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Objective: Endometriosis presents diagnostic challenges, and there is a need for developing novel biomarkers with satisfactory
specificity and sensitivity. Glycomics, exploring glycosylation changes in glycoproteins, offers potential solutions. The aim of this
study was to analyze the carbohydrate-binding properties of IgG and IgM antibodies in the plasma and peritoneal fluid samples and to
identify any differences in the presence and the specificities of anti-carbohydrate antibodies in the endometriosis patient and the
controls.

Methods: Multicenter study was conducted in Poland between 2018 and 2019. Plasma and peritoneal fluid samples were collected
from women undergoing laparoscopic surgery. Endometriosis patients (n=8) and controls (n=8), matched for cycle phase and disease
stage, were selected. The neoglycolipid-based oligosaccharide microarray system was used to investigate IgG and IgM antibody
binding properties to glycan-related probes in biological materials.

Results: In peritoneal fluid samples, IgM binding to the following probes was significantly higher in endometriosis: GSC-915-4
(new), LNFP-I, NeuAco-(6’)LNnO (F1), B-like decaosylceramide, logl0(GM1-penta), and logl0(GSC-915-5). In a control group
higher IgG binding to logl0(Orsay-5-AO) was observed. In plasma samples, endometriosis showed higher IgG binding to logl0
(NeuAcao-(6’)LNnO (F1)) and lower IgG binding to Gal2GlcNAc(1-3)-A0O. After Benjamin—Hochberg correction, differences were
not significant. Effect sizes highlighted some glycan probes in both plasma and peritoneal fluid. Strong correlations were observed
among binding to certain glycan probes.

Conclusion: This preliminary study suggests glycomics’ potential contribution to endometriosis diagnosis and understanding of its
pathophysiology. Neoglycolipid-based microarrays hold promise for non-invasive endometriosis diagnostic tools. Further investiga-
tions with larger cohorts are warranted to validate these findings and explore potential correlations with antibody levels in plasma and
peritoneal fluid. Glycomics emerges as a valuable diagnostic asset in endometriosis research.
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Introduction

Endometriosis is a gynecological condition, which is defined as endometrium-like lesions outside of the uterus.' Its
diagnosis still remains a challenge, and there is a demand for developing new biomarkers with satisfactory specificity and
sensitivity. Glycomics can be a source of such biomarkers. Almost all proteins associated with cell membranes and
human extracellular proteins are glycosylated, and in many diseases there may be changes in glycoprotein connections.”
Oligosaccharide microarrays revolutionized researches on carbohydrate—protein interactions. One of these technologies is
microarray based on neoglycolipid technology. It is based on connection of oligosaccharides with aminophospholipids to
produce novel glycolipids.®> We hypothesized that plasma (P) and peritoneal fluid (PF) in endometriosis contain unique
glycan profiles. To evaluate this hypothesis we created a feasibility study, which at the same time would be able to assess
the usefulness of the neoglycolipid-based oligosaccharide microarray system in the analysis of P and PF in endome-
triosis. The aim of our study was to analyze the carbohydrate-binding properties of IgG and IgM antibodies in the P and
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PF samples and to identify any differences in the presence and the specificities of anti-carbohydrate antibodies in the
endometriosis patient group and the control group.

Materials and Methods

Sample Collection

A multicenter, cross-sectional study was conducted between 2018 and 2019 in eight centers in Poland. Biological material
(plasma and peritoneal fluid) was obtained from women undergoing laparoscopic surgery for the following reasons: ovarian
cyst, pelvic pain, and/or infertility. The exclusion criteria were as follows: age under 18 and over 45 years old; irregular
menstruation (<25 or >35 days), any form of hormonal therapy during the last three months before surgery, pelvic
inflammatory disease, uterine fibroids, polycystic ovary syndrome, any autoimmune diseases, malignant or suspected
malignant diseases, and any previous history of surgical treatment. The details of the study have recently been published.*
The cycle phase was calculated from the last menstrual period and average length of the menstrual cycle.

Women from the endometriosis group were diagnosed through laparoscopic findings, and each case was histopathologi-
cally confirmed. As controls, we recruited patients without visible endometriosis during laparoscopy. In this study we analysed
P and PF samples collected from 16 patients (8 from the endometriosis group and 8 from controls). In order to maintain
homogeneity of studied groups, we selected only samples taken in the proliferative phase of the cycle and from women with
stage ITI/IV endometriosis according to the revised American Fertility Society classification.> All the women belonged to the
white European ethnic group. Women completed a World Endometriosis Research Foundation (WERF) clinical questionnaire
and signed consent form to participate in the study. The Bioethics Committee operating at the Medical University of Warsaw
approved the collection of the material in accordance with opinion no. KB 223/2017, issued on December 12, 2017. All
patients gave their informed consent to participate in the study.

Diagnostic laparoscopy was performed in all patients by trained gynecologists. Peritoneal fluid was collected through
aspiration using a Veress needle under direct visualization immediately upon introduction of the laparoscope in order to
avoid contamination with blood. The procedure was meticulously performed in line with the Endometriosis Phenome and
Biobanking Harmonization Project standard operating procedures.® The collected PF was centrifuged at 1000 x g for 10
min at 4 °C. The supernatant was transferred to a fresh 10 mL tube (Sarstedt) and divided into 500 uL tubes. Blood
samples were collected before laparoscopy (before anesthesia) in ethylenediaminetetraacetic acid (EDTA) 10 mL tubes
(Sarstedt). We used tubes of the same type for blood and PF. The time lapse between sample collection (both P and PF)
and processing was <45 min. Blood samples were centrifuged at 2500 x g for 10 min at 4 °C. Then, the P samples were
split into 500 pL aliquots. Both materials were stored at —80 °C until further use. Afterward, single tubes of PF and
P were selected for shipment on dry ice to the Glycosciences Laboratory (Imperial College, London, UK) to conduct the
neoglycolipid-based oligosaccharide microarray system as a custom service.” The Bioethics Committee operating at the
Calisia University approved the method of analysis of the previously collected material using the abovementioned
technology (opinion 04/2021, issued on December 20, 2021).

Microarray Analyses
Samples (P and PF) were analyzed using two sequence-defined glycan array sets:

e CIG array (CIG Set 1,2,3) which stands for CLL and 1/i Glycan array set containing 122 lipid-linked oligosacchar-
ide probes

e BGG array (BGG set 1) which stands for Blood Group and Galactose-terminating sequence array set containing 46
glycan probes

The two array sets have 168 glycan probes printed; among these 137 probes have unique sequences (31 probes were
common to both array sets). Included were sequences of A, B, O(H) blood group antigens, Lewis types (Lewis a, b, x, y),
alpha-GalNAc/Gal terminating sequences (such as Forssmann glycolipid and B-like sequences), and antigens associated
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with their backbones such as the I- and i-antigens terminated in Gal or GlcNAc. A limited number of sialylated
sequences and beta-glucan related sequences were also included. The probe lists of the two array sets are in Table S1.

Analysis steps were performed essentially as described in the paper by Liu et al,” except that the blocking and
incubation steps of the microarray binding analyses were performed in a cold room at 4 °C. This is mainly because
certain autoantibodies to glycan antigens bind optimally below body temperature, and some dissociate at 20 °C and
higher temperatures.

In brief, microarray slides were blocked for 1 h using the blocker/diluent solution (1% BSA + 1% casein in HBS).
The sample supernatants were diluted to 1/20 in the blocker/diluent solution and overlaid onto the arrays for 1.5 h. Then
the detecting solution composed of anti-human IgG-cAF488 + anti-human IgM mu chain-AF647 (2 pg/mL) was overlaid
onto the arrays for 1 h.

The oligosaccharide probes were all lipid-linked. They were neoglycolipids (NGLs) prepared from reducing oligo-
saccharides by reductive amination with the amino lipid, 1,2-dihexadecyl-sn-glycero-3-phosphoethanolamine (DHPE), or
prepared from reducing oligosaccharides by oxime ligation with an aminooxy (AO) functionalized DHPE.®

The microarray slides were scanned with GenePix 4300A scanner instrument. Fluorescent signals were recorded at
PMT 350 with red laser (635 nm) at 100% laser power for IgM binding, and with blue laser (488 nm) at 5% laser power
for IgG binding.

Statistical Analysis

Asymmetrical (right-skewed) distributed variables were subjected to logarithmic transformation. Significant differences
for individual comparisons were tested using Student’s #-test after verifying assumptions. In cases where there was a lack
of homogeneity of variances in subgroups, the Cochrane—Cox test was applied. The Benjamin—Hochberg correction for
the hypothesis set was used.

The absolute values of the standardized effect and their 95% confidence intervals were calculated. The study
presented results of IgM and IgG levels in peritoneal fluid, for which a minimum of 14 measurements were obtained,
and the standardized effects were above 0.5. The x2 test with a correction for low number of cases was used to assess
associations between the results in peritoneal fluid and plasma.

Results

The average age of women diagnosed with endometriosis was 32 years, while in the control group it was 29 years. The
mean body mass index (BMI) was 22.4 kg/m® in both groups of women. Infertility affected 50% of women with
endometriosis and over 62% of women in the control group. All women diagnosed with endometriosis had confirmed
endometrial cysts, while over 37% of women in the control group underwent surgery due to non-endometrial cysts. One
woman in the control group was diagnosed with pelvic pain syndrome, whereas it did not present a problem among
women with endometriosis. Clinical characteristics of patients are presented in Table 1.

Control and Endometriosis Groups
In PF, significantly higher (p < 0.05) mean binding levels to the following glycan-related probes in CIG array for [gM
were observed in endometriosis compared to control group: GSC-915-4 (new), LNFP-I, NeuAca~(6")LNnO (F1), logl0
(B-like decaosylceramide), logl0(GM1-penta), and 1ogl0(GSC-915-5). Conversely, a significantly higher binding level
to probe of logl0(Orsay-5-A0) was found in the control group (CIG array for IgG). In BGG array for IgM, a higher
mean binding level to B-like decaosylceramide was recorded in the endometriosis group. In P samples, a significantly
higher mean binding level to glycan-related probe of loglO(NeuAca-(6")LNnO (F1)) (CIG array for IgG) and
a significantly lower mean binding level to Gal2GlcNAc(1-3)-AO (BGG array for 1gG) were observed in endometriosis
compared to control group. Table 2 presents binding level to selected glycan-related probes. After applying the
Benjamin—Hochberg correction, none of the described comparisons remained statistically significant.

In P, standardized effect sizes above 1.0 were obtained for two glycan probes: Gal2GlcNAc(1-3)-A0 in BGG array
for IgG and logl0(NeuAca-(6")LNnO (F1)) in CIG array for IgG. However, no significant correlation was observed
between the aforementioned compounds. In PF, standardized effect sizes around 1.0 were obtained for the following
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Table | Clinical Characteristics of Women

Variable Control Endometriosis
(n=28) (n=28)
Age (years) 29+1.9 (5.0) 32420 (5.2)
BMI (kg/m?) 22.43x1.2 (3.2) 22.42%1.3 (3.5)
Stage IlI - 6 (75.0%)
Stage IV - 2 (25.0%)
Infertility, n (%) 5 (62.5%) 4 (50.0%)
Primary infertility, n (%) 3 (37.5%) 3 (37.5%)
Secondary infertility, n (%) 2 (25.0%) I (12.5%)
Endometrial cyst, n (%) - 8 (100.0%)
Non-endometrial cyst, n (%) 3 (37.5%) -
Pelvic pain syndrome, n (%) 1 (12.5%) 0 (0.0%)

Note: Data are mean + SEM (SD).

Table 2 Binding Level to Glycan Probes Expressed as Fluorescence Signals (Fluorescence Intensity at 5 fmol/Probe Spot)

Glycan array | Antibody | Glycan Probe Control Endometriosis tl#tcc P n2
set
N M SD N M SD
Plasma
CIG 1,23
1gG Logl0(NeuAca-(6’)LNnO (FI)) 7 2.08 0.79 7 2.82 0.42 —2.2 | 0.0483 | 0.29
BGG |
[} Gal2GIcNAc(1-3)-AO 8 | 9291.38 | 444444 | 8 | 4702.88 | 2629.39 2.51 0.0248 | 0.31

Peritoneal fluid

CIG1,2,3
IsM GSC-915-4 (new) 7 | 47407 | 27351 | 8 | 1091.63 | 687.55 | —2.55" | 0.0430 | 0.27
LNFP-| 8 | 29725 | 21438 | 8 | 642.13 | 361.97 | —2.32 | 0.0360 | 0.28
NeuAca-(6')LNnO (FI) 8 | 58344 | 41042 | 8 | 1120.06 | 569.13 | —2.16 | 0.0483 | 0.25
Log|0(B-like decaosylceramide) | 8 2.67 0.32 7 3.12 0.39 —2.51 | 0.0263 | 0.33
Logl0(GMI-penta) 7 236 0.48 8 2.87 037 —2.32 | 0.0373 | 0.29
Logl0(GSC-915-5) 8 3.09 0.37 8 3.52 0.40 —2.20 | 0.0448 | 0.26
IgG Logl0(Orsay-5-A0) 8 3.17 0.46 6 2.38 0.84 226 | 0.0434 | 0.30
BGG |
IgM B-like decaosylceramide 8 | 34538 | 27443 | 7 | 85471 46242 | —2.637 | 0.0205 | 0.35

Notes: "Case where there was a lack of homogeneity of variances in subgroups; the Cochrane—Cox test was applied in this situation.
Abbreviations: N, number; M, mean; SD, standard deviation; p, p value; 12, eta squared; t, Student’s t-test; tcc, Cochrane—Cox test.

glycan probes: logl0(Orsay-5-A0) (CIG array for IgG), B-like decaosylceramide (BGG array for IgM), GSC-915-4
(new) (CIG array for IgM), LNFP-I (CIG array for IgM), NeuAca-(6’)LNnO (F1) (CIG array for IgM), log10(B-like
decaosylceramide) (CIG array for IgM), and logl0(GM1-penta) (CIG array for IgM). Figure 1 presents absolute values
of standardized effects with 95% confidence intervals for comparisons of binding level to glycan-related probes in control
and endometriosis groups.

Table 3 presents the coefficients of simple correlation between the mentioned compounds. The glycan probes in CIG
array set for IgM were significantly and positively correlated, except for logl0(B-like decaosylceramide) and logl0
(GM1-penta), and the correlations between LNFP-I and NeuAca-(6")LNnO (F1) as well as 1logl0(GSC-915-5) and
NeuAca-(6")LNnO (F1) were almost complete.

In the plasma of six women without endometriosis, binding to H-Tri-T2-AO (CIG array for IgG) probe was not
detected. However, in two women from this group, the mean binding level of H-Tri-T2-AO was above 0 (Table 4). On
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Figure | Absolute values of standardized effects for comparisons of binding level to glycan-related probes in control and endometriosis group in plasma (A) and peritoneal
fluid (B) samples.

the other hand, in the endometriosis group, the binding to probe of H-Tri-T2-AO was detected in the plasma samples of
all women. A significant association between the presence of binding to this glycan probe in the serum and endometriosis
was observed (¢=0.77).

Discussion

Glycosylation plays an important role in differentiating protein functions, communication between the cell and its
environment, response function of immune system, inflammatory processes, and in the development of tissues and
organs. Anti-glycan antibodies are a major component of our immune system. This subpopulation of antibodies can

Journal of Inflammation Research 2024:17 hetps: 903
Dove


https://www.dovepress.com
https://www.dovepress.com

Woijtyla et al Dove

Table 3 Simple Correlation Coefficients R,,

GSC-915-4 LNFP-1 IgM NeuAcao-(6’) Logl0 Logl0 Logl0 (B-like Logl0
(new) CIG LNnO (FI) (GMI-penta) (GSC-915-5) decaosylceramide) (Orsay-5-A0)
IgM CIG IgM CIG IgM CIG IgM CIG IgM CIG 1gG CIG
LNFP-1 0.8501
IgM CIG
N=15
p=0.000
NeuAca-(6’)LNnO 0.8808 0.9288
(F1)
|gM CIG N=15 N=16
$=0.000 »=0.000
Logl0 0.6691 0.7324 0.7530
(GMl-penta)
|gM CIG N=15 N=15 N=15
p=0.006 p=0.002 p=0.001
Logl0 0.8781 0.8756 0.9220 0.7932
(GSC-915-5)
1gM CIG N=15 N=I6 N=16 N=15
p=0.000 p=0.000 p=0.000 p=0.000
Logl0 0.7060 0.8372 0.8542 0.4904 0.8184
(B-like
decaosylceramide) N=14 N=15 N=IS N=14 N=I5
IgM CIG
p=0.005 p=0.000 $=0.000 p=0.075 p=0.000
Logl0 —0.4249 —0.1913 —0.2255 —0.3057 —0.3473 —0.0288
(Orsay-5-A0)
1gG CIG N=13 N=14 N=14 N=13 N=14 N=14
p=0.148 p=0.512 p=0.438 p=0.310 p=0.224 p=0.922
B-like 0.1772 0.4269 0.2921 0.1620 0.2944 0.5072 0.0037
decaosylceramide
1gM BGG N=14 N=15 N=15 N=14 N=I5 N=14 N=14
p=0.545 p=0.112 p=0.291 p=0.580 p=0.287 p=0.064 p=0.990

Abbreviations: N, number; p, p value.

specifically recognize normal or abnormal glycan structures.” Some recent studies have provided valuable information
that has made it possible to exploit glycomics for clinical applications. It is now possible to use glycomics in future
diagnosis, profiling of patients, and individualization of medicine.'®"* In our study we touched on identification of the
prevalence and the specificities of anti-carbohydrate antibodies in endometriosis. There are not many publications
available on this subject as there are challenges of profiling of anti-glycan antibodies due to lack of access to glycans
or poor outcomes of traditional assays. Glycan microarrays provide a powerful, high-throughput tool to profile antibody
populations and identify specific subsets with clinical or biological relevance.'* Hence, we used microarrays based on
neoglycolipid technology to identify any differences of anti-carbohydrate antibodies in P and PF samples collected from
endometriosis patients.

In our study, the binding profiles of the P and PF samples from the same individual were almost identical for both IgG
and IgM binding. The signal intensities with the P samples were higher than with the corresponding PF samples, but our
study confirms that PF samples are also suitable for microarray analyses.

Considering the analysis of IgM and IgG detection, we observed good binding signals with all the P and PF samples
tested for both IgG and IgM binding under the assay conditions used. As the binding was detected with anti-IgG and anti-
IgM from different commercial sources carrying different fluorescent labels, and the images were also recorded using
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Table 4 The Relationship Between Endometriosis and the Presence of H-Tri-
T2-AO (IgG CIG) in the Plasma

Group H-Tri-T2-AO y X%y p ¢
0 >0

Control 6 2 8 6.67 | 0.0098 | 0.77

Column percentage 100% 20%

Row percentage 75% 25%

Study 0 8 8

Column percentage 0% 80%

Row percentage 0% 100%

> 6 10 16

Total percentage 37.50% | 62.50% | 100.00%

Abbreviations: Y, sum; X2Y, chi-square test with Yates correction; ¢, Cramer’s ¢.

different lasers with different laser power, the binding scores of IgG and IgM should not be compared directly. It is,
nevertheless, possible to compare the IgG and IgM binding patterns and overall intensities. In general, with all the
samples tested (P or PF), a broader range of glycan probes showed binding with the IgM detection system compared to
the IgG detection system. Endometriosis shows some features of malignant neoplasms like aggressive migration and
invasion. In addition, endometriosis like cancer cells is part of the host’s own tissue. Thus, in both cases the organism's
attempt to eliminate them must be based on innate immune responses. In cancers natural IgM antibodies are crucial for
anti-cancer defense and immunological functions.'>™'” A similar mechanism may exist in endometriosis, which would
explain our observations indicating the advantage of the IgM detection system compared to the IgG detection system.

Data show that anti-glycan antibodies are possible diagnostic options in other fields of medicine. For instance specific
anti-carbohydrate antibodies are associated with islet immunity and progression to type 1 diabetes.!” In gynecological
oncology, glycomics, as a method of diagnosis, has a potential of replacing the current clinically used biomarker as they
found a discriminating anti-glycan antibody panel, which possibly could diagnose ovarian cancers with higher sensitivity
and specificity than CA125."® However more recent study has shown that glycans at this point may not replace the
currently used ovarian cancer biomarker CA125 but certainly may serve as a complementary marker and predictor in the
diagnosis of this disease.'® Furthermore, studies on oral squamous cell carcinoma patients after serum N-glycome
characterization and anti-carbohydrate antibody profiling shows that two IgM antibodies were elevated accompanied
with the decreased levels of nine IgG antibodies in patient serum, which matches our results about changes in profiles of
IgM and IgG.?° IgM anti-glycan antibodies as a possible method of diagnosis were also found in multiple sclerosis.?'
Although it is still highly speculative that endometriosis is a risk factor for or a consequence of autoimmune diseases, the
most recent systematic review and meta-analysis on the relationship between endometriosis and autoimmune disease
showed a possible connection between endometriosis and multiple sclerosis.>? On the other hand our most recent study
found no differences in levels of autoantibodies between endometriosis and controls.*

While in our present study anti-glycan antibodies have been analyzed for the first time in endometriosis, variation in
n-glycome concentration has been previously reported.” It indicates that glycomics may be a promising source of data on
this condition. Our study highlights a possible contribution of glycomics to diagnosis of endometriosis as we performed
a wide anti-glycan antibody screening of the P and PF using a high-throughput tool, widely applicable to desired glycan
sequences, based on neoglycolipid technology.

This is a preliminary, proof-of-concept study, therefore the statistical significance of the differences observed requires
investigation with larger sample cohorts. Also a correlation with plasma and peritoneal fluid antibodies levels should be
considered. Besides this, the findings from the microarray analyses of this small number of samples are promising. We found
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higher binding levels to some of the analyzed glycan-related probes in the patient group compared to the control group. A wide
range of recent studies that emphasized glycomics contribution to diagnosis of diseases in the fields of autoimmunological
disturbances and oncology also match our results which may be summarized that glycans are highly diverse structures with
a specific interaction mediating a wealth of important biological and physiological processes as the titers of anti-glycan
antibodies are closely associated with various immunological responses, hence our conclusions put glycomics studies as
a highly probable diagnostic asset in endometriosis.

Conclusion

This is the first study that analyzed carbohydrate binding properties in the P and PF samples in endometriosis. Our study
highlights the possible contribution of glycomics to diagnosis of endometriosis and better understanding of its patho-
physiology. It also confirms that neoglycolipid-based oligosaccharide microarray system is a promising technology for
the development of a non-invasive endometriosis diagnostic tool.

Abbreviations
AO, aminooxy; BMI, body mass index; DHPE, 1,2-dihexadecyl-sn-glycero-3-phosphoethanolamine; EDTA, ethylene-
diaminetetraacetic acid; P, plasma; PF, peritoneal fluid; NGLs, neoglycolipids.
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