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Background: Endometriosis is an inflammatory disease leading to the growth of endometrial- 
like tissue outside of the uterus, which affects approximately 10% of young women of repro-
ductive potential. The diagnosis of this disease is difficult, often invasive and time-consuming, 
therefore non-invasive diagnostic methods are strongly desirable in endometriosis detection. The 
aim of our project was to investigate whether any associations exist between the expression of 
serum IgG fucosylation and advanced stages of endometriosis. We were also interested in 
whether native serum IgG (s-IgG) fucosylation analysis, without prior IgG isolation, could 
provide a panel of parameters helpful in non-invasive diagnostics of advanced endometriosis.
Methods: IgG fucosylation was examined using a lectin-ELISA test with fucose-specific 
lectins: AAL and LCA, specific for core fucose α1,6-linked, as well as LTA and UEA which 
recognize α1,3- and α1,2-linked fucose, respectively.
Results: ROC curve and cluster analysis showed s-IgG reactivities with the panel of fucose- 
specific lectins AAL, LCA and LTA.
Conclusion: s-IgG reactivity with the panel of fucose-specific lectins AAL, LCA and LTA can 
be taken into account as a useful diagnostic and clinical tool to differentiate women with 
advanced endometriosis. Moreover, it has been shown that the analysis of native IgG fucosyla-
tion directly in serum, without prior time-consuming, expensive IgG isolation, is sufficient to 
distinguish advanced stages of endometriosis from a control group of healthy women.
Keywords: serum IgG, IgG fucosylation, lectin-ELISA, endometriosis

Introduction
Endometriosis, a painful, chronic inflammatory disease, is characterized by the growth 
of endometrial-like tissue outside of the uterus. It affects about 10% of young women 
of reproductive age. The symptoms of endometriosis are often nonspecific, and thus the 
clinical diagnosis of the disease is very difficult.1 Laparoscopic visualization is cur-
rently the only way to definitively detect endometriosis lesions, and remains the gold 
standard for its diagnosis.2–4 Endometriosis is divided into four stages based on 
anatomic location and disease severity: minimal, mild, moderate and severe - in 
accordance with the revised American Fertility Society (rAFS) classification,5 which 
has been updated by the American Society for Reproductive Medicine (ASRM).6 The 
etiology of endometriosis is not fully understood, and many factors may be involved in 
the development and progression of the disease.7,8 The immunological aspects of 
endometriosis pathophysiology are thought to be related to the innate immune 
response, but the exact mechanisms remain unknown.9–11 Numerous studies support 
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the fact that women with endometriosis have altered immune 
parameters, with which may be associated decreased 
immuno-surveillance, reduced T-lymphocyte-mediated cyto-
toxicity to autologous endometrial cells, and impaired recog-
nition of ectopic endometrial cells secondary to defective 
NK-cell (natural killer) activity.12–14 Glycosylation is 
a common process of the post-translational modification of 
proteins, including antibodies, and produces a variety of 
glycan structures that encode a variety of information. Even 
slight modification of glycans by the addition or removal of 
a single sugar can dramatically alter a protein or antibody’s 
structure and function, as well as interactions with the spe-
cific receptors that modulate biological responses. 
Immunoglobulin G (IgG) is involved in the recognition, 
neutralization and elimination of toxic antigens or pathogens, 
and is represented in the highest percentage from all immu-
noglobulins in blood plasma.15 IgG molecule consists of two 
heavy and two light chains that together form two portions of 
antigen-binding Fab fragments and one portion of crystal-
lizable constant fragment, Fc. Two N-glycans are linked to 
the heavy chains at Asn297 in the CH2 domain of the protein 
backbone (Fc part). These Fc glycans are in part located in 
a cavity between the two heavy chains and influence the 
conformation of the protein.16,17 IgG molecules are glyco-
proteins, and oligosaccharides attached to the IgG Fc region 
are important for antibody functionality such as binding to 
cellular Fc receptors and complement activation. The core 
moiety consists of a bi-antennary heptameric structure of 
mannose and N-acetylglucosamine (GlcNAc), further deco-
rated with terminal and branching residues including galac-
tose, sialic acid, fucose, and GlcNAc. Variation in this 
composition influences antibody affinity to FcγR and thus 
antibody effector activity.18–20 Although considerable pro-
gress has been made in understanding the structural and 
functional consequences of the presence or absence of var-
ious sugar moieties in IgG Fc carbohydrates, the role of their 
glycosylation is not yet fully understood and defined. In 
addition to the oligosaccharide core, more than 95% of the 
bi-antennary complex type structure of the final IgG glycan 
carries a N-acetylglucosamine on both arms,21,22 and 85% 
are fucosylated.23 In mammals, the core fucosylation 
(α1,6-fucosylation) is the attachment of fucose to the inner-
most GlcNAc at the reducing terminus of the N-glycans by 
α1,6-fucosyltransferase, FUT8. Fucosylation is one of the 
major glycan modifications and regulates a huge variety of 
physiological processes, including immune response, signal 
transduction, and cell adhesion. The absence of core fucose 
in IgG1 glycans has been shown to result in increased 

binding affinity to FcγRIIIa and FcγRIIIb, due to glycan- 
glycan interactions between Asn162 found only in FcγRIII 
and Asn297.20,24,25 Fucosylation also plays a key role in the 
commitment, differentiation, and flexibility of immune cells, 
and also in immune processes and diseases.26 Fucosylated 
glycans participate in a variety of physiological and/or patho-
logical processes including tissue development, cell adhe-
sion, fertilization, angiogenesis and malignancy,27 as well as 
in tumor metastasis.28 The discovery how important role 
fucosylation plays in immune cell development and func-
tional regulation significantly broadened the scope of fuco-
sylation investigations.26 The alterations in glycans 
fucosylation has been observed in variety of inflammatory 
conditions, among which there is rheumatoid arthritis 
(RA),29–33 chronic pancreatitis,34 Crohn’s disease35 and 
sclerosing cholangitis.36 Changes in IgG fucosylation have 
been reported eg in neonatal alloimmune thrombocytopenia, 
showing significantly reduced levels of fucosylated IgG, 
which suggests the specific regulation of IgG fucosylation 
and its potential role in autoimmunity.37 In recent years, 
significant progress has been made in understanding the 
mechanisms that regulate the activity of IgG antibodies 
in vivo. However, to the best of our knowledge, nothing is 
known about the role of serum IgG fucosylation in endome-
triosis etiology and disease progression, or the utility of this 
parameter for disease diagnostics. Therefore, the aim of our 
present study was to investigate whether any associations 
exist between the expression of serum IgG fucosylation and 
advanced stages of endometriosis. We were also interested in 
whether native serum IgG fucosylation analysis, without 
prior IgG isolation, may reach a panel of parameters which 
would be helpful in the non-invasive diagnostics of advanced 
endometriosis.

Materials and Methods
Blood sera were collected from women with advanced 
endometriosis (stage III and IV) (E; n = 40, median age 
34 years, interquartile range (IQR) 30.5–40.5) and from 
a group of women without endometriosis (NE: non-endo-
metriosis; n = 36, median age 39 years, IQR 33.5–42.0), at 
the Department of Oncological Gynecology, Wroclaw 
Comprehensive Cancer Center, Poland. E and NE groups 
underwent surgical interventions, mainly laparoscopic, and 
after histological verification were classified to the proper 
group. One day after the surgery, once the diagnosis was 
established, the serum for the study was obtained. Women 
with endometriosis were classified by the extent and sever-
ity of disease according to the revised American Fertility 
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Society (rAFS) classification. Blood sera from healthy 
women (C: control group, n = 19, median age 39 years 
IQR 35.0–48.0), were collected at the Department of 
Laboratory Diagnostics, Wroclaw Medical University. 
The non-endometriosis group, with severe dysplasia – 
CIN 3 (cervical intraepithelial neoplasia grade 3) or leio-
myomas, was histologically confirmed with benign ovar-
ian cysts. The control group consisted of healthy, 
premenopausal and non-pregnant women, without any 
symptoms or history related to endometriosis. All serum 
samples used in this study were collected from women on 
any day of the menstrual cycle. The study was conducted 
in agreement with the Helsinki–II-declaration and the pro-
tocol was approved by the Bioethics Human Research 
Committee of the Wroclaw Medical University 
(Permission No. KB-293/2016 and KB-719/2018). Before 
starting the study, all participants gave written and 
informed consent.

The IgG fucosylation profile and degree was deter-
mined using a modified lectin-ELISA test. The method 
was based on the reactivity of IgG sugar moieties with 
four fucose-specific biotinylated lectins (Vector 
Laboratories Inc., Burlingame, CA, USA): 1) Aleuria 
aurantia lectin (AAL, recognizing fucose α1,6-linked to 
the N-acetylglucosamine core of N-glycans and with 
lower affinity fucoses α1,2-, α1,3- and α1,4-linked of the 
outer arms,38 2) Lens culinaris agglutinin (LCA, recog-
nizing sequences containing fucosylated tri-mannose 
N-glycan core sites), 3) Lotus tetragonolobus agglutinin 
(LTA, specifically reacting with fucose α1,3-linked to 
GlcNAc, characteristic for Lewisx oligosaccharide struc-
tures, however, it can also slightly react with fucose 
typical for Lewisa and Lewisy structures. The expression 
of terminal sialic acid α2,3-linked in glycoprotein glycan 
structures disturb the recognition by LTA of fucose 
α1,3-linked.39 The fourth lectin was Ulex europaeus 
agglutinin (UEA), specific to antennary fucoses 
α1,2-linked to Gal and α1,3-linked to GlcNAc (Lewisy 

sugar structures), but the presence of UEA-reactive fucose 
α1,2-linked prevents the formation of sialyl-Lewisx gly-
can structures.40

Lectin-ELISA
The lectin-ELISA test was performed according to the 
procedure previously described,41 with slight modification. 
In short: the microtiter plates were incubated with 
0.01 mg/mL protein G solution (Abcam, United States) 
in 10mM TBS pH 7.4 (2h, 37°C, and next at 4°C 

overnight). Next, the plates were coated with native/iso-
lated IgG diluted with 10 mM TBS-T0.1% (pH 7.4) in the 
amount of 500 ng IgG in 50 µL solution per well, and 
incubated (3h, 37°C). Additionally, in this step, for exam-
ination of LCA and AAL reactivities, the plates bound 
with IgG were reduced with dithiothreitol (DTT) (70 
min, 37°C). The plates were incubated for 90 min at 
37°C with biotinylated lectins diluted with 10mM TBS- 
T0.1% as follows: AAL-1:2000, LCA-1:2000, LTA-1:100, 
UEA-1:250. In the next step the plates were incubated 
with phosphatase-labelled ExtrAvidin for 1h at room tem-
perature, and then the phosphatase reaction was developed 
at 37°C with a substrate, p-nitrophenyl-phosphate. The 
reaction was stopped with 100 µL of 1mM NaOH per 
well and the absorbance was measured at 405 nm with 
a reference filter λ=630 nm, using Mindray-96A micro-
plate reader (Shenzhen Mindray Bio-Medical Electronics 
Co, China). After each incubation step the plates were 
extensively washed with 10 mM TBS-T0.1%, pH 7.4. 
All samples were analyzed in duplicate. Blank sample 
background absorbance was measured for samples con-
taining all reagents, except biological sample which was 
replaced by 10 mM TBS-T0.1%, pH 7.4. The relative 
reactivities of samples’ with lectins were expressed in 
absorbance units (AU). IgG levels, necessary for the cal-
culation of IgG amount to lectin-ELISA, in whole sera 
(s-IgG), had been previously measured using the turbidi-
metric method,42 and those in IgG isolates (i–IgG) were 
estimated by the BCA method (described below).

IgG Isolation
Immunoglobulin G was isolated from blood serum using 
affinity chromatography on a Protein A/Protein 
G Sepharose column, according to the method described 
earlier by Ey et al43 and in our previous study.41

Statistical Analysis
Statistical analysis was performed using the statistical soft-
ware STATISTICA 13.3PL (StatSoft, Poland). Obtained 
results were presented as means and standard deviations 
(SD), and distributions of the values within the analyzed 
groups were presented as box-whisker plots with median 
and interquartile (25th-75th percentile) ranges. The values 
of examined parameters did not fit normal distribution 
according to a Shapiro–Wilk W-test, and thus to determine 
differences among the studied groups the nonparametric 
Mann–Whitney U-test was used. The correlations were esti-
mated according to the Spearman rank test with a 95% 
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confidence interval. A two-tailed p-value of less than 0.05 
was considered as significant. The diagnostic significance of 
the examined parameters was analyzed using receiver oper-
ating characteristic (ROC) curves. Additionally, cluster ana-
lysis was performed for fucose expression in s-IgG and i– 
IgG, only for those reactivities with lectins for which the 
area under the curve (AUC) values, determined in ROC 
analysis, were simultaneously moderate or high, and differ-
entiated the E group from the control group of healthy 
women. In this analysis, the results are presented as 
a dendrogram, beginning from one cluster in which all 
subjects (patients and healthy women) are gathered. The 
subjects were clustered, those which were similar in terms 
of values of all the analyzed traits were grouped together 
and different ones formed a separate cluster. In brief, 
a greater distance of separation reflects greater differences 
in subject characteristics. Using an Euclidean metric on the 
original data points were analyzed and calculated the simi-
larities between samples with no reference to the clinical 
status of the samples. The order of statistical analyses per-
formed in the present study was based on our previous 
experience.41,42

Results
The relative reactivities of serum IgG glycans with fucose- 
specific biotinylated lectins are presented in Table 1 as 
mean absorbance values and standard deviations (SD) for 
each analyzed group. The distributions of IgG glycans 
relative reactivities with lectins used, measured for the 
control, E and NE groups, are shown in Figure 1.

The expression of AAL-reactive core fucose in s-IgG 
was significantly lower in E and NE groups (0.029 ± 0.010 

AU, median 0.027 AU, p < 0.000001 and 0.028 ± 0.014 AU, 
median 0.026 AU, p < 0.000001, respectively) than for the 
control group (0.056 ± 0.015 AU, median 0.054 AU). The 
relative reactivities of i–IgG with AAL were significantly 
higher for the control group (0.140 ± 0.043 AU, median 
0.126 AU) than in E and NE groups (0.055 ± 0.033 AU, 
median 0.045 AU, p < 0.000001 and 0.093 ± 0.022 AU, 
median 0.090 AU, p = 0.0000026, respectively). The relative 
reactivities of s-IgG with LCA were significantly higher for 
the E group (0.587 ± 0.124 AU, median 0.563 AU) than 
those measured for the NE (0.461 ± 0.109 AU, median 0.452 
AU, p = 0.000020) and control (0.467 ± 0.093 AU, median 
0.467 AU, p = 0.000677) groups (Table 1, Figure 1).

The relative reactivities of s-IgG and i–IgG glycans with 
LTA specific to fucose α1,3-linked were significantly lower 
in the control group (0.213 ± 0.293 AU, median 0.114 AU 
and 0.185 ± 0.155 AU, median 0.143 AU, respectively) than 
in E (0.421 ± 0.149 AU, median 0.397 AU, p = 0.000008 
and 0.603 ± 0.347 AU, median 0.503 AU, p < 0.000001, 
respectively) and NE (0.352 ± 0.152 AU, median 0.327 AU, 
p = 0.00052 and 0.540 ± 0.280 AU, median 0.462 AU, 
p < 0.000001, respectively) groups (Table 1, Figure 1).

The relative reactivity of s-IgG with UEA reactive with 
fucose α1,2-linked was lower in the E and NE groups 
(0.048 ± 0.032 AU, median 0.042 AU and 0.055 ± 0.041 
AU, median 0.045 AU, respectively) than for the control 
group (0.067 ± 0.041 AU, median 0.054), however, these 
differences were insignificant (p > 0.05). Relative reactiv-
ities of i–IgG with UEA were significantly higher for the 
control group (0.193 ± 0.097 AU, median 0.172 AU) than 
for the E (0.012 ± 0.015 AU, median 0.008 AU, 

Table 1 Relative Reactivities of Serum Native IgG and Isolated Serum IgG Glycans with Fucose-Specific Lectins

Groups Relative Reactivity with Lectins (AU)

AAL (s) AAL (i) LCA (s) LCA (i) LTA (s) LTA (i) UEA (s) UEA (i)

E 
n=40

0.029±0.010 0.055±0.033 0.587±0.124 0.540±0.151 0.421±0.149 0.603±0.347 0.048±0.032 0.012±0.015

NE 
n=36

0.028±0.014 0.093±0.022 

pA<0.000001

0.461 ± 0.109 

pA=0.000020

0.524±0.110 0.352±0.152 0.540±0.280 0.055±0.041 0.016±0.010 

pA=0.004

Control 
n=19

0.056±0.015 

pA<0.000001 
pB<0.000001

0.140±0.043 

pA<0.000001 
pB= 0.000026

0.467±0.093 

pA=0.000677

0.903±0.105 

pA<0.000001 
pB<0.000001

0.213±0.293 

pA=0.000008 
pB=0.00052

0.185±0.155 

pA<0.000001 
pB<0.000001

0.067±0.045 0.193±0.097 

pA<0.000001 
pB<0.000001

Notes: The results are expressed in absorbance units (AU) as mean values ± standard deviation (SD). Serum IgG glycan reactivities with lectins were examined by lectin- 
ELISA and expressed in absorbance units (AU). For lectins specificity see Materials and methods section. Significant differences versus groups: Awith endometriosis (E), Bnon- 
endometriosis (NE). Control - group of healthy women. Statistically significant differences were accepted for a p-value of less than 0.05. 
Abbreviations: s-IgG, serum native IgG; i–IgG, isolated serum IgG; AAL, Aleuria aurantia agglutinin, LCA, Lens culinaris agglutinin; LTA, Lotus tetragonolobus agglutinin; UEA, 
Ulex europaeus agglutinin.
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p < 0.000001) and NE (0.016 ± 0.010 AU, median 0.013 
AU, p < 0.000001) groups (Table 1, Figure 1).

The Spearman rank test was used to analyze the correla-
tions between relative reactivities of lectins tested with IgG 
glycans (s-IgG and i–IgG), and the results of the analysis 
are shown in Table 2 and Figure 2. A high positive correla-
tion between the relative reactivities of AAL and LCA 
(r = 0.566, p < 0.000001) with glycans of i–IgG was 
observed. Average and weak negative correlations were 
also observed between the relative reactivities of s-IgG 
and i–IgG glycans with AAL and LTA (r = - 0.350, 
p = 0.0005; r = - 0.292, p = 0.004, respectively). High 
positive correlations exist between AAL and UEA relative 
reactivities with i–IgG glycans (r = 0.610, p < 0.000001). 
For s-IgG relative reactivities with AAL and UEA, the 
correlation was average and weaker than for i–IgG 
(r = 0.437, p = 0.000009). Average negative correlation 

between relative reactivities with LCA and LTA (r = - 
0.352, p = 0.0004) of i–IgG glycans was observed. 
Positive average correlation between LCA and UEA rela-
tive reactivities (r = 0.475, p = 0.000001) with i–IgG gly-
cans was observed. A weak negative correlation was 
observed between i–IgG glycans relative reactivities with 
LTA and UEA (r = - 0.270, p = 0.008) (Table 1).

The comparison of s-IgG and i–IgG relative reactivities 
with lectins used shows the presence of a high positive 
correlation in LTA relative reactivities examined for s-IgG 
and i–IgG (r = 0.583; p < 0.000001). Average positive 
correlations in AAL, as well as in UEA relative reactivities 
with IgG glycans were observed between s-IgG and i–IgG 
(r = 0.405; p = 0.000045 and r = 0.465; p = 0.000002, 
respectively). The positive correlation between relative 
reactivities of s-IgG and i–IgG glycans with LCA was 
weak (r = 0.257; p = 0.011) (Figure 2).
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Figure 1 Relative reactivities of serum native IgG (s-IgG), and isolated serum IgG (i–IgG) glycans with fucose-specific lectins: AAL - Aleuria aurantia lectin, LCA - Lens culinaris 
agglutinin, LTA - Lotus tetragonolobus agglutinin, UEA - Ulex europaeus agglutinin (A–D). For lectins specificity see Materials and methods section. Significant differences versus 
groups: AE, BNE. Median is indicated as a square. A two-tailed p-value of less than 0.05 was considered as significant (*p < 0.05; ***p < 0.001). 
Abbreviations: E, endometriosis; NE, non-endometriosis; C, control group of healthy women.
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ROC Curve Analysis
ROC curve analysis of relative reactivities of s-IgG glycans 
with fucose-specific lectins in advanced endometriosis and 
control groups identified parameters with a sensitivity and 
specificity, respectively: for AAL 0.950 and 0.737 (AUC 
0.926 – high clinical value); for LCA 0.825 and 0.579 (AUC 
0.775 – moderate clinical value); for LTA 0.925 and 0.842 
(AUC 0.862 – moderate clinical value); for UEA 0.600 and 
0.632 (AUC 0.631 – limited clinical value). For i–IgG the 
obtained results were the following: for AAL 0.875 and 1.0 
(AUC 0.953 – high clinical value); for LCA 0.950 and 0.947 
(AUC 0.978 – high clinical value); for LTA 0.825 and 0.947 
(AUC 0.923 – high clinical value); for UEA 0.975 and 1.0 
(AUC 0.997 – high clinical value). For the determination of 
cut-off points (Figure 3 and Table 3) the Youden index method 
was used. The clinical value of a laboratory test, based on 
AUC value, can be defined as: 0–0.5 – zero, 0.5–0.7 – limited, 
0.7–0.9 – moderate and > 0.9 high.44

Cluster Analysis
The relative reactivities with AAL, LCA and LTA were 
selected from the panel of parameters investigated among 
the expression of s-IgG and i–IgG glycans used for differ-
entiation the group of patients with endometriosis from the 

group of healthy women. They were taking into account 
the values of relative reactivities with those lectins which 
simultaneously meet the following criteria: they differenti-
ate the endometriosis women from the control group of 
healthy women, as well as having moderate and high 
clinical value according to the results of ROC analysis 
(AUC ≥ 0.775). The analysis was performed for 59 sam-
ples, for which all three selected parameters were deter-
mined, and was conducted separately for s-IgG and i–IgG. 
In the case of s-IgG, the first cluster could be separated as 
a group of 1 control sample (Figure 4 and Table 4) at 87% 
distance. The next cluster, separated at 50.7% distance 
(Cluster 2), consists of 18 samples from which 16 samples 
were from women with endometriosis (40% from the 
whole endometriosis group). The next cluster (Cluster 3 
at 46.7% distance) was separated as a homogenous group 
of 16 endometriosis samples (40% of the whole endome-
triosis group). The last cluster (Cluster 4) consists of 8 
endometriosis samples and 16 samples from the control 
group (84% of the whole control group). For i–IgG 
(Figure 5 and Table 5) the first cluster was separated at 
distance 97.5%. This group was homogenous and consists 
of 9 endometriosis samples (22.5% of the whole group). 
The next cluster (No 2) was separated at 75% distance, in 
which all samples from the control group were gathered 
(100%). Cluster 2 and 3 (homogenous, composed of only 
endometriosis samples) were distinguished at dis-
tance 52%.

Discussion
While the IgG fucosylation study is not a new field in 
glycoimmunology, to the best of our knowledge this is the 
first investigation to analyse the human serum IgG fuco-
sylation profile and degree in endometriosis using lectin- 
ELISA. This method, contrary to other methods used for 
analysis of the quantitative and qualitative composition of 
glycoprotein glycans, enables us to assess the interactions 
that occur in a living organism between monosaccharide 
residues of glycoprotein glycans and the corresponding 
ligands, which are particularly interesting and valuable in 
our opinion. We compared the obtained results with those 
for isolated serum IgG, aiming to check whether native 
serum IgG fucosylation analysis, without prior IgG isola-
tion, is enough and satisfactory for the differentiation of 
advanced endometriosis from the control group of healthy 
women.

We demonstrated that for native and isolated serum 
IgG, the expression of AAL-reactive core fucose was 

Table 2 The Correlations Between Relative Reactivities of IgG 
Glycans with Fucose-Specific Lectins

Correlations Between 
Lectins’ Relative 
Reactivities

s-IgG i–IgG

Spearman Rank 
Coefficient (r)

Spearman Rank 
Coefficient (r)

AAL vs LCA r=0.566 

p<0.000001

AAL vs LTA r=−0.350 

p=0.0005

r=−0.292 

p=0.004

AAL vs UEA r=0.437 

p=0.000009

r=0.610 

p<0.000001

LCA vs LTA r=−0.352 

p=0.0004

LCA vs UEA r=0.475 

p=0.000001

LTA vs UEA r=−0.270 

p=0.008

Notes: For lectins specificity see Materials and methods section. A two-tailed 
p-value of less than 0.05 was considered as significant. 
Abbreviations: s-IgG, serum native IgG; i–IgG, isolated serum IgG; AAL, Aleuria 
aurantia lectin; LCA, Lens culinaris agglutinin; LTA, Lotus tetragonolobus agglutinin; 
UEA, Ulex europaeus agglutinin.
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significantly lower in patients with non-endometriosis and 
advanced endometriosis when compared to the healthy 
women, and AAL-reactivity significantly varied between 
E and NE groups only for isolated IgG. In the case of 
the second lectin specific for core fucose, LCA, the 
obtained relative reactivity values were significantly dif-
ferent for s-IgG and i–IgG between the endometriosis 
group and the group of healthy women, and only for 
s-IgG did the expression of LCA-reactive fucose signifi-
cantly differ between NE and E groups, which is particu-
larly important considering the need to differentiate 
endometriosis from other gynaecological inflammatory 
diseases. On the other hand, only for i–IgG do the relative 
reactivities with LCA differentiate NE from the control 
group. The observed differences in AAL and LCA relative 
reactivities between analyzed groups of s-IgG and i–IgG 

may be caused by unnecessary identical specificity of both 
lectins, because AAL, except α1,6-linked fucose, may also 
detect antennary fucose α1,3-linked as a part of Lewisx 

oligosaccharide structures, which could influence the 
obtained results. Moreover, taking into account the above 
information, the most plausible explanation for the 
observed differences in s-IgG and i–IgG reactivities with 
AAL and LCA may be the slightly different sugar residue 
availability for the lectin. Due to the fact that methods of 
determination based on the simplest procedures, ie without 
the need to carry out complicated and time-consuming 
isolation procedures of the glycoprotein from the biologi-
cal material, are the most valuable in terms of their possi-
ble application in the diagnostics of endometriosis, and 
other diseases, the comparisons of reactivity with fucose- 
specific lectins carried out for native IgG and IgG isolated 
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Figure 2 The correlations between relative reactivities of s-IgG and i–IgG glycans with fucose-specific lectins (A–D). For lectins’ specificity see Materials and methods 
section. A two-tailed p-value of less than 0.05 was considered as significant. 
Abbreviations: s-IgG, serum native IgG; i–IgG, isolated serum IgG; AAL, Aleuria aurantia lectin; LCA, Lens culinaris agglutinin; LTA, Lotus tetragonolobus agglutinin; UEA, Ulex 
europaeus agglutinin.
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Figure 3 Receiver operating characteristic curve analysis of serum native IgG - s-IgG (s) and isolated serum IgG - i–IgG (i) relative reactivities with AAL (Aleuria aurantia 
lectin), LCA (Lens culinaris agglutinin), LTA (Lotus tetragonolobus agglutinin) and UEA (Ulex europaeus agglutinin) was done for women with endometriosis and healthy subjects 
(A–H). For lectins’ specificity see Materials and methods section.
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from the sera are, in our opinion, of particular importance. 
The observed strong positive correlations between AAL 
and LCA reactivity (r = 0.566, p < 0.000001) for i–IgG 

only seem to confirm the hypothesis about differences in 
sugar moieties availability for lectins between s-IgG and 
i–IgG.

Table 3 Receiver Operating Characteristic Curve Analysis of Serum Native IgG and Isolated Serum IgG Relative Reactivities with 
Fucose-Specific Lectins

Reactivity with Lectin AUC AUC with 95% 
Confidence 

Interval

Cut-Off Point Sensitivity Specificity p

s-IgG

AAL 0.926 0.861–0.992 0.044 0.950 0.737 0.0000

LCA 0.775 0.647–0.903 0.470 0.825 0.579 0.0000

LTA 0.862 0.723–1 0.226 0.925 0.842 0.0000

UEA 0.631 0.480–0.782 0.045 0.600 0.632 0.0889

i–IgG

AAL 0.953 0.899–1 0.082 0.875 1 0.0000

LCA 0.978 0.947–1 0.734 0.950 0.947 0.0000

LTA 0.923 0.838–1 0.273 0.825 0.947 0.0000

UEA 0.997 0.99–1 0.045 0.975 1 0.0000

Notes: For lectins’ specificity see Materials and methods section. The analysis was done for advanced endometriosis and control group of healthy women. The values of area 
under the curve (AUC) ≥0.775 were bolded. AUC value can be defined as: 0–0.5 – zero, 0.5–0.7 – limited, 0.7–0.9 – moderate and > 0.9 high. 
Abbreviations: s-IgG, serum native IgG; i–IgG, isolated serum IgG; AAL, Aleuria aurantia lectin; LCA, Lens culinaris agglutinin; LTA, Lotus tetragonolobus agglutinin; UEA, Ulex 
europaeus agglutinin.
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Figure 4 Dendrogram of cluster analysis for values of serum native IgG (s-IgG) relative reactivities with AAL (Aleuria aurantia lectin), LCA (Lens culinaris agglutinin) and LTA 
(Lotus tetragonolobus agglutinin). The cluster analysis was done only for parameters for which in receiver operating characteristic curve analysis the value of area under the 
curve was moderate or high (≥ 0.775), which significantly differentiates endometriosis patients from healthy women. Each serum sample is represented by a vector of three 
features: AAL, LCA and LTA relative reactivities with s-IgG. 
Abbreviations: E, endometriosis; C, control group of healthy women.
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Despite the fact that endometriosis is a benign disease, 
accompanied by the development of inflammation,45,46 its 
infiltration of peripheral organs and invasion of distant organs 
resembles the metastasis of malignant disease.47–49 

Fucosylation of the IgG Fc region is regulated to drive 

appropriate pro-inflammatory effector cell functions, and 
changes leading to the modification of IgG Fc glycans are 
key regulators of antibody activity in vivo. While Fc sialylation 
plays an active role in anti-inflammatory signaling and in the 
maturation of adaptive immune responses, fucosylation of the 
Fc is regulated to drive appropriate pro-inflammatory effector 

Table 4 Results of Cluster Analysis for Values of Serum Native 
IgG Relative Reactivities with AAL, LCA and LTA

Group   

Cluster  
No

C 
N=19

E 
N=40

The Number of Samples (Percentage 
Participation in Whole Group)

4 (n=24) 16 (84%) 8 (20%)

3 (n=16) 0 (0%) 16 (40%)

2 (n=18) 2 (10.5%) 16 (40%)

1 (n=1) 1 (5.5%) 0 (0%)

Notes: E – endometriosis, C – control group of healthy women. Cluster analysis 
was performed only for parameters for which in receiver operating characteristic 
curve analysis the value of area under the curve was moderate or high (≥ 0.775), 
and which significantly differentiated endometriosis patients from healthy women. 
Each serum sample is represented by a vector of three features: AAL (Aleuria 
aurantia lectin), LCA (Lens culinaris agglutinin) and LTA (Lotus tetragonolobus aggluti-
nin) relative reactivity.
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Figure 5 Dendrogram of cluster analysis for values of isolated serum IgG (i–IgG) relative reactivities with AAL (Aleuria aurantia lectin), LCA (Lens culinaris agglutinin) and LTA 
(Lotus tetragonolobus agglutinin). Cluster analysis was performed only for parameters for which in receiver operating characteristic curve analysis the value of area under the 
curve was higher than ≥ 0.775, and which significantly differentiated endometriosis patients from healthy women. Each serum i–IgG sample is represented by a vector of 
three features: AAL, LCA and LTA relative reactivity. 
Abbreviations: E, endometriosis; C, control group of healthy women.

Table 5 Results of Cluster Analysis for Values of Isolated Serum 
IgG Relative Reactivities with AAL, LCA and LTA

Group   

Cluster  
No.

C 
N=19

E 
N=40

The Number of Samples (Percentage 
Participation in Whole Group)

3 (n=29) 0 (0%) 29 (72.5%)

2 (n=21) 19 (100%) 2 (5%)

1 (n=9) 0 (0%) 9 (22.5%)

Notes: E – endometriosis, C – control group of healthy women. Cluster analysis 
was performed only for parameters for which in receiver operating characteristic 
curve analysis the value of area under the curve was moderate (≥ 0.775), and 
which significantly differentiated endometriosis patients from healthy women. Each 
isolated serum IgG sample is represented by a vector of three features: AAL (Aleuria 
aurantia lectin), LCA (Lens culinaris agglutinin) and LTA (Lotus tetragonolobus aggluti-
nin) relative reactivity.
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cell functions. Reduced core fucosylation is typical for inflam-
matory conditions and abnormal glycosylation patterns of 
glycoproteins are associated with variety of diseases, such as 
inflammation or cancer, as shown in many previous 
studies.50–52 Endometriosis induces a variable amount of 
inflammatory reactions in the pelvic environment, depending 
on the stage and morphologic appearance of disease.53,54 The 
inflammatory reaction associated with endometriosis has been 
demonstrated both in vitro and in vivo by the infiltration of 
immune cells and the presence of a number of primary and 
secondary inflammatory mediators in tissues and body 
fluids.55,56 The molecular mechanism by which fucosylation 
affects ADCC has long remained unknown. Studies of 
Okazaki et al57 showed that the afucosylated antibody binds 
to the FcγRIIIa receptor with greater affinity than the fucosy-
lated version (31–21 fold). Increased affinity is achieved by 
engaging in additional non-covalent (enthalpy driven) interac-
tions. Ferrara et al20 and Mizushima et al25 demonstrated that 
the fucose moiety clashes with saccharide units of the 
N-glycan of the receptor FcγRIIIa, thus imposing steric hin-
drance and thereby explaining the unfavorable interaction in 
the fucosylated state. This explanation is consistent with pre-
vious data showing that the N-glycan of FcγRIIIa is compatible 
with the afucosylated N-glycan of IgG-Fc.58,59 In the present 
research we showed that the s-IgG and i–IgG glycans, except 
for AAL- and LCA-reactivity detecting core fucose, may also 
react with LTA and UEA, which may suggest the presence of 
α1,3-linked, and α1,2-linked antennary fucose, characteristic 
for Lewisx and Lewisy oligosaccharide structures, respectively. 
The relative reactivities of s-IgG and i–IgG glycans with LTA 
were significantly reduced in the group of healthy women in 
comparison to the endometriosis and non-endometriosis 
groups. The antennary fucoses, as part of Lewisx/sialyl- 
Lewisx and Lewisy oligosaccharide structures, are involved 
in eg recognition between cells, embryo development or dis-
ease processes.60,61 The expression of UEA-reactive glycans 
of s-IgG and i–IgG was very low and the significant differences 
between endometriosis and NE group versus control group, 
and between E versus NE group were observed for i–IgG only. 
However, as documented in many studies investigating IgG 
fucosylation, IgG is mainly core-fucosylated.20,26,62 In our 
previous studies on IgG glycosylation we reported the presence 
of LTA- and UEA-reactive fucose in synovial fluid IgG 
glycans,63 and for glycans of human seminal plasma IgG.64 

Flögel et al65 and Gornic et al66 in their study documented that 
serum IgG may be also decorated by UEA-reactive fucose. 
Zauner et al67 reported that in IgG, fucose can be attached not 
only to the first GlcNAc residues in the core glycan part (core 

fucose) but also to the terminal Gal residues of the glycan 
antennas. Therefore, it was not a big surprise for us that 
serum IgG glycans may react also with UEA and LTA, 
which are specific to antennary fucose. The observed weak 
and strong positive correlation for s-IgG and i–IgG oligosac-
charide structures, respectively, between AAL and UEA rela-
tive reactivities may suggest the simultaneous increased 
expression of glycans, not necessarily the same, which are 
decorated by core fucose as well as by UEA-reactive fucose 
α1,2-linked.

Based on the results of our previous study concerning 
sialylation of serum IgG in endometriosis41 we also 
observed the presence of strong positive correlations 
between the specific reactivity of s-IgG and i–IgG with 
AAL, LCA and UEA, and their reactivity with sialo-spe-
cific lectin MAA (data not shown). The above observation 
is in accordance with the fact that highly sialylated IgG 
with a high content of fucose has a protective effect, 
because increased expression of fucose in IgG glycans 
contributes to a decrease in antibody-dependent 
cytotoxicity,68–71 increases the stability of the Fc fragment 
of IgG62 and, together with an increase in sialic acid 
expression, enhances the anti-inflammatory properties of 
IgG.50–52 Comparing the lectins’ relative reactivities in 
each of the analyzed groups for s-IgG and i–IgG glycans, 
they more or less differ from each other, which may be due 
to differences between native s-IgG and i–IgG isolated 
from serum in the availability of sugar residues for 
lectins.41 It should be taken into account that N-glycans 
are present not only in the IgG Fc region. Estimates of the 
percentage of Fab-glycosylated IgG in healthy individuals 
range from ~15% to 25%, depending on the method used 
for glycans detection and analysis. As for the Fc region, 
the amounts and types of Fab glycans can vary under 
certain physiological and pathological conditions.72 The 
observed higher level of LCA-reactive core fucose expres-
sion in i–IgG, on the contrary to s-IgG, in the group of 
healthy women in comparison to the E group, may be due 
to the fact that IgG N-glycans may be expressed and 
detected in Fc and Fab IgG regions as well, and the 
process of IgG isolation may have a positive impact on 
the core fucose availability for lectins, especially those 
which compose glycans of Fc region. This seems to be 
confirmed by the positive correlations observed between 
the relative reactivities of s-IgG and i–IgG oligosacchar-
ides with fucose-specific lectins which, however signifi-
cant, were weak, and strong only for LTA reactivity.
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In our previous study42 we reported that the values of 
total serum IgG concentration were significantly reduced 
in women with advanced stages of endometriosis in com-
parison to the healthy controls. We hypothesized that this 
phenomena may be associated with the follicular phase of 
the patients’ menstrual cycle, as well as may be caused by 
the treatment of women with glucocorticoids used eg for 
allergies. The therapy used may eliminate the inflamma-
tory reaction accompanying endometriosis. Unfortunately, 
we have no information about allergic diseases diagnosed 
or menstrual cycle phases in the studied groups of 
women.42 As in the present study we observed that some 
serum samples showed extremely high IgG relative reac-
tivity with the lectins used, we wanted to check the possi-
ble cause for these results, and we decided to analyse the 
concentrations of commonly known and routinely deter-
mined parameters of inflammation CA 125 and hsCRP, 
analyzed and discussed in our previous study.42 We 
noticed that from nine samples with extremely high reac-
tivity of IgG glycans with fucose-specific lectins, only 
three have CA 125 levels slightly exceeding physiological 
level (data not shown), and only one has a slightly 
increased hsCRP concentration. This additionally confirms 
the complexity of the processes that accompany the devel-
opment of inflammation, the interrelationships of which 
are not fully understood, and their course may be influ-
enced by many factors that are not always recognized. 
Kokot et al42 also observed significant negative correla-
tions between serum total IgG concentrations and the 
levels of CA 125 and hs-CRP. In the present study, we 
observed the presence of significant negative correlations 
between total serum IgG levels and IgG relative reactivity 
with LTA, specific to α1,3-linked fucose of Lewisx oligo-
saccharide structures, and LCA detecting core fucose (data 
not shown), which indicates that decreased total serum 
IgG levels are accompanied by an increased degree of 
IgG fucosylation. On the other hand, significant positive 
correlations between CA 125 levels and relative reactiv-
ities of IgG glycans with LTA and LCA (data not shown) 
may additionally confirm that degree of IgG fucosylation 
is closely related to the development of inflammation.

To check the utility of the results obtained for the 
differentiation of s-IgG and i–IgG fucosylation in a way 
that reflects their clinical characteristics typical for 
advanced endometriosis, versus a group of healthy 
women, we analyzed the values of core fucose expression 
(AAL and LCA reactivity) and the expression of LTA- and 
UEA-reactive fucose, using ROC curve analysis. For 

s-IgG and i–IgG, the cut-off point for AAL reactivity 
was 0.044 AU (AUC 0.926) with sensitivity 95% and 
specificity 73.5%, and 0.082 AU (AUC 0.953) with sensi-
tivity 87.5% and specificity 100%, respectively, which 
reflects that this parameter has a high clinical value. For 
LCA, the proposed cut-off point was 0.47 AU (AUC 
0.775) with sensitivity 82.5% and specificity 57.9%, and 
0.734 AU (AUC 0.978) with sensitivity 95% and specifi-
city 94.7% for s-IgG and i–IgG, respectively, which 
proves that this parameter has moderate and high clinical 
value, respectively. The ROC curve analysis of LTA rela-
tive reactivity shows that for s-IgG the cut-off point was 
0.226 AU (AUC 0.862, which shows a moderate clinical 
value) with sensitivity 92.5% and specificity 84.2%, but 
for i–IgG this parameter has a high clinical value and the 
proposed cut-off point was 0.273 AU with AUC 0.923, 
sensitivity 82.5% and specificity 94.7%. Although the 
results of the ROC analysis showed that for i-IgG, but 
not for s-IgG, UEA relative reactivity also has high clin-
ical value (AUC 0.997, cut-off point 0.045 AU, sensitivity 
97.5%, specificity 100%) and may be taken into account as 
a specific marker for endometriosis, we selected only 
AAL, LCA and LTA reactivity for the cluster analysis, 
taking into consideration only these parameters which 
simultaneously differentiate patients with advanced endo-
metriosis from healthy subjects and have at least moderate 
clinical value, documented by ROC curve analysis. It 
should also be mentioned that ROC curve analysis was 
also performed to check the utility of s-IgG and i-IgG 
fucosylation determination in a way that reflects their 
clinical characteristics, typical for the group of women 
without endometriosis (NE group) but with other gynae-
cological diseases, versus the advanced endometriosis 
group and the group of healthy women, however, the 
results obtained showed no clinical value (data not 
shown). Another reason for this selection was the aim of 
our study, which was to check whether any changes in the 
profile and degree of s-IgG fucosylation could become 
additional diagnostic markers enabling the differentiation 
of women with advanced endometriosis from the control 
group of healthy women. Cluster analysis additionally 
confirmed the utility of the values of the AAL, LCA and 
LTA relative reactivity with IgG glycans for differentiation 
of advanced endometriosis patients from the group of 
healthy subjects. For s-IgG the fourth cluster differed 
with regard to the clinical characteristics of women, gath-
ering 84% of samples from the whole group of healthy 
women (16 from 19) and 8 samples from the 
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endometriosis group (20% from the whole E group). From 
three clusters formed for i-IgG, cluster 2 gathered 100% of 
samples from the group of healthy women and only 5% of 
samples from women with endometriosis .

The aim of our study was to check whether the analysis 
of immunoglobulin G fucosylation profile and degree may 
be usable as markers differentiating endometriosis from 
the physiological state, and the results obtained in the 
present study seem to meet this criterion. Especially 
important are the findings which inform us that while for 
IgG isolates the differences between the E and control 
group were more spectacular, the IgG fucosylation analy-
sis directly in serum, without prior IgG isolation, may also 
be diagnostically useful in advanced endometriosis. The 
lectin-ELISA method we used for this purpose, which 
mimics the interaction between glycan and lectin that 
occurs in vivo, including the availability of sugar moieties, 
additionally enabled us to deepen our knowledge about the 
molecular mechanisms of these reactions. However, we 
must remember that most of the lectins used do not have 
an absolute specificity and therefore can bind to similar 
carbohydrate structures with various affinities. Under 
unfavorable conditions, or due to the unavailability of the 
most preferred attachment site, lectins may bind to other 
structures for which they have a lower affinity.73 

Endometriosis has a profound impact on women’s lives, 
including associated pain and infertility, which decrease 
the quality of their lives. For many women, the road to the 
diagnosis of endometriosis is long and full of obstacles, 
therefore any additional biomarker which can help with 
faster and more accurate non-invasive diagnostics of endo-
metriosis is especially valuable, and searching for them 
should be a priority. An additional finding resulting from 
our research is the re-confirmation of one from our pre-
vious studies, that in order to be able to draw correct 
conclusions about the diagnostic usefulness of the para-
meters determined in the sera of patients with endometrio-
sis, the control group should be composed of completely 
healthy women, and not non-endometriosis patients suffer-
ing from other gynaecological diseases.41,42 Of key impor-
tance here is the inflammation accompanying both 
endometriosis and other female disorders, which affects 
the expression of many biochemical parameters, including 
changes in IgG glycosylation, often regardless of the dis-
ease it is associated with. The current research additionally 
confirms our previous observations on this topic.41,42 

Moreover, the lack of a representative group of patients 
with early-stage endometriosis makes it impossible the 

verification of analyzed in this study parameters and 
further evaluation whether they may be useful biomarkers 
the early stages development of endometriosis, which is 
a limitation of our study, but also a direction of future 
investigations.

Conclusion
Endometriosis has a profound effect on women’s lives, 
and in many cases the path to diagnosis of endome-
triosis is long and full of obstacles. The relatively fast, 
non-invasive diagnosis of disease should be a priority, 
unfortunately the diagnostic process of endometriosis is 
difficult, expensive and often invasive, therefore the 
search for new patient-friendly diagnostic methods 
and parameters is necessary. Based on current knowl-
edge, disease development is associated with inflam-
matory processes, especially in the advanced stages of 
endometriosis, markers of which can also be detected 
in peripheral blood serum. In light of the above infor-
mation and the results obtained in the present study, 
the analysis of the profile and degree of serum IgG 
fucosylation may be very promising in the diagnostics 
of advanced endometriosis, and may be useful as an 
additional parameter for medical interviews and tests. 
The proposed panel of parameters which are the 
expression in IgG glycans of AAL- and LCA-reactive 
core fucose and α1,3-linked fucose recognized by LTA, 
could be taken into account as a useful clinical marker 
to diagnose women with advanced endometriosis, how-
ever, its clinical utility in everyday practice for disease 
diagnostics needs to be evaluated in further studies. It 
would also be interesting to check whether the deter-
minations of the parameters we selected could be help-
ful in the diagnosis of the early stages of 
endometriosis, enabling the detection of the disease at 
an early stage of its development, which would be 
particularly valuable from the patients’ point of view.
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