as osmoti c agent. Currently, PD is used by >100,000 end-stage renal 
disease pati ents worldwide and accounts for approximately 11% of the dialysis 
populati on 1. However, long term exposure to PD soluti ons is associated with 
functi onal and structural alterati ons of the parietal peritoneum which include 
epithelial to mesenchymal transiti on (EMT), neovascularizati on, thickening of the 
peritoneal membrane as well as peritoniti s 2-4. Taken together all these events lead 
to ultrafi ltrati on failure resulti ng in criti cal clinical outcomes 5. 
Besides acti ng as a biological barrier, the peritoneum, and more specifi cally its 
mesothelial cell monolayer, also functi ons as a secretory organ which synthesizes 
and secretes cytokines responsible for the regulati on of peritoneal permeability and 
local host defense. Alterati ons of the mesothelial cells lining the peritoneal cavity 
that progressively lose certain epithelial characteristi cs to acquire a fi broblast-like 
phenotype is a process known as EMT 6, 7. It is represented at the molecular level 
by an increase of pro-infl ammatory factors 8 such as transforming growth factor-β1 
(TGFβ-1). Besides inducing EMT 9 TGFβ-1 has been shown to promote peritoneal 
fi brosis via various pro-fi broti c events including proliferati on of fi broblasts and 
extracellular matrix depositi on 10. TGFβ-1-induced EMT was shown to aff ect cellular 
protein glycosylati on in normal mouse mammary gland epithelial cells 11 as well 
as cancer cells 12. Loss of mesothelial cells is represented also by a decrease in the 
levels of cancer anti gen 125 (CA-125), a marker of peritoneal cell mass and functi on 
13, while hyaluronic acid (HA) depositi on is characteristi c of peritoneal fi brosis 
subsequent to dialysis treatment 14. Fibrosis and angiogenesis seem to occur 
together in the peritoneal ti ssues 15. Consequently, an increase in TGFβ-1 levels is 
oft en associated to high levels of vascular endothelial growth factor (VEGF), which 
is known to sti mulate angiogenesis via capillary tube formati on 16.
Acti vated mesothelial cells also produce chemotacti c cytokines leading to the 
recruitment of leukocytes and rapid accumulati on of neutrophils, later replaced 
by monocytes and/or macrophages and lymphocytes, into the peritoneum. This 
scenario is typical of a peritoniti s episode, a common PD-related event driven by 
cytokines such as interleukin (IL)-6, IL-8, monocytes chemotacti c protein 1 (MCP-1) 
and many others 17. 
In clinical practi ce effl  uent markers such as IL-6 and CA-125, are used to assess 
peritoneal functi onality and morphology 18-20, but their role as predictors for 
peritoneal membrane failure is sti ll questi oned. Changes in the levels of cytokines 
detected in peritoneal effl  uents collected from pati ents indeed refl ect the peritoneal 
morphological changes only at a very late stage 21. Thus, relevant predictors for PD 
technique failure at an earlier stage are sti ll needed. 
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Protein losses have been considered a major limitati on in PD, and have recently 
been investi gated in a few PD proteomics studies. Quanti ti es of protein lost in PD 
effl  uent (PDE) range from 5 to 15 g/day, depending on various factors, such as the 
pati ents’ clinical status or PD fl uid compositi on 22. When compared to the overall 
human proteome, some quanti tati ve diff erences in PDE have been shown, especially 
regarding immune-related and vitamin-binding proteins, coagulati on factors and 
apolipoproteins that are known to be locally produced by the peritoneum 23, 24. 
Moreover, diff erences in PD proteome have been shown in pati ents in relati on 
to, e.g. diabetes 25, or diff erent peritoneal transport characteristi cs 25, 26. However, 
proteomic studies are scarce and have mainly been conducted in small cohorts. 
Moreover, litt le is known about PD-related protein glycosylati on, which is a post-
translati onal modifi cati on governing protein functi on such as cell adhesion, signal 
transducti on, receptor acti vati on, molecular traffi  cking and clearance 27. Protein 
N-glycosylati on is known to be related to infl ammatory 28 and fi broti c 29 processes. 
Recently, we reported on early N-glycosylati on changes in mice with zymosan-
induced peritoniti s by using linkage-specifi c derivati zati on of sialic acids 30.
In the present study we used a similar glycomic methodology as a novel and 
att racti ve approach for biomarker identi fi cati on and demonstrate that changes 
in the glycosylati on profi le are associated with PD-related complicati ons such as 
peritoniti s, infl ammati on and mesothelial cell loss in a prospecti ve cohort of 94 PD 
pati ents. 

R������ ��� D���������

Study design and glycomic profi ling
Serum and effl  uent samples were collected from PD pati ents in 6-months intervals 
for up to 24 months (Table 1), and clinical parameters, such as cytokine levels, 
peritoneal functi onality or adverse events were assessed (Table 2). The N-glycomic 
profi les of the pati ents’ serum and peritoneal effl  uent samples were acquired by 
MALDI-TOF-MS analysis aft er protein immobilizati on, enzymati c N-glycan release, 
and sialic acid stabilizati on with diff erenti ati on of α2,3- and α2,6-linked sialic acids 
31. Data were extracted and integrated. Extracted relati ve intensiti es of individual 
glycans, as well as derived glycan traits, were calculated and stati sti cally analyzed 
for associati ons with clinical parameters at baseline (Spearman correlati on). Derived 
glycan traits from the enti re longitudinal sample set were further assessed by GEE 
analysis. 
The detected molecular species were assigned to 26 N-glycan compositi ons in 
serum and effl  uent each (Figure 1, Supplementary Tables S-1 and S-2), as based 
on established knowledge of the human plasma N-glycome and its biosyntheti c 
pathways 31-33. No tetraantennary glycans were detected, which may be att ributed 
to the rather limited sensiti vity of this method which is most probably caused by 
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the limited capacity of the PVDF membrane used for protein immobilizati on. Of 
note, the immobilizati on of proteins on PVDF-membrane was necessary for freeing 
PDE samples from hexose polymers that would otherwise interfere with N-glycomic 
analysis (not shown). The signal areas of the 26 detected species were normalized 
to the total area of these 26 signals and further clustered into 12 derived traits 
based on structural similariti es (Supplementary Tables S-1 and S-2). 

Effl  uent versus serum protein glycosylati on 
At baseline, there were no signifi cant diff erences in direct or derived glycan traits 
in either serum or effl  uent found between PD fl uid groups (Dianeal/Physioneal) 
aft er Bonferroni-correcti on for 26 independent Mann-Whitney U tests (not shown). 
Therefore, we treated all pati ents as one group for further baseline stati sti cal 
analyses. For longitudinal data analysis by GEE, we did include treatment group as a 
confounder (in model 2), since it showed an infl uence on some associati ons.
Spearman correlati on analysis of the 26 glycan species detected in 91 serum and 87 
effl  uent samples at baseline, in total, revealed some discrepancies between the two 
N-glycomes, recognizable in correlati on coeffi  cient of the same detected species of 
lower than +1 (Supplementary Figure S-1A). This becomes specifi cally apparent for 
the glycans 8, 10, 19, and 21 that even lost stati sti cal signifi cance aft er Bonferroni 
correcti on. In contrast, fucosylated, non-sialylated diantennary glycans – both with 
and without bisecti ng GlcNAc – correlated well between serum and effl  uent (peaks 
2–6 in Figure 1 and supplementary Table S-1). As for serum, one may assume that 
these glycans may be largely IgG-derived 34.
When assigning the 26 detected species to 12 derived traits, correlati ons between 
serum and effl  uent glycans increased (Figure 2A). This is in line with previous 
reports indicati ng a higher technical robustness and oft en also biological relevance 
of derived traits in glycomic comparisons as compared to direct traits 35, 36. 

Study 
month 

Number of 
patients a 

 
Mean±SD 

  
 M F M F 

0 63 31 62.05±12.47 59.77±16.04 
1 - 6 49 28 62.70±12.66 60.35±16.28 

7 - 12 43 23 63.33±12.98 58.77±16.70 
13 - 18 27 14 63.79±13.15 58.82±14.25 
19 - 24 20 11 64.00±13.96 58.29±15.46 

 

 Table 1. Pati ent numbers and age at baseline and follow-up

a Number of pati ents (M, male / F, female) left  at the respecti ve ti me periods of sample collecti on for 
glycomic profi ling and/or determinati on of clinical parameters as described in the experimental secti on.
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Clinical parameter Number of 
patients a 

Median ± interquartile range 

M F M F 

Diabetesb 10 22 
  

CAPD/APDb 53/10 27/4 
  

Dianeal/Physionealc 55/8 23/8 
  

Time on PDb 62 31 16.80±20.50 12.20±21.50 

DPCrea4 63 31 0.74±0.14 0.70±0.15 

Ultrafiltration_PET 63 31 400.00±344.30 540.00±398.20 

IL6 (ρg/mL) 61 30 96.74±138.87 71.16±119.13 

IL8 (ρg/mL) 60 30 35.44±93.00 19.81±49.25 

MCP1 (ρg/mL) 61 30 247.01±178.99 171.91±118.38 

TGFβ-1 (ρg/mL) 61 30 75.05±82.78 93.43±77.05 

VEGF (ρg/mL) 60 29 146.94±114.11 102.58±140.27 

CA-125 (ρg/mL) 61 30 19.60±18.40 21.45±13.6 

HA (ρg/mL) 61 30 179.11±138.27 148.52±129.13 
 

a Number of pati ents (M, male / F, female) for whom data on the stated parameter was available; see 
Table 1 for total pati ent number at study month 0.
b Clinical parameters used as confounders for GEE analysis, next to age and sex; CAPD, Conti nuous 
Ambulatory Peritoneal Dialysis; APD, Automated Peritoneal Dialysis; ti me on PD refers to the total 
ti me in months aft er a pati ent was fi rst introduced to PD treatment; DPCrea4, Rati o of creati nine in 
the effl  uent vs. plasma during 4 h dwell ti me.
c The Dianeal group was randomized into two treatment groups at baseline, i.e. 27/11 male/female 
pati ents conti nued with Dianeal for 24 months, while 28/12 male/female pati ents switched to Physio-
neal for the following 24 months.

 Table 2. Clinical characteristi cs at baseline

Diff erences between serum and effl  uent glycosylati on levels for the derived 
traits M, A2, A3, A2F, A2G, A2E, A3E, and IgG were observed at baseline in paired 
Wilcoxon signed rank tests upon Bonferroni-correcti on, whereas A3F, bisecti on, and 
α2,3-sialylati on were not diff erent (Figure 3, Supplementary Figure S-2A-C). Similar 
diff erences were observed during the 24 months follow-up. 
In literature, total protein concentrati on in effl  uent is reported to remain stable 
over several months up to years on PD treatment 22, 37. Data on effl  uent protein 
compositi on over ti me are scarce and, if any, proteomic changes show rather low 
stati sti cal signifi cance 38. However, pathological and morphological changes of the 
peritoneum can occur with durati on of PD treatment and may be refl ected by the 
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effl  uent compositi on 18. Accordingly, a few trends could be observed in our glycomic 
data, in parti cular, in the effl  uent towards the end of the study. For instance, 
the galactosylati on of diantennary glycans (A2G) showed a downward trend at 
24-months follow-up in the effl  uent, but not serum (Figure 3A, Supplementary 
Figure S-2D). This could be mainly att ributed to an increase of the agalactosylated 
glycans H3N4F1 and H3N5F1 (Figure 3C-D), since the relati ve abundance of the 
mono- and digalactosylated, presumably IgG-related species remained stable over 
ti me in effl  uent (Supplementary Figure S-2D). A lower galactosylati on of IgG is 
related to a pro-infl ammatory state in diff erent pathological conditi ons 39, 40. 
When looking at the dynamic changes in glycosylati on in the three treatment 
groups separately, only group 2 (Dianeal/Physioneal) showed some trends that 
were, however, not signifi cant aft er correcti on for multi ple testi ng (Supplementary 
Figure S-2E).
Interesti ngly, in a recent publicati on high-mannose glycans were reported to be more 
abundant in PDE as compared to the plasma of healthy mice 30, whereas our data 
in PD pati ents is reverse (Supplementary Figure S-2A). Moreover, the relati ve α2,6-
sialylati on of both di- and triantennary glycans (A2E and A3E) was higher in serum 
than in effl  uent (Figure 3A), while in healthy mice we did not observe diff erences in 
overall or linkage-specifi c sialylati on between plasma and PDE N-glycans 30. 
When correlati ng glycan features with pati ent characteristi cs and clinical parameters, 
the only correlati ons remaining signifi cant aft er Bonferroni correcti on for multi ple 
comparisons were those of the bisected, agalactosylated glycan H3N5F1 (peak 4) 
with age and the triantennary, trisialylated glycan H6N5E3 (peak 24) with IL6 in 
effl  uent (Figure 2C). Accordingly to the former-menti oned, we observed an area 
increase in H3N5F1 (peak 4) and a decrease in H5N4F1 (peak 5) with age in both 
serum and effl  uent, especially in women (Supplementary Figure S-3). It is known 
that plasma protein galactosylati on decreases with age in both healthy individuals 
and pati ents with diff erent pathological conditi ons, which is mainly related to the 
galactosylati on of IgG-derived glycans, including the two former-menti oned 39, 41. 
The crude correlati on analyses of direct traits from serum or derived glycan traits 
in either serum or effl  uent with clinical parameters were not signifi cant at baseline 
(Supplementary Figure S-1B-D).

Protein glycosylati on in relati on to clinical parameters
The associati on of ten selected clinical parameters, i.e. peritoniti s occurrence, 
ultrafi ltrati on during PET, DPCrea4, the concentrati ons of TGFβ-1, IL-6, IL-8, MCP-
1, VEGF, CA-125 and HA, with 12 derived glycan traits from PD pati ent serum 
and effl  uent was assessed by GEE analysis in longitudinal data. In additi on, two 
presumably IgG-related direct traits were tested for their associati on with peritoniti s 
based on their trends found for the comparison of baseline vs. 24-months follow-
up. Aft er adjustment for confounders, peritoniti s occurrence, DPCrea4, TGFβ-1, 
IL-6, IL-8, MCP-1, VEGF, CA-125 and HA were associated with various glycan traits 
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(Supplementary Tables S-3A and S-3B), as presented in the following paragraphs 
and summarized in Table 3. The associati on of ultrafi ltrati on during PET with derived 
glycan traits was not signifi cant aft er adjusti ng for confounders (Supplementary 
Table S-3B).

Peritoniti s occurrence
Peritoniti s occurrence was positi vely associated with the relati ve abundance of IgG-
derived glycans as well as the relati ve fucosylati on of diantennary glycans (A2F) and 
α2,6-sialylati on of triantennary glycans (A3E) in PD effl  uent only (excerpt in Table 3 
and extensive informati on in Supplementary Table S-3A). A negati ve associati on was 
found for the relati ve galactosylati on (A2G) and α2,6-sialylati on (A2E) of diantennary 
glycans. These associati ons are in line with our fi nding of changes in traits towards 
study end, i.e. increasing A2F, IgG-glycans, A3E, and decreasing A2G and A2E (see 
Effl  uent versus serum protein glycosylati on). This strengthens the hypothesis that 
these N-glycan traits may refl ect local peritoneal infl ammati on in PD pati ents, in 
parti cular, when assessed in PD effl  uent, since derived glycan traits in serum were 
not associated with peritoniti s (not shown). When analyzing a subselecti on of 
direct traits based on our fi ndings for baseline and longitudinal glycan data, we 
found no associati on of selected triantennary α2,6-sialylated traits (peaks 16, 21, 
23-24, 26) with peritoniti s in GEE. However, the two agalactosylated IgG-related 
structures (peaks 2 and 4), known for refl ecti ng a rather pro-infl ammatory state 
in other disease conditi ons 39, 40, were positi vely associated with peritoniti s, which 
might have contributed to the inverse associati on of galactosylati on of diantennary 
glycans (A2G) with peritoniti s (Table 3; Supplementary Table S-3A).
PD effl  uent contains immunoglobulins, such as IgG and IgM 42, which might refl ect 
local infl ammati on during peritoniti s 43, as indicated by the positi ve associati on 
of peritoniti s with effl  uent but not serum glycans. In additi on, protein losses 
are known to increase during peritoniti s, mainly due to enhanced peritoneal 
membrane permeability caused by infl ammati on 22, 42. In a proteomic study of 
PDE collected from twelve pati ents before and aft er peritoniti s, several proteins 
were diff erenti ally expressed. For example, fi brinogen, ceruloplasmin, zinc-α-2-
glycoprotein and α-1-anti trypsin were downregulated during peritoniti s, whereas 
haptoglobin and anti thrombin-III were upregulated 44. These are also glycosylated, 
mainly acute-phase proteins that contribute to the total plasma N-glycome as 
known from literature 34. Notably, in our global approach we were not able to trace 
back the origin of the relevant glycan traits to their protein carriers. However, as for 
the diantennary, fucosylated, non-sialylated glycans in the serum and effl  uent of 
PD pati ents, we assume that these are largely IgG-derived on the basis of literature 
informati on revealing IgG as the major contributor to these glycans in the human 
serum and plasma glycome 34.
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 Figure 2. Spearman correlati on analysis of serum and effl  uent glycans at baseline. The relati ve areas 
of 12 derived effl  uent vs. serum glycan traits (A), and of 26 effl  uent glycans vs. selected pati ent char-
acteristi cs (B) are shown. Glycan numbers are matching the list in Supplementary Table 1. The ranking 
of the categorical variables in (B) is matching the listi ng order of their categories, e.g. for sex, male = 1, 
female = 2. Dots and crosses refer to signifi cance levels with p<0.05 and p-value corrected for multi ple 
testi ng, respecti vely (Bonferroni corrected p-values: p<0.00035 in (A), and p<0.00013 in (B)). Color 
codes indicate Spearman’s rho-values as depicted in the color scales to the right of each heat map.
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Infl ammati on markers and peritoneal functi on parameters
All tested infl ammatory markers were positi vely associated with the degree of 
trianten nary α2,6-sialylati on of effl  uent proteins (EfA3E, Table 3). At the same ti me, 
the relati ve abundance of triantennary glycans (A3) and the degree of fucosylati on 
of triantennary glycans (A3F) in serum and/or effl  uent was positi vely correlated with 
the IL6 and IL8 concentrati on in the effl  uent. Core and antenna fucosylati on of acute-
phase proteins has been shown to be increased in various disease conditi ons, such 
as chronic pancreati ti s 45, rheumatoid arthriti s 46 and infl ammati on related to cancer 
47. Alpha-2,6-sialyltransferase expression was induced by diff erent pro-infl ammatory 
cytokines in human endothelial cells 48. This enzyme was furthermore secreted into 
the medium 48, indicati ng that α2,6-sialylati on of circulati ng glycoproteins may 
occur in vivo upon infl ammati on. 
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Figure 3. Selected N-glycan traits from serum (Se) and effl  uent (Ef) at baseline and over ti me. A-B) 
Means±SE values of all pati ents over ti me classes as defi ned in Table 1. A) At baseline (study month 
0) all p-values were below the Bonferroni-adjusted α = 0.0042 in paired Wilcoxon signed rank tests 
for serum vs. effl  uent for A2G, A2E, A3E, A2F, IgG derived traits (N=85 each); A3F was not signifi cantly 
diff erent at baseline. C-D) Min/Max-values and boxplots with p-values from a paired Wilcoxon signed 
rank test for IgG-related direct traits at baseline vs. 24 months from 24 pati ents. 
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Glycan 
trait a 

Sample 
type 

Clinical parameter b 
Peritonitis DPCrea4 IL-6 IL-8 MCP-1 HA TGFβ-1 VEGF CA-125 

  OR (95% 
CI) 

B (95% CI) 

A2 Serum   -0.065 1 

(-0.108; -
0.022) 

-0.061 1 

(-0.114; -
0.008) 

  -0.037 0 

(-0.071; -
0.002) 

-0.089 0 

(-0.141; -
0.037) 

 

 Effluent  -0.008 0 

(-0.016; -
0.001) 

 -0.101 3 

(-0.190; -
0.013) 

  -0.055 0 

(-0.091; -
0.020) 

  

A3 Serum   0.077 0 

(0.028; 
0.125) 

0.073 0 

(0.011; 
0.136) 

  0.039 0 

(0.003; 
0.076) 

0.093 0 

(0.038; 
0.148) 

 

 Effluent  0.013 2 

(0.004; 
0.022) 

0.121 2 

(0.032; 
0.210) 

0.140 3 

(0.029; 
0.252) 

  0.083 0 

(0.037; 
0.129) 

0.123 2 

(0.028; 
0.217) 

 

A2F Effluent c 1.047 3 

(1.000; 
1.097) 

       -0.022 0 

(-0.042; -
0.002) 

A3F Serum    0.016 1 

(0.000; 
0.032) 

     

 Effluent   0.026 0 

(0.012; 
0.040) 

      

A2B Serum    0.068 3 

(0.001; 
0.135) 

     

 Effluent    0.076 3 

(0.002; 
0.151) 

     

A2G Serum       -0.028 2 

(-0.053; -
0.004) 

  

 Effluent 0.871 3 

(0.784; 
0.967) 

       0.045 2 
(0.016; 
0.074) 

A2L Effluent c  -0.034 1 

(-0.064; -
0.004) 

-0.403 3 

(-0.723; -
0.082) 

      

A3L Effluent c    0.080 3 

(0.015; 
0.144) 

     

A2E Effluent c 0.934 3 

(0.876; 
0.996) 

       0.033 0 

(0.009; 
0.056) 

A3E Serum   0.088 0 

(0.020; 
0.157) 

      

 Effluent 1.205 0 

(1.004; 
1.446) 

0.005 1 

(0.001; 
0.010) 

0.113 0 

(0.057; 
0.169) 

0.062 1 

(0.008; 
0.117) 

0.041 0 

(0.012; 
0.070) 

0.049 0 

(0.023; 
0.076) 

0.052 3 

(0.026; 
0.079) 

0.082 0 

(0.044; 
0.121) 

 

IgG Effluent c 1.116 3 

(1.017; 
1.225) 

       -0.045 0 

(-0.072; -
0.018) 

H3N4F1 Effluent d 1.297 3 

(1.098; 
1.532) 

--- --- --- --- --- --- --- --- 

H3N5F1 Effluent d 2.156 1 
(1.192; 
3.898) 

--- --- --- --- --- --- --- --- 

 

 Table 3. Overview of signifi cant associati ons of clinical parameters and glycans.

a) High-mannose trait (M) was not signifi cant; for calculati ons and abbreviati ons of derived traits, see 
Supporti ng Informati on Tables S-1 and S-2.
b) Only signifi cant values (odds rati os for peritoniti s and B-values for the others, with 95% confi dence 
intervals) as derived from GEE analysis are shown, in case that the confounder groups (models) used 
changed the esti mate by 10%. The following models were used:  0, crude analysis; 1, model 1 with 
adjustment for age, sex, diabetes; 2, model 2 with adjustment for CAPD/APD, ti me on PD and Dia/
Physio; 3, model 1+2; see Supporti ng Informati on Table S-3 for the complete list of all models used with 
their respecti ve p-values. IL-6, IL-8, MCP-1, HA, TGFβ-1, VEGF and CA-125 were ln-transformed prior 
to GEE analysis; relati ve signal intensiti es of the derived glycan traits were calculated as %-values, as 
described in the Experimental secti on; ---, not tested; inverse associati ons are labeled gray.
c) No signifi cant associati ons were found with derived traits A2F, A2L, A3L, A2E and IgG in serum, which 
are therefore not menti oned here. 
d) Associati on for direct traits with the compositi ons H3N4F1 and H3N5F1 was only tested for effl  uent, 
but not serum.
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Previously, various proteins were found to be diff erenti ally expressed in PD pati ents 
with low and high values of peritoneal transport, including glycoproteins such as 
haptoglobin, alpha-1 anti trypsin, and immunoglobulins 26, 49. Moreover, protein 
losses in PDE were found to be higher in high transport pati ents expressed by higher 
DPCrea4 values 49. Therefore, we analyzed a possible associati on of serum and 
effl  uent protein glycosylati on with transport characteristi cs in PD. Ultrafi ltrati on 
was not signifi cant aft er adjustment for confounders (Supplementary Table S-3B), 
while DPCrea4 was positi vely associated with triantennary glycans and α2,6-
sialylati on of those, and inversely associated with diantennary glycans and α2,3-
sialylati on of those in the effl  uent but not serum (Table 3). The same glycan traits 
were associated with TGFβ-1 and VEGF concentrati ons (Table 3), which have been 
linked to pathological changes of the peritoneum upon PD 18. Importantly, TGFβ-
1-induced EMT in the context of tumor progression was found to be promoted by 
an increased expression of α2,6-sialyltranferase 1 50. A similar mechanism might 
have led to the predominance of α2,6-sialylati on of effl  uent N-glycans regarding its 
associati ons with detrimental PD markers/parameters in our data.
Furthermore, galactosylati on of diantennary glycans was inversely correlated 
with effl  uent TGFβ-1 concentrati ons, but positi vely correlated with CA-125 that 
is considered as a marker of mesothelial cell mass, which is decreasing in PD 
pati ents developing complicati ons, such as encapsulati ng peritoneal sclerosis 51. 
Galactosylati on of serum diantennary N-glycans was shown to be decreased in 
liver cirrhosis 29, a pathological conditi on preceded by fi broti c ti ssue transformati on 
that might show similariti es to the pathological changes upon long-ti me PD. Both, 
a higher α2,6-sialylati on of diantennary glycans (A2E) and a higher galactosylati on 
of diantennary glycans in effl  uent with, at the same ti me, lower abundance of 
IgG-glycans seems to refl ect a bett er clinical state, as indicated by their positi ve 
associati ons with CA-125 and inverse associati ons with peritoniti s (Table 3).
In conclusion, as demonstrated by using a recently developed MALDI-TOF-
MS method with linkage-specifi c sialic acid derivati zati on, α2,6-sialylati on of 
triantennary N-glycans in PD effl  uent seems to refl ect adverse events upon long-
term PD. Furthermore, a relati ve increase in IgG-related glycans and a lower 
galactosylati on of diantennary glycans appeared to be related to peritoniti s and 
the loss of mesothelial cell mass. Thus, glycosylati on of effl  uent proteins in PD 
pati ents might bear some potenti al as future biomarkers of peritoneal functi onality. 
However, future research should include studies of the respecti ve protein carriers, 
such as IgG, acute-phase proteins originati ng from the liver, or specifi c glycoproteins 
locally produced in the peritoneum, e.g. CA-125.
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Study populati on and data collecti on
The current study is embedded in an open label multi -center prospecti ve 
randomized clinical trial, which enrolled 94 PD pati ents (aged over 18 years) from 
twelve diff erent hospitals in The Netherlands during a period of 24 months.
Pati ents included in the randomized part of the study were treated with standard 
lactate-buff ered PD fl uid (Dianeal, Baxter Healthcare, USA), and either conti nued 
on Dianeal (group 1, n=38), or switched to a bicarbonate/lactate-buff ered PD fl uid 
(Physioneal, Baxter Healthcare, USA; group 2, n=40). A third group of pati ents 
(group 3, n=16) was not included in the randomized part of the study and was 
already treated with Physioneal before the study period. They had never used 
Dianeal before. Prior to study start all pati ents had to undergo PD treatment for 
at least 6 weeks. Episodes of peritoniti s or exit site infecti ons that occurred within 
6 weeks before entering the study, or use of non-glucose based dialysis soluti ons, 
except icodextrin, were considered exclusion criteria. The study was approved by 
medical ethics committ ees at all parti cipati ng centers. All pati ents gave writt en 
informed consent. Block randomizati on per center was performed centrally at the 
VU University Medical Center (4 pati ents per block and 2 pati ents assigned to each 
treatment per block).

Sample preparati on and measurement
Serum and dialysate collecti on
Serum and 24-hours (overnight) dialysate were collected at 0, 6, 12, 18 and 24 
months and stored at -80°C unti l laboratory analysis. 

Peritoniti s events
Peritoniti s events were recorded and defi ned as a dialysate having a cell count 
higher than 100/μL, of which more than 50% were polymorphonuclear leukocytes. 
Effl  uents were cultured to defi ne the microorganism involved and for the diagnosis 
also symptoms such as abdominal pain, fever and/or cloudy dialysate were taken 
into account 52. Peritoniti s relapses (peritoniti s caused from the same organism 
or sterile peritoniti s occurring within 4 weeks from the previous episode) were 
considered also as an episode. 

Peritoneal Equilibrium Test (PET)
A 4-hour PET using 3.86% Dianeal or Physioneal was performed at 0, 12 and 24 
weeks in order to assess peritoneal membrane functi on 53. At baseline all PETs were 
performed using Dianeal. If a pati ent did not tolerate the 3.86% soluti on because of 
hypotension, 2.27% was used. Creati nine levels in effl  uent were determined using 
routi ne laboratory techniques.
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Analysis of effl  uent cytokines
Assays for cytokine detecti on were performed in cell-free supernatants of 
effl  uents collected at 0, 6, 12, 18 and 24 months. A multi parameter Bio-Plex 200 
chemiluminometric bead assay kit (Biorad, Hercules, California, Texas, USA) was 
used to measure VEGF, IL-6, IL-8, and MCP-1 levels. HA was determined in an ELISA-
based assay according to Fosang et al. 54 using immobilized HA and competi ti on 
for the binding of bioti nylated HA-binding protein by HA-containing samples. 
TGFβ-1 was measured using a quanti tati ve ELISA (Promega Corporati on, Madison, 
USA, detecti on limit 32 pg/mL). A two-side sandwich immunoassay using direct 
chemiluminometric technology (Centaur OV-assay Bayer Diagnosti cs, Tarrytown, 
NY, USA) was used to determine CA-125 levels.

Sample treatment and glycomic analysis
PVDF membrane N-glycan release 
N-glycans were released from the protein fracti on on a protein-binding hydrophobe 
Immobilon P Membrane (PVDF) plate (Merck Millipore, Darmstadt, Germany) 55. 
Throughout the glycomic sample preparati on and analysis, ultrapure water (MQ) 
was used (≥18.2 MΩ at 25°C, Merck Millipore). The membrane was preconditi oned 
by washing 2x with 200 µL 70% ethanol followed by two washes with 200 µL 100 
mM NaHCO3. Biological samples were applied by mixing 72.5 µL 8 M GuHCl with 2.5 
µL 200 mM dithiothreitol with 25 µL sample (2.5 ti mes diluted serum and undiluted 
PDE) on the membrane and washing 4x with 200 µL buff er. Subsequently, 1 mU 
recombinant pepti de-N-glycosidase F (PNGase F; Roche Diagnosti cs, Mannheim, 
Germany) was applied to the sample in 50 µL 100 mM NaHCO3 buff er, followed 
by overnight incubati on at 37°C in a humidity chamber. The released glycans were 
recovered by centrifugati on at 2000 rpm.

Derivati zati on for MALDI-TOF-MS 
The released glycans were derivati zed for the selecti ve ethyl-esterifi cati on 
of 2,6-linked N-acetylneuraminic acids and lactonizati on of α2,3-linked 
N-acetylneuraminic acids 31. The derivati zati on mixture was prepared by mixing 
1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (Fluorochem, Hadfi eld, UK) with 
1-hydroxybenzotriazole (Sigma-Aldrich, Steinheim, Germany), to a fi nal concentrati on 
of 0.25 M in ethanol (Merck, Darmstadt, Germany). The reacti on was performed in 
20 μL of the derivati zati on mixture with 1 µL released glycans from serum and 2 
µL released glycans from PDE. The plate was sealed to prevent evaporati on and 
incubated 1 h at 37°C. To allow protein precipitati on 20 µL of acetonitrile (Biosolve, 
Valkenswaard, The Netherlands) was added, further incubated for 15 min at -20°C 
before proceeding with glycan enrichment and analysis by matrix-assisted laser 
desorpti on/ionizati on ti me-of-fl ight mass spectrometry (MALDI-TOF-MS).
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Hydrophilic interacti on liquid chromatographic purifi cati on for MALDI-TOF-MS
Glycan enrichment was performed by cott on hydrophilic interacti on liquid 
chromatography as previously described 56. The samples were allowed to return to 
room temperature before proceeding. The ti ps with cott on as stati onary phase (3 
mm cott on thread, ca. 190 µg; Pipoos, Utrecht, The Netherlands) were washed and 
equilibrated with 3x20 μL of MQ and 3x20 μL of 85% acetonitrile; sample loading 
was achieved by pipetti  ng 20x into the reacti on mixture, the washing step consisted 
of pipetti  ng 3x20 μL 85% acetonitrile 1% trifl uoroaceti c acid (Merck), 3x20 μL 85% 
acetonitrile. Samples were fi nally eluted in 10 μL MQ.

MALDI-TOF-MS measurement
For MALDI-TOF-MS analysis, 1 μL of purifi ed serum glycan mix and 2 µL of 
purifi ed peritoneal fl uid mix was spott ed on a MTP AnchorChip 800/384 TF 
MALDI target (Bruker Daltonics, Bremen, Germany), and 1 μL of matrix (5 mg/mL 
2,5-dihydroxybenzoic acid (Bruker Daltonics), 1 mM NaOH in 50% acetonitrile), 
mixed on plate and left  to dry. To achieve uniform crystals, the spot was tapped 
with 0.2 μL ethanol, causing rapid recrystallizati on. All analyses were performed 
on an ultrafl eXtreme MALDI-TOF/TOF-MS equipped with a Smartbeam II laser, 
controlled by proprietary soft ware fl exControl 3.4 Build 119 (Bruker Daltonics). The 
MALDI-TOF instrument was operated in refl ectron positi ve ion mode, calibrated on 
the known masses of a pepti de calibrati on standard (Bruker Daltonics). For sample 
measurements 20000 laser shots were accumulated at a laser frequency of 2000 
Hz, using a complete sample random walk with 200 shots per raster spot. 

Data processing
The mass spectra were extracted and processed for quality control and relati ve 
quanti fi cati on of analytes. The raw spectra were exported from fl exAnalysis 3.4 
(Build 76; Bruker Daltonics) as text fi les (x,y), and further processed by MassyTools 
(version 0.1.8.0) 57. First, internal calibrati on was performed based on a predefi ned 
list of 5 analytes (peaks 2, 3, 5, 9, 18 in Supplementary Table S1). Mass spectra 
presenti ng a signal-to-noise rati o (S/N) of 9, based on the MinMax algorithm, or 
above for the calibrati on analytes were included for further analysis. Furthermore, 
spectra (n=10) were excluded if their “fracti on of analyte area above S/N 9” was 
below 3 standard deviati ons (SD) of the mean. 
Structural assignment was based on the putati ve compositi onal features (hexose = 
H, N-acetylhexosamine = N, fucose = F, N-acetylneuraminic acid = E or L for α2,6- 
and α2,3-linked variants, respecti vely). Aft er the exclusion of compositi ons with 
interfering peaks (n=15), background-subtracted peak areas were normalized to 
the sum of the area of all the 26 peaks from the fi nal list of 26 glycan compositi ons. 
Derived traits were calculated based on the compositi onal features based on 
established knowledge of the human plasma N-glycome and its biosyntheti c 
pathways (Supplementary Tables S1 and S2) 31-33. For example, bisecti on of 
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diantennary glycans was assumed rather than an agalactosylated third antenna, in 
e.g. H5N5E1F1. Finally, relati ve intensiti es were multi plied by the factor of 100 prior 
to stati sti cal analysis.

Stati sti cal analysis
Spearman correlati on analysis and the generati on of heatmaps for baseline data 
was carried out by using the ‘rquery.cormat’ functi on and ‘ggplot2’ and ‘WGCNA’ 
libraries in R version 3.2.2 58. Bonferroni method was applied to correct for multi ple 
comparisons. Paired Wilcoxon signed rank tests were used to compare serum vs. 
effl  uent glycosylati on levels at baseline as well as to compare baseline vs. 24-months 
levels of glycan traits that showed changing trends towards the end of the study.
Analysis of the longitudinal data was further performed by using the Generalized 
Esti mated Equati ons (GEE) method with exchangeable working correlati on matrix 
in IBM SPSS Stati sti cs 23. A binary logisti c GEE model was used for the evaluati on 
of the associati on of glycan traits with peritoniti s occurrence, while a linear model 
was applied to esti mate the associati on of glycan traits with effl  uent markers and 
peritoneal transport parameters, i.e. the concentrati on of TGFβ-1, IL-6, IL-8, MCP-
1, VEGF, CA-125 and HA, as well as ultrafi ltrati on during PET and 4-hour dialysate/
plasma creati nine (DPCrea4). Effl  uent marker levels were ln-transformed prior to 
stati sti cal analysis due to their wide distributi on between pati ents and their non-
normality. Next to performing crude GEE-analysis, we adjusted for confounders in 
three models: model 1: age, sex and diabetes; model 2: treatment modality (CAPD 
or APD), ti me on PD and treatment group; model 3: a combinati on of all confounders 
of model 1 and model 2. Age and ti me on PD were added as conti nuous variables, 
whereas sex, diabetes, treatment modality, and treatment group were added as 
categorical variables. Regression coeffi  cients and odds rati os are given with 95% 
confi dence intervals.
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Supplementary Figure S-1. Spearman correlati on analysis of serum and effl  uent glycans at baseline. 
The relati ve areas of 26 effl  uent vs. serum glycan traits (A), and selected pati ent characteristi cs vs. 26 
serum glycan traits (B), as well as 12 derived glycan traits from serum (C) and effl  uent (D) are shown. 
For details on glycan structures and derived traits, see Supplementary Table S1 and S2. The ranking of 
the categorical variables in (B), (C) and (D) is matching the listi ng order of their categories, e.g. for Sex, 
male = 1, female = 2. Dots refer to signifi cance levels with p<0.05. The analyses did not reach signifi -
cance aft er Bonferroni-correcti on with the following thresholds of p = 7.4×10-5 in (A), 0.00013 (B) and 
0.00028 for both (C) and (D).
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Supplementary Figure S-2. Relati ve areas of selected N-glycan traits at baseline and over ti me. A-C) 
Values of all pati ents over ti me classes as defi ned in Table 1. A) High-mannose type direct traits H6N2 
and H9N2 and derived trait M; D) Min/Max-relati ve-area values and boxplots of 24 pati ents are shown 
with p-values from a paired Wilcoxon signed rank test for effl  uent glycan traits at baseline vs. 24 
months, i.e. galactosylati on of diantennary glycans (EfA2G), H4N4F1, H5N4F1, and H4N5F1; E) Values 
of PD fl uid group 2 (Dianeal/Physioneal) over ti me classes as defi ned in Table 1. The p-values from a 
paired Wilcoxon signed rank test for the relati ve area of glycan traits at baseline vs. 24 months are 
shown.
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Supplementary Figure S-3. Age and sex-dependency of N-glycans in serum and peritoneal effl  uent. 
Blue square, N-acetylglucosamine; yellow circle, galactose; green circle, mannose; red triangle, fu-
cose. Pearson’s correlati on analysis from cross-secti onal data is depicted from samples collected at 
baseline (t=0) from 63 male (blue) and 31 female (green) pati ents. Upper panel, glycan peak 4: in 
serum, R²=0.042 and 0.390 for males and females, respecti vely, and in peritoneal effl  uent R²=0.126 
and 0.401 for males and females, respecti vely. Lower panel, glycan peak 5: in serum, R²=0.001 and 
0.332 for males and females, respecti vely, and in peritoneal effl  uent R²=0.058 and 0.323 for males and 
females, respecti vely.
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Peak no. m/z [M+Na]+ Composition a) Proposed structure Derived traits b) 
 

   M A2 A3 A2B A2G A2F A3F IgG A2L A3L A2E A3E 

1 1419.48 H6N2 
 

X            

2 1485.53 H3N4F1 
 

 X    X  X     

3 1647.59 H4N4F1 
 

 X   X X  X     

4 1688.61 H3N5F1 
 

 X  X  X  X     

5 1809.64 H5N4F1 
 

 X   X X  X     

6 1850.67 H4N5F1 
 

 X  X X X  X     

7 1905.63 H9N2 
 

X            

8 1966.71 H4N4E1F1 
 

 X   X X     X  

9 1982.71 H5N4E1 
 

 X   X      X  

10 2082.72 H5N4L1F1 
 

 X   X X   X    

11 2128.77 H5N4E1F1 
 

 X   X X     X  

12 2185.79 H5N5E1 

 

 X  X X      X  

13 2255.79 H5N4L1E1 

 

 X   X    X  X  

14 2301.83 H5N4E2 
 

 X   X      X  

15 2331.85 H5N5E1F1 

 

 X  X X X     X  

16 2347.84 H6N5E1 

 

  X         X 

17 2401.85 H5N4L1E1F1 

 

 X   X X   X  X  

18 2447.89 H5N4E2F1 
 

 X   X X     X  

19 2620.93 H6N5L1E1 

 

  X       X  X 

20 2650.97 H5N5E2F1 

 

 X  X X X     X  

21 2813.02 H6N5E2F1 

 

  X    X     X 

22 2894.01 H6N5L2E1 

 

  X       X  X 

23 2940.05 H6N5L1E2 

 

  X       X  X 

24 2986.09 H6N5E3 
 

  X         X 

25 3040.07 H6N5L2E1F1 

 

  X    X   X  X 

26 3086.11 H6N5L1E2F1 

 

  X    X   X  X 

 

Supplementary Table S-1. Detected glycan molecular species, their putati ve structures and related 
derived traits
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a) H, hexose; N, N-acetylhexosamine; F, fucose; E, α2,6-N-acetylneuraminic acid; L, α2,3-N-
acetylneuraminic acid
b) M, high mannose type; A2, diantennary; A3, triantennary; A2B, bisecti on of diantennary glycans; 
A2G, galactosylati on of diantennary glycans; A2F, fucosylati on of diantennary glycans; A3F, fucosyla-
ti on of triantennary glycans; IgG, IgG-derived glycans; A2L, α2,3-N-acetylneuraminic acids per dian-
tennary glycan; A3L, α2,3-N-acetylneuraminic acids per triantennary glycan; A2E, α2,6-N-acetylneu-
raminic acids per diantennary glycan; A3E, α2,6-N-acetylneuraminic acids per triantennary glycan; for 
calculati on, see Table S2.

Supplementary Table S-2. Calculati on of the relati ve abundances of 12 glycan traits derived from 26 
disti nct glycan species detected in MALDI-TOF-MS

 Derived trait Calculation 
M high mannose type in 

spectrum  
(1 * (H6N2 + H9N2)) / (1 * (H6N2 + H3N4F1 + H4N4F1 + H3N5F1 + H5N4F1 + H4N5F1 + 
H9N2 + H4N4E1F1 + H5N4E1 + H5N4L1F1 + H5N4E1F1 + H5N5E1 + H5N4L1E1 + 
H5N4E2 + H5N5E1F1 + H6N5E1 + H5N4L1E1F1 + H5N4E2F1 + H6N5L1E1 + H5N5E2F1 + 
H6N5E2F1 + H6N5L2E1 + H6N5L1E2 + H6N5E3 + H6N5L2E1F1 + H6N5L1E2F1)) 

A2 diantennary species in 
spectrum   

(1 * (H3N4F1 + H4N4F1 + H3N5F1 + H5N4F1 + H4N5F1 + H4N4E1F1 + H5N4E1 + 
H5N4L1F1 + H5N4E1F1 + H5N5E1 + H5N4L1E1 + H5N4E2 + H5N5E1F1 + H5N4L1E1F1 + 
H5N4E2F1 + H5N5E2F1)) / (1 * (H6N2 + H3N4F1 + H4N4F1 + H3N5F1 + H5N4F1 + 
H4N5F1 + H9N2 + H4N4E1F1 + H5N4E1 + H5N4L1F1 + H5N4E1F1 + H5N5E1 + 
H5N4L1E1 + H5N4E2 + H5N5E1F1 + H6N5E1 + H5N4L1E1F1 + H5N4E2F1 + H6N5L1E1 + 
H5N5E2F1 + H6N5E2F1 + H6N5L2E1 + H6N5L1E2 + H6N5E3 + H6N5L2E1F1 + 
H6N5L1E2F1)) 

A3 triantennary species in 
spectrum   

(1 * (H6N5E1 + H6N5L1E1 + H6N5E2F1 + H6N5L2E1 + H6N5L1E2 + H6N5E3 + 
H6N5L2E1F1 + H6N5L1E2F1)) / (1 * (H6N2 + H3N4F1 + H4N4F1 + H3N5F1 + H5N4F1 + 
H4N5F1 + H9N2 + H4N4E1F1 + H5N4E1 + H5N4L1F1 + H5N4E1F1 + H5N5E1 + 
H5N4L1E1 + H5N4E2 + H5N5E1F1 + H6N5E1 + H5N4L1E1F1 + H5N4E2F1 + H6N5L1E1 + 
H5N5E2F1 + H6N5E2F1 + H6N5L2E1 + H6N5L1E2 + H6N5E3 + H6N5L2E1F1 + 
H6N5L1E2F1)) 

A2B bisection of diantennary 
glycans   

(1 * (H3N5F1 + H4N5F1 + H5N5E1 + H5N5E1F1 + H5N5E2F1)) / (1 * (H3N4F1 + H4N4F1 + 
H3N5F1 + H5N4F1 + H4N5F1 + H4N4E1F1 + H5N4E1 + H5N4L1F1 + H5N4E1F1 + 
H5N5E1 + H5N4L1E1 + H5N4E2 + H5N5E1F1 + H5N4L1E1F1 + H5N4E2F1 + H5N5E2F1)) 

A2G galactosylation of 
diantennary glycans   

(1/2 * (H4N4F1 + H4N5F1 + H4N4E1F1) + 2/2 * (H5N4F1 + H5N4E1 + H5N4L1F1 + 
H5N4E1F1 + H5N5E1 + H5N4L1E1 + H5N4E2 + H5N5E1F1 + H5N4L1E1F1 + H5N4E2F1 + 
H5N5E2F1)) / (1 * (H3N4F1 + H4N4F1 + H3N5F1 + H5N4F1 + H4N5F1 + H4N4E1F1 + 
H5N4E1 + H5N4L1F1 + H5N4E1F1 + H5N5E1 + H5N4L1E1 + H5N4E2 + H5N5E1F1 + 
H5N4L1E1F1 + H5N4E2F1 + H5N5E2F1)) 

A2F fucosylation of 
diantennary glycans   

(1 * (H3N4F1 + H4N4F1 + H3N5F1 + H5N4F1 + H4N5F1 + H4N4E1F1 + H5N4L1F1 + 
H5N4E1F1 + H5N5E1F1 + H5N4L1E1F1 + H5N4E2F1 + H5N5E2F1)) / (1 * (H3N4F1 + 
H4N4F1 + H3N5F1 + H5N4F1 + H4N5F1 + H4N4E1F1 + H5N4E1 + H5N4L1F1 + 
H5N4E1F1 + H5N5E1 + H5N4L1E1 + H5N4E2 + H5N5E1F1 + H5N4L1E1F1 + H5N4E2F1 + 
H5N5E2F1)) 

A3F fucosylation of 
triantennary glycans   

(1 * (H6N5E2F1 + H6N5L2E1F1 + H6N5L1E2F1)) / (1 * (H6N5E1 + H6N5L1E1 + H6N5E2F1 
+ H6N5L2E1 + H6N5L1E2 + H6N5E3 + H6N5L2E1F1 + H6N5L1E2F1)) 

IgG IgG-derived glycans (H3N4F1 + H4N4F1 + H3N5F1 + H5N4F1 + H4N5F1) 
A2L α2,3-N-

acetylneuraminic acids 
per diantennary glycan 

(1/2 * (H5N4L1F1 + H5N4L1E1 + H5N4L1E1F1) + 2/2 * (0)) / (1 * (H3N4F1 + H4N4F1 + 
H3N5F1 + H5N4F1 + H4N5F1 + H4N4E1F1 + H5N4E1 + H5N4L1F1 + H5N4E1F1 + 
H5N5E1 + H5N4L1E1 + H5N4E2 + H5N5E1F1 + H5N4L1E1F1 + H5N4E2F1 + H5N5E2F1)) 

A3L α2,3-N-
acetylneuraminic acids 
per triantennary glycan 

(1/3 * (H6N5L1E1 + H6N5L1E2 + H6N5L1E2F1) + 2/3 * (H6N5L2E1 + H6N5L2E1F1) + 3/3 * 
(0)) / (1 * (H6N5E1 + H6N5L1E1 + H6N5E2F1 + H6N5L2E1 + H6N5L1E2 + H6N5E3 + 
H6N5L2E1F1 + H6N5L1E2F1)) 

A2E α2,6-N-
acetylneuraminic acids 
per diantennary glycan 

(1/2 * (H4N4E1F1 + H5N4E1 + H5N4E1F1 + H5N5E1 + H5N4L1E1 + H5N5E1F1 + 
H5N4L1E1F1) + 2/2 * (H5N4E2 + H5N4E2F1 + H5N5E2F1)) / (1 * (H3N4F1 + H4N4F1 + 
H3N5F1 + H5N4F1 + H4N5F1 + H4N4E1F1 + H5N4E1 + H5N4L1F1 + H5N4E1F1 + 
H5N5E1 + H5N4L1E1 + H5N4E2 + H5N5E1F1 + H5N4L1E1F1 + H5N4E2F1 + H5N5E2F1)) 

A3E α2,6-N-
acetylneuraminic acids 
per triantennary glycan 

(1/3 * (H6N5E1 + H6N5L1E1 + H6N5L2E1 + H6N5L2E1F1) + 2/3 * (H6N5E2F1 + H6N5L1E2 
+ H6N5L1E2F1) + 3/3 * (H6N5E3)) / (1 * (H6N5E1 + H6N5L1E1 + H6N5E2F1 + H6N5L2E1 + 
H6N5L1E2 + H6N5E3 + H6N5L2E1F1 + H6N5L1E2F1)) 
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