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Abstract: Couples with infertility issues have been assisted 
by in vitro fertilization reproduction technologies with 
high success rates of 50-80%. However, complications 
associated with ovarian stimulation remain, such as 
ovarian hyperstimulation. Oocyte quality is a significant 
factor impacting the outcome of in vitro fertilization 
procedures, but other processes are also critical for 
fertilization success. Increasing evidence points to 
aberrant inflammation as one of these critical processes 
reflected in molecular changes, including glycosylation 
of proteins. Here we report results from a MALDI-TOF-
MS-based glycomic profiling of the total IgG and total 
proteome N-glycomes isolated from the follicular fluid 
obtained from patients undergoing fertilization through 
either (1) assisted reproduction by modified natural cycle 
or (2) controlled ovarian stimulation (GnRH antagonist, 
GnRH Ant) protocols. Significant inflammatory-related 
differences between analyzed N-glycomes were observed 

from samples and correlated with the ovarian stimulation 
protocol used in patients. 

Keywords: In vitro fertilization; inflammation; 
glycoproteins; follicular fluid glycome; MALDI mass 
spectrometry.

Introduction
Human reproduction has been acknowledged as a rising 
public health concern due to the increasing number of 
couples with conception difficulties. Despite continuous 
research and development in the field of assisted 
reproduction technologies (ART), success rates and the 
understanding of molecular mechanisms underlying this 
biological process may still be improved [1]. ART success 
rates are relatively high (50-80%), and complications 
associated with ovarian stimulation have been decreasing 
in previous years. However, the occurrence of certain 
complications associated with ovarian stimulation, such 
as ovarian hyperstimulation syndrome, remains [2].

Oocyte quality is a critical factor for successful in 
vitro fertilization (IVF). The development of non-invasive 
methods has improved the assessment of oocyte quality 
which may contribute to further improvement of ART and 
fertilization success rate. The oocyte microenvironment 
comprises of follicular fluid (FF) and somatic cells within 
the follicle. This environment significantly impacts the 
quality of oocytes and their development [3]. FF is a 
complex mixture of hormones, enzymes, cytokines, and 
other proteins secreted mainly by granulosa cells [4]. 
Besides oocyte and granulosa cells, the ovarian follicle 
also contains theca cells in the follicle’s external layer. 
These cells and oocytes are involved, through an intricate 
interaction, regulate all processes related to follicular 
differentiation and fertilization [5]. The FF also contains 
many plasma components that have passed the blood-
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follicular barrier [6]. The FF content is continuously 
changing due to the constant secretion and utilization 
of specific components by follicular cells, reflecting the 
physiological or pathological status [6,7]. Furthermore, 
successful physiological folliculogenesis and ovulation 
requires an adequate inflammatory response [8,9]. 
Particularly, a balance between pro and anti-inflammatory 
processes is required while, the release of gonadotropins 
during the menstrual cycle causes inflammation and 
consequent follicle rupture and ovulation [10,11]. Whereas, 
pathological pro-inflammatory conditions, such as those 
observed in obesity or polycystic ovary syndrome, have a 
negative effect on the ovulation process [12,13]. Similarly, 
controlled ovarian stimulation (COS) is often used in ART 
procedures, and relies on induced hormonal activation of 
systemic inflammatory processes [14,15]. Several studies 
have confirmed a rise in inflammatory cytokines, CRP, 
and other markers of inflammation in patients subjected 
to different COS protocols, pointing to an enhanced 
inflammatory response during ovulation stimulation 
[16–18]. Inflammation is a complex process extensively 
involving a plethora of biological processes and molecules 
[19]. Among them, glycoproteins and glycans have been 
growingly acknowledged in immune response modulation. 
In particular, proper glycosylation of glycoproteins plays 
a pivotal role in the regulation of normal physiological 
processes [20], and aberrant glycosylation of glycoproteins, 
i.e., changes in the glycomes of individuals or an entire 
set of glycosylated proteins, has been associated with 
various pathological states, including inflammation [21]. 
Glycosylation of proteins and other biomacromolecules 
is precisely regulated by enzyme-directed processes that 
involve linkage of the monosaccharide units to produce 
glycans, which are eventually covalently attached to 
protein backbones to form glycoproteins [22]. The entire 
repertoire of glycans associated with a particular protein, 
cell or tissue is denoted as ‘glycome’, systematically 
studied within the field of glycomics [23]. As glycosylation 
is influenced by numerous genetic and environmental 
factors, the resulting glycomes reflect an organism’s 
physiological state and its alternations [24]. There are two 
major types of protein glycosylation, the N- and O- linked 
glycosylation. The N-linked glycosylation refers to the 
attachment of a glycan to a nitrogen atom of asparagine or 
arginine side chains on a peptide backbone, while the O - 
linked type involves the glycan attachment on an oxygen 
atom of serine and threonine side chains [25]. 

Immunoglobulin G (IgG) is the most abundant 
glycoprotein, antibody class, in human circulation, which 
occupies a central role in the immune system [26]. IgG is 
represented by the four structurally similar subclasses 

IgG1, IgG2, IgG3, and IgG, of which IgG 1 accounts for up 
70% of the total IgG. IgG is a tetrameric N- glycoprotein 
consisting of two identical heavy 50 kDa (H) and 25 kDa 
light (L) chains linked together by inter-chain disulphide 
bonds [27]. It contains two highly conserved N-linked 
glycosylation sites at asparagine 297, on the fragment 
crystallizable (Fc) part located between two constant 
domains (CH2 and CH3 domains) of molecule heavy chains. 
Also, up to 25 % of circulating IgGs contain additional 
N-glycosylation sites formed as a result of somatic 
hypermutations on the molecule fragment antigen-
binding (Fab) region [28]. Apart from the well-known 
influence of IgG conserved N-glycans on subtle changes in 
the quaternary structure of the molecule Fc region, recent 
evidence suggests that alternations in the IgG N–glycome 
are involved in modulation of inflammatory response 
[29]. The latter is particularly emphasized in extent of 
antibody sialylation and core fucosylation [30]. For 
instance, it was shown that a lower degree of sialylation 
and fucosylation of IgG N-glycans increases the molecule 
ability to induce antibody-dependent cell-mediated 
cytotoxicity (ADCC) [31,32]. In line with this, accumulating 
evidence indicates that the alternations in the N-glycomes 
of the total proteome isolated from complex biological 
samples (plasma/serum or tissues) reflects the status of 
inflammation, or inflammatory disease progression that 
is frequently associated with specific types of glycoforms 
sialylation [33,34].

Due to increasing evidence of aberrant inflammation 
being associated with the alteration of normal ovarian 
follicular dynamics and infertility [8], here we present 
a MALDI-TOF-MS-based glycomic profiling of the total 
IgG and total proteome N-glycomes isolated from FF 
samples from patients undergoing assisted reproduction 
by modified natural cycle (MNC) or controlled ovarian 
stimulation (COH; GnRH antagonist, GnRH Ant) protocols. 
Several significant inflammatory-related differences 
between analyzed N-glycomes were observed and varied 
according to the employed ovarian stimulation protocol. 

Materials and methods 

Patients

In the study, a total of 20 FF samples were included 
from 20 patients undergoing assisted reproduction at 
the Department for Human Reproduction at the Clinic 
of Obstetrics and Gynaecology, Clinical Hospital Centre 
Rijeka, Croatia. All women included in the study were 
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normally ovulatory, between 29 and 44 years of age and 
with similar referral diagnoses for ART procedures. Patients 
with diagnosed endometriosis, hyperprolactinemia or 
polycystic ovarian syndrome (PCOS) were excluded. All 
included patients were divided into two different groups, 
according to the applied ovarian stimulation protocol: 
modified natural cycle group (MNC) (n=10) and controlled 
ovarian stimulation group (COH; GnRH antagonist, GnRH 
Ant) ovarian stimulation protocols (n=10) (Table 1.) [35]. 
The choice of treatment protocol (MNC or COH) was decided 
after discussion with the couple, taking into account their 
wishes and clinical characteristics, such as hormonal 
status, previous pregnancies and ART treatments. In the 
MNC group all patients were treated with human chorion 
gonadotrophin (hCG; 5000 IU i.m.) 34 – 36 hours prior 
to the oocyte aspiration to enable precise triggering of 
ovulation and thus increased oocyte yield. In the COH 
group, patients were stimulated with gonadotropin-
releasing hormone (GnRH) antagonist combined with 
FSH. All patients in this group also received hCG (5000 IU 
i.m.) 34 – 36 hours prior to the oocyte aspiration.

Ethical approval: The research related to human 
use has been complied with all the relevant national 
regulations, institutional policies and in accordance the 
tenets of the Helsinki Declaration, and has been approved 
by the Ethics Committee of the Clinical Hospital Centre 
Rijeka (Ur.br. 2170-29-02/1-14-2; July, 11th 2014).

Informed consent: Informed consent has been 
obtained from all individuals included in this study

Collection of FF samples
Each FF sample was aspirated from the dominant follicle 
under transvaginal ultrasound guidance. FFs were only 
included in the study if they did not contain any visible 
traces of blood. In the COH group, only the fluid from 
the first aspirated follicle of each patient was carefully 

collected to avoid blood contamination. The FF was 
centrifuged at 500 × g for 10 min at 4 °C. The supernatant 
was transferred and centrifuged at 2000 x g for 30 min at 4 
°C to remove cellular debris, then aliquoted and frozen at 
-20 °C for later analysis.

Purification of the immunoglobulin G (IgG) 
and isolation of total proteome from the FF

The total IgG was purified from the FF by using Protein 
G-agarose (Sigma Aldrich, USA) according to the 
manufacturer instructions. Briefly, 100 µl of the FF was 
diluted 10x in 20 Mm NaH2PO4 (pH 7.0; Sigma Aldrich, 
USA) and incubated with 50 µl of homogenous Protein 
G-agarose suspension overnight at 4 °C. After incubation, 
the remaining FF supernatant, which contained FF total 
proteomes separated from the main IgG fraction, was 
stored at -80°C, while the agarose beads with bound 
IgG were first washed with 3x 200 μl of 20 Mm NaH2PO4 
followed by 5x 200 μl of 20 mM NaH2PO4/ 150 Mm NaCl (pH 
7.0; SigmaAldrich, USA) to remove non-specific binding. 
The bound IgG was released from the protein G-agarose by 
incubation in 100 μl of 100 mM HCl (SigmaAldrich, USA) 
for 5 min on RT. The supernatant containing released FF 
IgG was neutralised by addition of 20 μl of 500 mM NaOH 
(SigmaAldrich, USA). The isolated FF IgG and FF total 
protein concentrations were determined by using Qubit 
TM quantitation platform (Invitrogen, USA). To assess the 
purity of isolated FF IgG and measured concentrations of 
isolated IgG and FF total proteomes, the amounts of each 
sample corresponding to 3 μg of FF IgG and to 50 μg of FF 
total proteomes were subjected to 10% SDS-PAGE at 110V 
for 1.5 h (Supplementary Figure). 

Table 1: Clinical characteristics of the patients included in the study. 

Hormonal stimulation Stimulation protocol N Age No of retrieved oocytes per 
patient

mean ± SD p mean ± SD p

Modified natural cycle (MNC)* hCG 10 34,2±2,7 0,12 0,8±0,4 <0,01

Controlled ovarian stimulation 
(COH)*

FSH+GnRH antagonist+hCG 10 37,1±4,9 4,4±2,4

* According to the The ISMAAR proposal on terminology for ovarian stimulation for IVF.
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Peptide N-glycanase F (PNGaseF) release of 
N-glycans from FF purified IgG and FF total 
proteomes

The FF-purified IgG and total proteomes were 
deglycosylated as described previously with minor 
modifications [36]. Briefly, prior to enzymatic release 
of N-linked glycans, equal amounts of purified FF IgG 
corresponding to 3 μg of isolated proteins were dried in 
vacuum by a vacuum concentrator (ThermoFisher, USA). 
Dried purified FF IgG samples were then re-suspended in 
10 μl of 5x PBS (Sigma Aldrich, USA) which was followed 
by addition of 20 μl of 2 % SDS (BioRad, USA) to each 
sample. The samples were then incubated on 60°C for 30 
min. After incubation, 12 μl of PNGaseF release mixture 
(1:1 4% NP-40: 5x PBS containing 0.75 units of PNGase 
F, Promega USA) was added to each sample which was 
followed by an 18 h incubation at 37°C. Similarly, the 
same amount of remaining FF samples corresponding to 
70 μg FF total proteomes were precipitated overnight in 4 
volumes of ice-cold acetone (at -20°C; Sigma Aldrich). After 
precipitation of proteins, the samples were resuspended 
in 12 μl with 5x PBS followed by addition of 12 μl of 2% SDS 

to each diluted sample. The samples were then incubated 
for 30 min at 60°C. Afterwards, 12 μl of PNGaseF release 
mixture was added to each sample which was followed 
by incubation of samples for 18h at 37°C. The released FF 
purified IgG and FF total proteomes N-glycans were stored 
at -80°C prior to ethyl-esterification procedure. 

Ethyl-esterification and purification of 
released N-linked glycans

The released N-linked glycans originating from FF purified 
IgG and FF total proteomes were subjected to ethyl 
esterification procedure to stabilize the sialylated glycan 
species during MALDI ionisation process. This procedure 
enables distinction between ɑ2,3- and ɑ2,6- linked 
sialic acid (NeuAc) residues by MALDI-TOF-MS analysis 
as well [37]. Briefly, 1 μl of released N-linked glycan 
samples 20 μl derivatization reagent (250mM 1-ethyl-3-
(3-dimethylaminopropyl)carbodiimide(EDC), 500 mM 
hydroxybenzotriazole (HoBt) in ethanol; Sigma Aldrich, 
USA) was added followed by incubation of samples at 
37°C for 1h. After incubation, 20 μl of ice-cold acetonitrile 
(ACN) was added to each sample and left at - 80°C for 
15 min. The resulting ethyl esterified N-glycan samples 
were then subjected to purification by cotton hydrophilic 
interaction liquid chromatography (HILIC)-solid phase 
extraction (SPE), as described previously [38]. Cotton filled 
micropipette tips were equilibrated and conditioned by 
pipetting 3x 20μl mQ H20 and 10 μl 85% ACN, respectively. 
Samples were loaded by pipetting 20 times each through 
the SPE tips, after which the tips were sequentially washed 
3x with 20 μl 85% ACN 1% TFA and 3x with 20 μl 85% ACN. 
N-glycans were eluted in 20 μl mQ H20 (Millipore, USA) 
and dried in a vacuum concentrator (ThermoFisher, USA). 
Afterwards, the N-linked glycans were re-dissolved in 2 
μl of ultrapure water (Millipore, USA), of which 1 μl was 
mixed with 1 μl of matrix solution (5 mg/ml Super-DHB, 
1mM NaOH in 50% ACN; Sigma Aldrich) and spotted on the 
MTP AnchorChip 384 BC MALDI target (Bruker Daltronics, 
Bremen, Germany). Samples were then recrystallized by 
addition of 0.2 μl ethanol to each spot.

Mass spectrometry analysis and data 
processing

Mass spectrometric measurements of the FF-purified 
IgG and FF total proteome N-linked glycans, were 
performed on UltraflexExtreme MALDI – TOF/ TOF 
instrument (Bruker, Bremen, Germany) equipped with 

In vitro fertilization program:
1. COH (10 patients)
2. MNC (10 patients)

Follicular fluid (FF) 
collection 

Isolation of FF IgG by 
immunoaffinity
chromatography

Isolation of the 
remaining total 

FF proteome

Deglicosylation and derivatization of 
sialic acid residues

MALDI-TOF-MS analysis

FF total proteome N-
glycome (FFNG)FF IgG N-glycome

Figure 1: Experimental workflow applied for isolation and analysis of 
follicular fluid (FF) IgG N-glycome and FF total proteome N-glycome 
from 10 patients in the modified natural cycle (MNC group) and 
10 patients subjected to the controlled ovarian hyperstimulation 
procedure (COH group). MALDI-TOF-MS, matrix assisted laser 
desorption ionization time-of-flight mass spectrometry.
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a smartbeam-II™ laser and controlled by Flexcontrol 
3.4 software. The 25 kV acceleration voltage was applied 
with 140 ns extraction delay. Prior to mass spectrometry 
measurements, the instrument was externally calibrated 
using a six-point peptide calibration standard (Bruker, 
Bremen, Germany) with additional internal correction 
performed by flexControl software (Bruker, Bremen, 
Germany). The MALDI-TOF-MS spectra were acquired in 
the reflectron positive ion mode in the 900-4500 m/z range 
with total of 10000 laser shots at 2000 Hz accumulated 
per spectra and 200 shots per spot. The MS measurements 
of each sample were performed in four technical 
replicates, and all spectra were obtained from Na+ adduct 
ions. All spectra were acquired by flexControl software 

(Bruker, Bremen, Germany). The raw MS spectra were 
processed by flexAnalysis 3.0 software (Bruker, Bremen, 
Germany). Only signals with signal-to-noise value ≥ 6 
were considered for further evaluation. N-linked glycan 
compositions were assigned using GlycoMod [39] (http://
web.expasy.org/glycomod/) platform with mass tolerance 
set to 0.2 Da. In addition, monoisotopic masses of glycans 
containing sialic acids were subtracted for 28 Da for each 
ester and increased for 18 Da during GlycoMod search. 
The N-glycan compositions (Table 2 and 3; Supplementary 
Tables 1-6) and structures (N-glycan cartoons displayed in 
Figures 2-5) used in this study were presented according 
to the recommendation by the Consortium for functional 
glycomics [40].

Table 2: The list of identified N-glycan compositions and their normalized relative abundances (expressed as means ± SD; %) in the FF IgG 
N-glycomes of the MNC and COH groups of patients. The pairwise differences in individual glycans relative abundances between analyzed 
groups were considered significant at the p<0,05 (Mann-Whitney U test). Glycan compositions were assigned and associated mass errors 
were calculated by using GlycoMod platform (29) (http://web.expasy.org/glycomod/) with mass tolerance set to 0.2 Da. Abbreviations: 
H- hexose; N- N-Acetylhexosamine; F- fucose; E- α 2,6-linked sialic acid; L- α 2,3-linked sialic acid; MNC- group of patients subjected to 
modified natural cycle stimulation protocol; COH- group of patients subjected to GnRH Ant stimulation protocol.

Glycan composition Normalized glycan relative abundance (%) ±SD (%) p- value

MNC COH

Complex afucosylated diantennary 
compositions

H4N4 1,202±0,379 1,127±0,464 0,878

H5N4 1,140±3,406 1,081±0,388 0,818

H4N5 0 0,666±0,010 -

H5N5 0 0,554±0,028 -

Complex fucosylated
diantennary compositions

H3N4F1 9,767±2,882 8,056±3,049 0,557

H4N4F1 37,634± 34,077±4,837 0,925

H3N5F1 1,508±0,284% 1,634±0,513 0,204

H5N4F1 25,890±3,902 27,716±3,277 0,026

H4N5F1 3,997±0,669 4,720±1,064 0,021

H5N5F1 1,605±0,233 1,763±0,315 0,034

Complex afucosylated 
and sialylated diantennary 
compositions

H4N4L1 0 1,049±0,005 -

H5N4E1 0,409±0,018 0,658±0,245 0,345

H5N5E1 0,499±0,089 0,442±0,104 0,820

H5N4E2 0,501±0,202 0,347±0,056 0,323

H5N5E2 0 0,232±0,072 -

Complex fucosylated and sialylated 
diantennary compositions

H4N4F1E1 2,760±0,989 2,712±0,920 0,689

H5N4F1E1 9,047±2,571 9,574±1,868 0,225

H4N5F1E1 0,374±0,028 0,409±0,083 0,306

H5N5F1E1 1,885±0,176 1,644±0,367 0,607

H5N4F1E2 0,968±0,322 0,714±0,164 0,186

H5N5F1E2 0,815±0,165 0,827±0,290 0,457

http://web.expasy.org/glycomod/
http://web.expasy.org/glycomod/
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Table 3: The list of identified N-glycan compositions and their normalised relative abundances (expressed as means ±SD; %) in the FFNGs 
of the MNC and COH groups of patients. The pairwise differences in individual glycans relative abundances between analyzed groups were 
considered significant at p<0,05 (Mann-Whitney U test). The glycan compositions were assigned and the associated mass errors were 
calculated by using GlycoMod (29) (http://web.expasy.org/glycomod/) platform with mass tolerance set to 0.2 Da. Abbreviations: H- hexose; 
N- N-Acetylhexosamine; F- fucose; E- α 2,6-linked sialic acid; L- α 2,3 -linked sialic acid; MNC- group of patients subjected to modified 
natural cycle stimulation protocol; COH- group of patients subjected to GnRH Ant stimulation protocol. 

Glycan composition Normalized glycan relative abundance (%) ±SD (%) p-value

MNC COH

Oligomannose compositions H5N2 0,206 ± 0,096 0,191± 0,052 0,676

H6N2 0,703± 0,230 0,585± 0,110 0,163

H7N2 0,211± 0,078 0,180± 0,048 0,314

H8N2 0,491± 0,158 0,368± 0,111 0,060

H9N2 0,897± 0,277 0,672± 0,205 0,052

Hybrid compositions H10N6 0,069± 0,014 0,077± 0,021 0,613

H15N3 0 0,055± 0,011 -

Complex afucosylated compositions H4N4 0,125± 0,078 0,211± 0,018 0,125

H4N5 0,174± 0,011 0,166± 0,078 0,900

H5N4 0,183± 0,023 0,165± 0,067 0,807

Complex fucosylated and asialylated
compositions

H3N4F1 0,603± 0,121 0,248± 0,108 0,026

H4N4F1 1,336± 0,053 0,494± 0,181 0,022

H3N5F1 0,172± 0,061 0,175± 0,065 0,972

H5N3F1 0,260± 0,044 0,241± 0,029 0,753

H5N4F1 1,003± 0,176 0,452± 0,287 0,053

H4N5F1 0,288± 0,099 0,266± 0,016 0,654

H5N5F1 0,225± 0,076 0,155± 0,037 0,081

H8N4F1 0,264± 0,112 0,285± 0,086 0,432

H7N6F1 0,125± 0,032 0,092± 0,032 0,035

Complex afucosylated and 
sialylated
compositions

H4N3E1 0,260± 0,052 0,228± 0,038 0,129

H4N4E1 0,241± 0,051 0,211± 0,038 0,144

H5N4L1 0,210± 0,032 0,188± 0,048 0,660

H5N4E1 6,101± 1,251 5,745± 1,574 0,579

H4N5E1 0,210± 0,014 0,191± 0,056 0,556

H5N5E1 0,361± 0,081 0,366± 0,117 0,920

H5N4L2 0,270± 0,140 0 -

H5N4E1L1 3,555± 0,737 3,887± 1,349 0,500

H5N4E2 69,409± 4,683 73,344± 5,162 0,086

H6N5E1 0,421± 0,075 0,349± 0,101 0,085

H5N4F1E1L1 0,471± 0,076 0,391± 0,097 0,052

H4N7E1 0,125± 0,017 0 -

H6N5E1L1 0,359± 0,074 0,342± 0,129 0,727

H6N5E2 0,354± 0,082 0,277± 0,058 0,027
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Glycan composition Normalized glycan relative abundance (%) ±SD (%) p-value

MNC COH

Complex fucosylated and
sialylated
compositions

H6N5F1E1L1 0,105± 0,034 0,087± 0,018 0,209

H6N5E1L2 0,198± 0,058 0,241± 0,131 0,354

H6N5E2L1 2,482± 0,447 2,944± 1,394 0,333

H6N5E3 0,893± 0,166 0,763± 0,151 0,081

H7N6E2 0,061± 0,005 0,075± 0,003 0,076

H6N5F1E1L2 0,091± 0,030 0,079± 0,022 0,341

H7N6E1L2 0,091± 0,026 0,094± 0,042 0,864

H7N6E2L1 0,077± 0,018 0,073± 0,035 0,713

H7N6E1L3 0,053± 0,022 0,070± 0,020 0,473

H7N6E2L2 0,070± 0,016 0,077± 0,054 0,698

H7N6E3L1 0,035± 0,011 0,038± 0,022 0,736

H4N4F1E1 0,168± 0,069 0,102± 0,010 0,150

H5N4F1L1 0,215± 0,055 0,187± 0,027 0,157

H4N5F1L1 0,159± 0,055 0,129± 0,031 0,255

H5N4F1L1 1,010± 0,298 0,609± 0,220 0,035

H4N4F1L1 0,188± 0,053 0,188± 0,090 0,999

H5N5F1E1 0,457± 0,110 0,417± 0,100 0,392

H5N4F1L2 0,196± 0,075 0,260± 0,124 0,255

H4N6F1E1 0 0,168± 0,053 -

H5N4F1E2 1,957± 0,567 1,381± 0,401 0,017

H6N5F1E1 0,135± 0,043 0,107± 0,016 0,089

H5N5F1E2 0,364± 0,083 0,330± 0,142 0,518

H6N5F1E2 0,119± 0,032 0,098± 0,015 0,085

H6N5F1E2L1 1,015± 0,394 0,744± 0,379 0,129

H6N5F1E3 0,070± 0,023 0,052± 0,012 0,064

H7N6F1E1L2 0,045± 0,008 0,036± 0,002 0,101

H7N6F1E1L3 0,029± 0,011 0,028%± 0,008 0,863

H7N6F1E2L2 0,036± 0,011 0,029± 0,005 0,187

ContinuedTable 3: The list of identified N-glycan compositions and their normalised relative abundances (expressed as means ±SD; %) in the 
FFNGs of the MNC and COH groups of patients. The pairwise differences in individual glycans relative abundances between analyzed groups 
were considered significant at p<0,05 (Mann-Whitney U test). The glycan compositions were assigned and the associated mass errors were 
calculated by using GlycoMod (29) (http://web.expasy.org/glycomod/) platform with mass tolerance set to 0.2 Da. Abbreviations: H- hexose; 
N- N-Acetylhexosamine; F- fucose; E- α 2,6-linked sialic acid; L- α 2,3 -linked sialic acid; MNC- group of patients subjected to modified natural 
cycle stimulation protocol; COH- group of patients subjected to GnRH Ant stimulation protocol. 
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Figure 2: Representative MALDI-TOF-MS spectra of released and derivatised N-glycans (including their monoisotopic masses) obtained from 
IgG samples isolated from FF of (A) MNC and (B) COH groups of patients. Displayed N-glycan structures are given based on their observed 
masses and literature [49]. Abbreviations: Man, mannose; Gal, galactose; Fuc, fucose; GlcNac, N-Acetylglucosamine; α 2,6- NeuAc, α 2,6 –
linked sialic acid; α 2,3- NeuAc, α 2,3-linked sialic acid.
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Figure 3: Statistically significant deregulated FF IgG N-glycome derived traits presented as mean±SD (Mann-Whitney U test, p<0,05) 
between MNC and COH groups of patients. Displayed traits include (A) % of galactosylation and (B) % bigalactosylation of IgG diantennary 
N-glycans. The minimal N-glycan structure representing each trait is presented in each panel with red circle indicating analyzed features. 
Abbreviations: Man, mannose; Gal, galactose; Fuc, fucose; GlcNac, N-Acetylglucosamine.

Figure 4: Representative MALDI-TOF-MS spectra of released and derivatised N-glycans (including their monoisotopic masses) obtained from 
FF total proteomes (FFNG) samples of (A) MNC and (B) COH groups of patients. The displayed N-glycan structures are given based on their 
observed masses and literature [46]. The magnified view on Figure 1A shows mass spectrum from 3000-3500 m/z region. Abbreviations: 
Man, mannose; Gal, galactose; Fuc, fucose; GlcNac, N-Acetylglucosamine; α 2,6- NeuAc, α 2,6 –linked sialic acid; α 2,3- NeuAc, α 2,3-linked 
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Data analysis

As glycan signal relative intensities obtained by MALDI-
TOF-MS reflect their molar proportions in the sample, the 
relative abundances (%) of identified N-linked glycans 
(representing the ratio of individual glycan species to the 
whole analyzed N-glycan profile) were calculated as the 
sum of the MS signal intensities of distinct oligosaccharide 
structure normalized by the sum of the signal intensities 
for all quantified N- glycans in the each analyzed profile 
[41]. In addition, the 9 FF IgG and 44 FF total proteome 
N-glycome derived traits (based on single enzymatic step 
addition of monosaccharide units) were also calculated 
in this study. These N-glycome traits reflect identified 

N-linked glycans compositional features associated with 
changes in glycosylation pathways and thus provide 
a more robust approach for biological interpretation 
of MS-based glycomics results [36]. The derived traits 
were calculated based on the normalised intensities of 
identified glycan species bearing distinct features as 
described previously (the calculations of derived traits are 
presented in Supplementary Tables 3 and 4) [36,42,43]. 

Statistical analysis

As part of the data were not normally distributed 
(Kolmogorov–Smirnov test), the pairwise differences in 

Figure 5: Statistically significant (Mann-Whitney U test, p<0,05) deregulated FFNGs-derived traits presented as mean ±SD between MNC and 
COH groups of patients. The presented traits are exclusively FFNGs additional traits derived from (A-J) diantennary and (K-N) triantennary 
complex type N-glycans identified in both analyzed groups. The displayed traits include: (A) % of fucosylated diantennary compositions; (B) 
% of afucosylated diantennary compositions; (C) % of galactosylation diantennary compositions; (D) % of galactosylation of fucosylated 
compositions; (E) % of sialylation of diantennary compositions; (F) % of sialylation of afucosylated diantennary compositions; (F) % of 
sialylation of afucosylated diantennary compositions; (G) % of sialylation of fucosylated diantennary compositions; (H) % of ɑ2,6- sialylation 
of diantennary compositions; (I) % of ɑ2,6- sialylation of fucosylated diantennary compositions; (J) % of ɑ2,6- sialylation of afucosylated 
diantennary compositions; (K) % of fucosylated triantennary compositions; (L) % of galactosylation of triantennary compositions; (M) % of 
galactosylation of fucosylated triantennary compositions and (N) % of ɑ2,6- sialylation of fucosylated triantennary compositions. The minimal 
N-glycan structure representing each trait is presented in each panel with a red circle that indicates analyzed features. Abbreviations: Man, 
mannose; Gal, galactose; Fuc, fucose; HexNac, N-Acetylhexosamine; NeuAc, sialic acid; α 2,6- NeuAc, α 2,6 –linked sialic acid.
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the in the relative N-linked glycan abundances and the 
derived glycan traits were obtained using Mann-Whitney 
U-test, where p<0.05 was statistically significant. All 
analyses were performed in Statistica 12. The results of 
individual N-glycan relative abundances and derived 
traits analyses were presented as the mean ± standard 
deviation (SD) in percentages (%). 

Results
In this study, the immunoglobulin G was isolated by 
immunoaffinity chromatography from purified FF from 
20 patients subjected to different ovarian stimulation 
protocols: 10 patients in the modified natural cycle (MNC 
group) and 10 patients subjected to the controlled ovarian 
hyperstimulation procedure (COH group). The N-linked 
glycans derived from IgG molecule (FF IgG N-glycome) and 
the remaining FF total proteomes (FF N-glycome/FFNG) 
were enzymatically cleaved and subjected to previously 
described derivatisation procedure which enables the 
distinction between ɑ2,3- and ɑ2,6-terminally linked 
sialic acid residues in the MALDI-TOF-MS spectra [38]. 
N-glycomes of FF-isolated IgG and total proteomes were 
analyzed separately by MALDI-TOF-MS (the experimental 
workflow is depicted in Figure 1).

As MALDI-TOF-MS provides information only on 
the glycan composition but not of the exact glycan 
structure, i.e., does not distinguish between different 
glycan isomers except for the linkage of terminal sialic 
acids, the FF IgG N-glycans compositions (presented 
in Table 2 and Supplementary Tables 1, 3 and 5) and 
structures (displayed as schematics in Figures 2 and 3) 
were presented based on the observed IgG N-glycans 
monoisotopic masses, previously well-characterized 
structures of the IgG N-glycans [44] and confirmation MS/
MS experiments of the abundant FF IgG glycan species 
(data not shown). Importantly, the majority of FF proteins 
originate from blood which in a high level of similarity in 
the protein composition between human plasma and the 
FF [45]. Accordingly, the compositions (presented in Table 
3 and Supplementary Tables 2, 4 and 6) and structures 
(displayed as schematics in Figures 2 and 4) of N-linked 
glycans, derived from the FFNGs, are given based on 
their observed monoisotopic masses, previously well-
characterized in blood plasma N-glycans [36,46,47] and 
confirmation MS/MS experiments of the abundant FFNGs 
N-glycan species (data not shown).

FF IgG N-glycome profiling by MALDI-TOF-MS 

The MALDI-TOF-MS profiling of derivatised N-linked 
glycans isolated from purified FF IgG in both groups 
of patients yielded a total number of 21 consistently 
present N-glycan glycoforms, whose normalized 
intensities were further used for quantitation within the 
analyzed IgG N-glycome profiles (Table 1; the average 
monoisotopic masses and proposed compositions of 
identified derivatised N-glycans in both analyzed groups 
are presented in Supplementary Table 1). All identified 
N-glycans were complex diantennary compositions of 
variable relative abundances (0-35% of the IgG N-glycome 
profiles; Table 1). Another frequent observation in FF IgG 
N-glycans was the heptasaccharide core fucosylation. 
More than 96% of detected glycans possessed this type 
of modification in both analyzed profiles (Table 2 and 
Supplementary Table 5), which is commonly observed in 
N-glycans of IgG derived from biological samples [36,48]. 
The representative spectra of FF IgG N-glycans from MNC 
and COH profiles are presented in Figure 2.

The MALDI-TOF-MS based comparative analysis 
of the individual glycan relative abundances, revealed 
several significantly deregulated glycoforms between 
analyzed groups (Table 1). These include core fucosylated 
and bigalactolysed glycan H5N4F1 and core fucosylated 
and monogalactolysed glycan H5N5F1, whose levels 
were significantly elevated (p˂0.05) in the COH vs. MNC 
group (Table 2). Furthermore, additional low abundant 
N-glycan species representing less than 1% of the total 
IgG N-glycome profile were also found to be deregulated 
between the analyzed groups. These include two 
monogalactolysed (H4N5 and H5N5) and monosialylated 
(H4N4L1 and H5N5E2) N-glycan compositions, which were 
only identified in the COH group of patients (Table 2).

The differences between the analyzed FF IgG 
N-glycomes were calculated and a comparison of the nine 
IgG N-glycome-derived traits that reflect specific glycan 
features between two groups of patients was summarized 
(Supplementary Table 5). The calculations of derived 
traits were performed based on the normalized intensities 
of 21 identified N-glycans (Supplementary Table 3). 
The comparative analysis of FF IgG N-glycome features 
revealed statistically relevant differences only in the levels 
of two derived traits between the MNC and COH profiles 
most likely due to a low number of detected glycans 
bearing a specific feature. These are galactosylation and 
bigalactosylation levels of the FF IgG N-glycome, which 
were both significantly downregulated (p˂0.05) in the 
MNC vs. COH profile (Figure 3A and 3B; Supplementary 
Table 5). Also, these results are largely derived from the 
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most abundant significantly deregulated individual 
galactolysed N-glycan species, for instance N-glycans 
H5N4F1, H4N5F1 and H5N5F1, between analyzed groups 
(Table 1). In addition, non-significant alternations in the 
regulation of several features between analyzed groups 
were also observed (Supplementary Table 5). The most 
prominent differences were observed for agalactosylation 
and bisection levels associated with differential regulation 
of individual agalactolysed and bisected N-glycan species, 
where the former were increased, and the latter decreased 
in the MNC vs COH profile (Supplementary Table 5).

MALDI-TOF-MS comparative analysis of 
FFNGs

The analysis of MNC and COH FFNGs by MALDI-TOF-MS 
revealed a total of 61 constant distinct glycoforms, which 
were subsequently used for quantitation of individual 
glycans and calculation of the N-glycome-derived 
traits, as described in the previous section. The average 
monoisotopic masses of identified N-glycans are presented 
in Supplementary Table 2. The representative spectra of 
N-glycans identified in MNC and COH groups are given in 
Figure 2. The majority of identified glycan compositions 
were complex type N-glycans representing more than 98% 
of the total N-glycome profiles in both analyzed groups 
(Table 3 and Supplementary Table 6). These N-glycans 
had varying degrees of branching (including bi-, tri- and 
tetra-antennary compositions) and whose antennae were 
often terminated with α 2,3- and α 2,6- linked sialic acids 
(Figure 3; Table 3). In addition, the backbones of detected 
complex N-glycans were modified to some extent only with 
a single fucose residue (Figure 3; Table 3). For diantennary 
compositions it can be hypothesized that fucoses are 
linked on a glycan heptasaccharide core [49]. On the other 
hand, in the trianntenarry and tetraantennary composition 
fucoses are most likely present on the glycan antenna, 
at least in the most common plasma N-glycoproteins 
[36,46]. Furthermore, besides the complex type N-glycans, 
several oligomannose and hybrid compositions were also 
identified by MALDI-TOF-MS (Figure 3 and Table 3). 

The comparative analysis of individual glycan 
relative abundances by MALDI-TOF-MS revealed relevant 
differences in regulation of ten N-glycan species between 
the two analyzed profiles (Table 3). In the MNC group, 
six N-glycan species showed significantly increased 
abundances (p˂0.05) compared with the COH group: 
three complex fucosylated asialylated (H3N4F1, H4N4F1 
and H7N6F1) and three complex fucosylated sialylated 
(H6N5E2, H5N4F1L1 and H5N4F1E2) compositions (Table 

3). Moreover, two compositions, namely mono- and 
bisialylated complex N-glycans (H4N7E1 and H6N5E2, 
respectively) were exclusively identified in the MNC group 
(Table 3). In contrast, the hybrid composition H15N3 and 
complex monosialylated fucosylated N-glycan H5N6F1E1 
were identified only in the COH group of patients (Table 3). 
Furthermore, a set of 44 derived N-glycome traits reflecting 
the differences in the compositional features of detected 
individual glycans were calculated and compared between 
FF N-glycomes from two analyzed groups of patients. 
To provide a comprehensive biological insight into the 
analyzed N-glycomes changes, the traits were categorized 
into three groups, which included all identified N-glycans 
and 41 additional features exclusive to complex type 
N-glycans (Supplementary Table 6). This mitigates to a 
certain extent uncertainties observed between analyzed 
FFNGs as they could be partially attributed to the 
differential glycoprotein expression and to the changes 
in extent of individual glycoprotein glycosylation [36]. 
Additional traits were analyzed separately according 
to the ‘degree of branching’ of identified glycans 
(including diantennary, triantennary and tetraantennary 
compositions) and to their fucosylation, galactosylation 
and (linkage specific) sialylation (Supplementary Table 
6). The calculations of the derived and additional complex 
type N-glycan traits are given in the Supplementary 
Table 4. The comparison between the MNC and COH 
FFNGs revealed minor, but significant differences, in the 
regulation of 14 traits, all of which were related only to 
additional features derived from the identified complex 
type N-glycans. In the MNC profile, the levels of general 
fucosylation were found to be significantly increased 
(p˂0.05) for diantennary complex compositions, while 
the levels of afucosylated diantennary compositions 
showed reduced regulation in the COH profile (p˂0.05; 
Figure 5 and Supplementary Table 6). Furthermore, the 
galactosylation levels of diantennary compositions were 
found to be significantly elevated (p˂0.05) in the MNC 
profile (Figure 5 and Supplementary Table 6), which was 
accompanied by significantly increased galactosylation 
(p˂0.05) of fucosylated diantennary composition observed 
also in the MNC profile (Figure 5 and Supplementary 
Table 6). Concerning the analysis of sialylation of 
complex diantennary glycans, the significant increases 
(p˂0.05) of general sialylation and sialylation of 
afucosylated compositions were observed in the COH 
profile (Figure 5 and Supplementary Table 6). Moreover, 
significantly elevated levels (p˂0.05) of α 2,6- sialylation 
and more specifically α 2,6- sialylation of afucosylated 
diantennary compositions were observed also in the 
COH profile (Figure 5 and Supplementary Table 6). These 
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observations were all in line with previously described 
elevated levels of afucosylated diantennary compositions 
observed in the COH profile. In contrast, the levels of α 
2,6-sialylation of fucosylated diantennary compositions 
were increased significantly (p˂0.05) in the MNC profile 
(Figure 5 and Supplementary Table 6), which is in line 
with increased fucosylation of diantennary compositions, 
also observed in the MNC profile. In addition, the analysis 
of triantennary complex N-glycan features revealed 
similar trends, as observed for diantennary compositions. 
For instance, the levels of general fucosylation and 
galactosylation of triantennary compositions were also 
found to be significantly increased (p˂0.05) in the MNC 
profile (Figure 5 and Supplementary Table 6). These 
observations were followed by significantly increased 
(p˂0.05) galactosylation and α 2,6-sialylation levels of 
fucosylated triantennary compositions, also in the MNC 
vs NCOH profile (Figure 5 and Supplementary Table 6), 
which is directly related to increased general fucosylation 
levels observed for the triantennary compositions in the 
MNC profile. Interestingly, no significant differences in 
the regulation of α 2,3- linked sialylation at any level of 
complexity of analyzed FFNG profiles were observed, 
although an almost two-fold increase in α 2,3- linked 
sialylation of fucosylated tetraantennary N-glycans 
was determined in the MNC vs COH group of patients 
(Supplementary Table 6).

Discussion 
Ovarian follicular maturation is a dynamic process under 
the control of complex systemic endocrine signalisation 
and local level control mechanisms [50]. A precisely 
regulated local inflammatory response is essential for 
proper folliculogenesis and ovulation [8]. Accordingly, 
inflammatory misbalances associated with different IVF 
stimulation protocols can alter normal ovarian follicular 
dynamics resulting in impaired oocyte quality and negative 
IVF outcome [15,51,52]. Moreover, evidence supports 
the association of aberrant inflammation in diverse 
IVF stimulation protocols and development of various 
pathological states, including ovarian hyperstimulation 
syndrome (OHSS) [53]. These processes are involved 
in maturation of the oocytes and occur within the FF, a 
dynamic milieu that surrounds the developing oocyte [54]. 
Apart from various steroid hormones and metabolites, FF 
contains a large amount of secreted proteins originating 
both from the blood plasma and oocyte surrounding cells. 
These proteins reflect the degree of follicle maturation 
[55,56]. As more than 60% of secreted proteins are 

glycosylated, glycosylation changes are associated with 
disturbed inflammatory homeostasis [21,57] or even 
infertility [58]. Immunoglobulin G is the most common 
antibody class in the circulating plasma that contains two 
conserved N-glycosylation sites at Asn-297 residues on its 
constant heavy 2 (CH2) domains of fragment crystalible 
(Fc) region. Besides the two conserved glycosylation sites 
on the Fc portion of the molecule, 15-20% of circulating 
IgG also contains additional non-conserved glycosylation 
sites on the Fab portion [59]. The intra-individual IgG 
N-glycome is rather stable but it can change rapidly upon 
disruption of normal physiological conditions, as observed 
in various diseases and pathological states, including 
inflammation [33]. Moreover, it is well documented that 
depending on its Fc glycosylation status, IgG can exert 
pro- or anti-inflammatory activity by modulating its 
interactions with the receptors of the immune system 
[60]. Accordingly, we focused our study on comparative 
analysis of the (a) N-glycomes in the FF IgG, as one of 
the most common glycoproteins in the FF [61], and (b) FF 
N-glycans (FFNGs) obtained from patients that underwent 
IVF by different stimulation protocols (including modified 
natural cycle receiving only hCg and GnRH Ant protocol) 
using a MALDI-TOF-MS approach.

Our results revealed a total of 21 distinct diantennary 
complex type N-glycans in both groups of patients. These 
observations are in line with previous studies based on 
MALDI-TOF-MS where up to 30 different IgG N-glycoforms 
were found in the human plasma [36]. Also, considering the 
N-glycan compositions, most of identified N-glycans had a 
core fucose (more than 96% of identified glycans) and only 
a minor proportion were modified with α 2-6 sialic acids, 
which is consistent with previous structural characterization 
of IgG Fc N-glycans [62]. In addition, only one identified 
N-glycoform, namely the glycan H4N4L1, contained α 
2-3 linked sialic acid (Table 2), most likely corresponding 
to the glycosylation of the fragment antigen-binding 
(Fab) antibody portion which contains more processed 
N-glycans, including alpha 2-3 sialylated structures [59]. The 
comparative analysis of IgG glycosylation between MNC and 
COH group revealed minor, albeit significant differences 
in individual glycan relative abundances (Table 2). These 
were mostly related to a relative increased abundance of the 
galactosylated and sialylated N-glycan species in the COH vs 
MNC group, galactosylated being more pronounced (Table 
2). Additional IgG N-glycome comparative analysis of the IgG 
N-glycome derived trait differences, revealed significantly 
increased galactosylation accompanied by a significant 
increase in bigalactosylation in the COH vs MNC group 
of patients (Figure 3 and Supplementary Table 5). Since 
we can assume, with a high probability, that the majority 
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of FF IgG originates from the transfer of blood plasma 
proteins through the thecal capillaries [56,63], the elevated 
antibody galactosylation observed in this study might be, 
at least partially, attributed to the increased systemic levels 
of oestrogen (E2) concentrations observed during the IVF 
stimulation protocols treatment [64,65]. It is well known 
that oestrogen modulates IgG glycosylation by regulating 
glycosyltransferase activity in antibody-producing cells 
[66]. Moreover, oestrogen promotes galactosylation of IgG 
N-glycans, in both genders, by an unknown mechanism [67] 
and elevated serum IgG galactosylation forms are associated 
with increased oestrogen concentrations in systemic 
circulation during pregnancy [68]. Also, it is generally 
accepted that IgG galactosylation reflects the status of 
inflammation and contributes to its anti-inflammatory 
activity [33], as evidenced in various pathological states, 
including, inflammatory diseases, cancer and chronic 
inflammation [69]. Furthermore, it is proposed that 
agalactolysed IgG has a pro-inflammatory role through the 
activation of several immune system pathways [70]. Indeed, 
it is known that terminal galactose residues are necessary 
for addition of sialic acids during enzymatic synthesis of 
N-glycans, and that the levels of both types of modifications 
are often highly correlated on a single protein level [71]. 
Furthermore, increasing evidence suggests that the 
addition of sialic acid on the IgG N-glycans contributes to 
its anti-inflammatory activity by an incompletely clarified 
mechanism [69,72]. Taking all this into account, it is logical 
to assume that increased IgG galactosylation observed in FF 
obtained from the COH group of patients is associated with 
a decreased inflammatory response. However, the expected 
concomitant increase of galactosylation and sialylation of 
FF IgG N-glycans was not observed in our study. Recent 
evidence suggests that IgG terminal galactoses contribute 
to molecule pro-inflammatory activity via enhancement 
of its affinity towards FcyR receptors [73] and complement 
component C1q [74]. Therefore, the role of this modification 
remains controversial. Moreover, several in-depth 
comparative proteomic studies of FF revealed increased 
activation of the complement pathways in FF obtained 
from GnRH Ant-stimulated vs. modified natural cycle 
patients [75–77]. The role of increased galactosylation of 
IgG observed in this study should be therefore, interpreted 
with caution, until additional comparative glycomic studies 
between plasma and FF IgG glycosylation accompanied 
by FF proteomic mechanistic analyses on a larger set of 
patients have been performed. 

In addition, we found 61 individual glycoforms, 
mainly complex type N-glycans, in both analyzed groups 
of FFNGs (Table 3). Considering individual glycan 
compositional features and their relative abundances, the 

analyzed FFNGs exhibited similarities with the human 
plasma N-glycome. For instance, the most abundant 
glycoform detected in both analyzed profiles was the 
complex diantennary glycan composition H5N4E2, as 
previously reported in the human plasma N-glycome [46]. 
This result was expected, as a large amount of secreted 
proteins in FF originates from the systemic circulation [63]. 
In addition, both analyzed N-glycome profiles showed 
a high degree of similarity between their compositional 
features and relative abundances levels (Table 3 and 
Figure 4), as additionally reflected in the MALDI-TOF-MS 
based comparative analysis results of the FF N-glycomes. 
Importantly, all observed differences between analyzed 
FFNGs can be partially attributed to differential 
glycoprotein expression due to different stimulation 
protocols, as previously observed in the comparative 
proteomic studies of FF [76,77]. Moreover, effects of the 
nucleotide sugar precursor donors’ availability and the 
extent of glycosylation of individual glycoproteins on 
observed FFNG changes, should also not be excluded, 
since they have not been investigated in the FF so far. 

On the individual glycan level, only ten low-abundant 
complex types of N-glycan species were significantly 
deregulated between the analyzed groups (Table 3). 
The most prominent differences were observed for the 
diantennary fucosylated asialylated (H3N4F1 and H4N4F1) 
and sialylated (H5N4F1L1 and H5N4F1E2), diantennary 
and triantennary afucosylated sialylated (H5N4L2 and 
H6N5E2, respectively) and triantennary fucosylated 
asialylated (H7N6F1) compositions, where levels were 
statistically increased in the MNC vs. COH group (Table 
3). In addition, the tetraantennary afucosylated sialylated 
composition (H4N7E1) was also detected only in the MNC 
group (Table 3).

The core fucosylated diantennary compositions most 
likely originate from the Fc portion of the FF residual 
IgG, while the core fucosylated sialylated diantennary 
compositions are usually linked to other circulating 
antibodies, such as IgA or IgM [36,78], which were 
previously identified in FF [79]. On the other hand, 
diantennary and triantennary afucosylated sialylated 
(H5N4L2 and H6N5E2, respectively) and triantennary 
fucosylated asialylated (H7N6F1) compositions are 
usually confined to the acute phase blood serum derived 
proteins (APP) [80], which are commonly encountered 
in FF [81]. Indeed, these N-glycan structures may be 
linked to the APPs as leucine-rich alpha 2- glycoprotein, 
alpha-2-macroglobulin, prothrombin and complement 
components, which we found to be upregulated in FF 
obtained from patients undergoing modified natural 
cycle during the IVF [6,76,77]. Furthermore, the 
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combined effect of both significant and non-significant 
deregulated levels of individual N-glycan species in FF 
led to more pronounced differences between analyzed 
FFNG profiles reflected through derived N-glycome 
features. Indeed, the analysis of the FFNGs-derived traits 
revealed 14 significantly deregulated traits between 
analyzed groups, which included additional features 
derived from the complex type N-glycan compositions 
(Figure 5 and Supplementary Table 6). The majority of 
observed differences were associated with diantennary 
compositions. In the MNC group, significantly increased 
fucosylation and galactosylation levels were observed 
in comparison with the COH group of patients (Figure 
5 and Supplementary Table 6). This was accompanied 
by significantly increased levels of galactosylation 
and sialylation (including α 2,6-linked) of fucosylated 
diantennary compositions (Figure 5 and Supplementary 
Table 6). These type of the diantennary compositions most 
likely originate from FF IgA, IgM or Fab portions of the 
IgG [78]. The increase in these FFNG characteristics may 
also be indicative of the presence of local inflammatory 
responses [82], which correspond to the type of 
inflammation associated with normal ovulatory process 
[9]. Also, as no differences in FF immunoglobulins 
concentrations associated with different stimulation 
protocols were previously observed [79], we may propose 
that observed differences in immunoglobulin N-glycome 
features in this study may arise from differential 
glycosyltransferase activity. Indeed, glycosyltransferases’ 
activity is known to be regulated in the antibody producing 
cells by various environmental factors, such as cytokine 
stimulation [83]. This hypothesis is consistent with the 
results of previous studies which have demonstrated that 
COH greatly affects intra-follicular and system cytokine 
networks [84]. On the other hand, in the COH group, we 
observed significantly increased levels of general and α 
2,6-linked sialylated diantennary compositions as well. 
This was accompanied by significantly elevated levels 
of both types of sialylation on the level of afucosylated 
diantennary compositions in the COH group (Figure 5 
and Supplementary Table 6). These types of compositions 
are most likely derived from the APP as α-1-antitrypsin, 
complement component C3, haptoglobin, transferrin 
and others [80], where elevated levels were detected in 
previous proteomic studies of FF obtained from patients 
undergoing GnRH Ant stimulations protocols [76,77]. 
Interestingly, similar N- glycosylation featured patterns 
observed in the FFNG of the COH group (i.e. increased 
agalactosylation and afucosylation of diantennary 
compositions) were previously reported in the total plasma 
N-glycomes of chronic inflammatory diseases, such as 

rheumatoid arthritis (RA) [85] and inflammatory bowel 
disease (IBD) [34], when compared to healthy controls. 
Additionally, in both RA and IBD TPNG profiles, lower 
levels of sialylated fucosylated diantenarry compositions 
(especially of the α 2,6- type in the IBD patients) were 
also observed in comparison to healthy controls. 
These observations are similar to our results which 
indicate a localised inflammatory response underlined 
by glycosylation features of chronic inflammation 
in the COH group of patients. Similarly, significantly 
increased galactosylation and fucosylation levels were 
also observed in the MNC vs. COH groups of patients 
for triantennary complex features derived from FFNGs. 
This was further accompanied by significantly increased 
galactosylation and specifically α 2,6- sialylation levels 
of fucosylated triantennary compositions, in the MNC 
group (Figure 5 and Supplementary Table 6). These type 
of compositions are usually linked to the APPs [46], and 
are associated with pro-inflammatory immune responses 
observed in various pathological conditions, in particular 
elevated fucosylation levels [86]. Moreover, increased 
fucosylation combined with elevated galactosylation of 
triantennary structures observed in the MNC group raises 
the possibility of the formation of pro-inflammatory 
Sialyl Lewis X type structure characteristics for an acute 
immune response [87]. This process requires fucosylation 
of outer antennae and linkage of sialic in α 2,3- position 
of triantennary or tetraantennary compositions [88]. 
Furthermore, this observation is also supported with a 
non-significant increase in fucosylated α 2,3- sialylated 
tetraantennary compositions observed in the MNC 
group as well (Supplementary Table 6). In line with 
this, increased α 2,6- sialylation levels of fucosylated 
triantennary compositions were previously positively 
associated with changes associated with acute immune 
response in patients suffering from lung cancer [89] 
and acute system inflammation in patients recovering 
after cardiac surgery [33]. Taking all this into account, 
we may propose that observed differences in FFNGs 
between MNC and COH group of patients clearly indicate 
a localised inflammatory response underlined by 
specific glycosylation features indicative for an acute 
inflammation in the MNC group, which is normally 
required for rapid tissue degradation and remodelling 
during normal ovulatory process [90]. On the other hand, 
the FFNG signatures of the COH group strongly resemble 
the plasma/serum N-glycome changes associated with 
chronic inflammatory processes, which may be attributed 
to the deregulated localized inflammatory response 
associated with biological processes involved in ruptures 
of multiple follicles during the GnRH Ant treatment. 



168    Marko Klobučar et al.: Total IgG and total proteome N-glycomes from follicular fluid  

In conclusion, a comprehensive MALDI-TOF-MS 
profiling of the FF IgG N-glycomes and FFNGs obtained 
from two set of patients that underwent IVF procedure by 
different stimulation protocols, suggest that the observed 
differences between FF IgG N-glycomes and FFNGs point 
to deregulated inflammatory processes associated with 
specific IVF stimulation protocol applied in patients. 
A research approach encompassing a larger sample 
set and focused on glycosylation analysis of a panel of 
individual FF APPs and immunoglobulins (including their 
subclasses), might additionally clarify the inflammatory 
mechanisms underlying different IVF stimulation 
protocols. 
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