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Abstract

Background: Low endometrial receptivity is one of the major factors affecting successful implantation in assisted
reproductive technologies (ART). Infertile patients with thin endometrium have a significantly lower cumulative
clinical pregnancy rate than patients with normal endometrium. Molecular pathophysiology of low receptivity of
thin endometrium remains understudied. We have investigated composition of glycocalyx of the apical surface of
luminal and glandular epithelial cells in thin endometrium of infertile women.

Methods: Thirty-two patients with tubal-peritoneal infertility undergoing in vitro fertilization (IVF) were included in
the study. Endometrial samples were obtained in a natural menstrual cycle. Patients were divided into two groups:
patients with normal endometrium (=28 mm) and with thin endometrium (< 8 mm). Histochemical and
immunohistochemical analysis of paraffin-embedded endometrial samples was performed using six biotinylated
lectins (UEA-, MAL-Il, SNA, WL, ECL, Con A) and anti-Le" and MECA-79 monoclonal antibodies (MADs).

Results: Complex glycans analysis taking into account the adjusted specificity of glycan-binding MAbs revealed 1.3
times less expression of MECA-79 glycans on the apical surface of the luminal epithelial cells of thin endometrium
compared to normal endometrium; this deficiency may adversely affect implantation, since MECA-79 glycans are a
ligand of L-selectin and mediate intercellular interactions. The glycans containing a type-2 unit GalB1-4GIcNAC3
(LacNAC) but lacking sulfo-residues at 6-OH of GIcNAc, and binding to MECA-79 MAbs were found; they can be
considered as potential markers of endometrium receptivity.

Expression of the lectins-stained glycans on the apical surfaces of the luminal and glandular epithelial cells did not
differ significantly. Correlation between the expression of difucosylated oligosaccharide Le" on the apical surfaces of
the luminal and glandular epithelial cells was found in patients with thin endometrium and recurrent implantation
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failure. A similar relationship was shown for mannose-rich glycans.

Conclusions: Specific features of key glycans expression in epithelial compartments of thin endometrium may be
essential for morphogenesis of the endometrial functional layer and explain its low receptivity.

Keywords: Thin endometrium, Infertility, Assisted reproductive technologies (ART), Lectin histochemistry, Glycans,

Background

Endometrial thickness was proposed to be a prognostic
criterion for pregnancy by Gonen et al. in 1989 [1]. Since
then, the concept of minimal valid endometrial thickness
was actively used in clinical practice. Endometrium less
than 6-8 mm is now considered to be “thin” [2-4]. A
predictive value of this indicator is contradictory, since
pregnancies have been reported to occur in patients with
endometrium 4—-5 mm, suggesting that receptivity might
be not necessarily related to endometrial thickness [5,
6]. However, many experts agree that insufficient endo-
metrial thickness may reduce the cumulative clinical
pregnancy rate, live birth rate [7], and be associated with
small for gestational age neonates and obstetric compli-
cations caused by poor placentation [8].

Current data on molecular changes in thin endomet-
rium, reflecting pathophysiological mechanisms of endo-
metrial receptivity reduction [9-11] are very limited.
Endometrial receptivity can be only assessed in non-
conception cycles, where endometrial thickness and
receptivity may vary. Therefore, a complex assessment of
the molecular composition of the main functional struc-
tures of endometrium in a natural cycle is needed. This
could allow prediction of the endometrium potential for
blastocyst acceptance and trophoblast invasion. Molecu-
lar research should be obviously focused on the key mol-
ecules involved in intercellular interactions mediating
these processes.

Human endometrium, where most proteins on the cel-
lular surface are glycosylated, demonstrate particularly
rich in glycans expression [12, 13]. Glycoconjugates are
associated with the apical surfaces of epithelial cells,
which contact with blastocyst during implantation. Se-
cretions of the endometrial glands contain a lot of glyco-
proteins and mucins that promote specific uterine
functions [14, 15]. However, even though the studies of
glycans associated with the apical surface of luminal and
glandular epithelial cells have been performed earlier
[15-19], there is no data on the composition of glycoca-
lyx of thin endometrium.

The analysis of functional carbohydrate residues,
which are important part of glycoproteins, glycolipids,
and extracellular matrices of endometrial tissue, may re-
veal the carbohydrate phenotype (the “glycocode”) of
thin endometrium. Detection of the coherent changes of

glycans in the endometrial epithelial structures may
determine their importance for normal and thin
endometrium and their impact on receptivity. In this re-
gard, the study was aimed to evaluate complex changes
in the composition of glycocalyx and to analyze the ex-
pression of glycans in luminal and glandular epithelial
cells of normal and thin endometrium in patients with
infertility.

Methods

Patients and endometrial biopsy samples

Thirty-two patients with tubal-peritoneal infertility under-
going IVF treatment were included in the study. Endomet-
rial samples were obtained in a natural menstrual cycle
around day 6 after ovulation (cycle day 20-22, «implant-
ation window»). The patients did not receive any hormo-
nal therapy for at least 2 months before the procedure. All
samples were examined by the same pathologist using the
dating criteria described by Noyes RW [20].

In our previous study [21] of 154 infertile patients
stratified into 2 groups (43 patients with endometrial
thickness 9.3 £ 0.9 mm who achieved pregnancy by IVF,
and 110 patients with endometrial thickness 7.2 + 0.9
mm, who failed to conceive (p < 0.0001)), we have found
that a threshold of endometrial thickness, with which
the odds of pregnancy and the validity of the logistic re-
gression model increased, was 8.0 mm (AUC = 86.7%, Se
=97.7%, Sp =75.7%). Basing on this observation, for the
current study we have set the threshold of endometrial
thickness 8 mm.

Depending on the endometrium thickness, the patients
were divided into two groups: patients with “thin” endo-
metrium (<8 mm, n=14), group 1, and patients with
normal endometrium (>8 mm, n = 18), group 2.

Inclusion criteria were normal karyotypes of the pa-
tient and her partner; age 18—40 years; body mass index
(BMI) 18-29.9 l(g/mZ. Exclusion criteria were: contrain-
dications to IVF; pathozoospermia in the partner; use of
donor gametes or surrogacy; poor ovarian response to
stimulation; absence of good quality blastocysts; and IVF
complications in the studied cycle.

The IVF program (the next month after endometrial
biopsy) involved ovarian stimulation with recombinant
follicle-stimulating hormone (rFSH) or a combination of
rFSH and luteinizing hormone (LH) and treatment with
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gonadotropin-releasing hormone antagonists (GnRH-
ant). The ovulation trigger (HCG 8.000—10.000 IU) was
administered when leading follicles reached 17 mm or
more in diameter. Transvaginal puncture (TVP) was per-
formed 36h after the administration of the ovulation
trigger.

Oocytes were fertilized by intracytoplasmic sperm in-
jection (ICSI), because of subfertility of the male partner
and low fertilization rate in the previous IVF cycle. Mor-
phological evaluation of the embryos was performed on
the 5th day after TVP, according to Gardner et al. classi-
fication [22].

The embryo transfer (ET) was performed on the 5th
day after TVP in a fresh cycle. One blastocyst of the best
quality was transferred into the uterine cavity. Biochem-
ical pregnancy was stated if the level of serum 3-HCG
increased 14 days after ET; a clinical pregnancy was
stated if ultrasound scan showed the gestational sac 21
days after ET.

Antibodies

Purified mouse anti-blood group Lewis” (Le*) monoclo-
nal antibodies, clone LWY/1463, Abcam, ab 219,336, 1/
200 (anti-Le” MAbs) and purified rat anti-mouse periph-
eral lymph node addressin (PNAd) carbohydrate epitope
monoclonal antibodies, clone MECA-79, BD Pharmin-
gen, Cat. No 553863, 1/100 (MECA-79 MAbs) were
used to determine the expression of the glycans epitope
in the endometrium. The anti-Le¥ MAbs recognize a
difucosylated oligosaccharide Le" (major specificity
Fucal-2Galp1-4(Fucal-3)GIcNAcB-R). MECA-79 MAbs
react with carbohydrate epitopes which are a high-affinity
L-selectin ligand (CD34, GlyCAM-1, MAdCAM-1). As
previously reported, MECA-79 epitope contain (6-O-
Su)GlcNAcB-residue [23].

Lectins

A panel of six selected biotinylated lectins (Vector Labs,
USA) was used to study the glycocalyx composition in
the structural elements of the endometrium: MAL-II
(Maackia  amurensis lectin-II, binding specificity
NeuNAca2-3Galf); SNA (Sambucus nigra lectin, bind-
ing specificity NeuNAca2-6Gal/GalNAc); ECL (Ery-
thrina cristagalli lectin, binding specificity Galp1-
4GlcNAcP (LacNAc, type-2 unit)); UEA-I (Ulex euro-
paeus agglutinin-I, binding specificity H type 2 antigen
L-Fucal-2GalPp1-4GlcNAcBl and difucosylated oligosac-
charide Le"); VVL (Vicia villosa lectin, binding specifi-
city GalNAcal-Ser/Thr and Galal-3GalNAc); Con A
(Concanavalin A from Canavalia ensiformis, binding
specificity D-Glca and D-Mana (terminal or 1-2-linked)
in high mannose, intermediate and small complex N-
linked sequences) [24]. An optimal concentration for
each lectin from the panel, which allowed the maximum
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labeling with minimum non-specified background, was
10 pg/ml for MAL-II and VVL, 5 pg /ml for UEA-1, and
2,5 pug/ml for lectins SNA, ECA, and Con A.

Lectin histochemistry and immunohistochemistry

For lectin histochemistry, the paraffin sections, after
dewaxing and hydration, were treated with 3% hydrogen
peroxide for 10 min to inhibit the endogenous peroxid-
ase, rinsed with distilled water, and treated with an
avidin-biotin kit (Vector Labs, USA) to block endogen-
ous avidin-binding activity. The sections were rinsed
with phosphate-buffered saline (PBS) and incubated with
Carbo-Free block solution (Vector Labs, USA) for 30
min to reduce the background staining. Then the sec-
tions were incubated for 30 min at room temperature
with biotinylated lectins solution in PBS. After washing
the sections were incubated with the avidin-biotin-
peroxidase complex (ABC, Vector Labs, USA) for 30
min. After 3 washes in PBS, the peroxidase activity sites
were visualized using DAB solution.

For immunohistochemistry, endometrial samples were
fixed in 10% buffered formaldehyde for 24 h, embedded
in paraffin, and 3 pm thick sections were prepared for
immunohistochemical (IHC) investigation. IHC staining
of citrate-pretreated sections (90 for 20 min) was per-
formed using MAbs: anti-Le® MAbs (1 pg/ml) and
MECA-79 MAbs (5 pg/ml). The binding of Le” was de-
tected by Dako REAL™ EnVision™ Detection System
(Dako, Denmark). The binding of MECA-79 MAbs was
revealed with the use of a goat anti-rat IgG (H+L)
(1 pg/ml, Vector Laboratories, USA), conjugated with
peroxidase. Slides were counterstained with hematoxylin,
dehydrated, cleared, and mounted in Shandon-mount to
be examined under light microscopy.

Controls for lectin and MAbs staining

Negative controls were carried out by replacement of
the lectins and MAbs solution with a buffer (PBS, pH
7.4) to identify non-specific binding of avidin—peroxidase
to the tissue or residual endogenous peroxidase activity.
An irrelevant rat IgM antibody (purified rat IgM, « iso-
type control clone R4-22, BD Pharmingen, Cat. No
553940), and mouse IgG1 (k isotype control 15-6E10A7,
Abcam, ab 170190) MAbs were used instead the primary
antibody. Sections were also incubated with lectins in
the presence of an appropriate competing sugar: 0.2 M
a-methyl mannoside for Con A, 0.2 M L-fucose for
UEA-1, 0.2 M galactose for ECL, 0.2 M N-acetylgalacto-
samine for VVL. The lung carcinoma, breast cancer
lymph nodes and placental terminal villi were used as
positive controls for staining of endometrium with an
anti-Le” antibody, MECA-79 antibody and with lectins
ConA and SNA, respectively.
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Neuraminidase digestion

For lectins ECL, SNA, and MAL-II, sialic acid was re-
moved by pretreating the sections with 50 mU/ml neur-
aminidase (N) from Vibrio cholerae (Type III, Sigma-
Aldrich, USA). Neuraminidase pre-treatment was used
for 2 h at 37 °C, as described by Jones CJP [25].

Assessment of staining location and reactivity intensity

A grid, 1 mm x 1 mm, divided into 100 fields, was used
for staining assessment. The reaction intensity was
assessed by two independent researchers “blindly” (the
samples were encrypted). In each examination 10 ran-
domly selected equidistant fields of view were studied
using a random number generator. The measurements
were processed automatically as average values of optical
density on the apical surface of luminal epithelial cells
and glandular epithelial cells using image analysis with
NIS Elements Advanced Research 3.2 program (Labora-
tory Imaging LTD, Czech Republic).

Microarray chip analysis

The microarray applied in the study was a polymer-coated
glass slide with N-hydroxysuccinimide-derivatized surface,
produced by Schott-Nexterion (Germany), with 651
spacered glycans in 50 uM solutions at 6 replicates [26]. A
complete list of printed glycans is presented in an add-
itional file (Table S1). A sample of anti- Le* MAbs or
MECA-79 MAbs (both at concentration 5 pg/mL), diluted
in PBS (Sigma Aldrich, USA) containing 0.1% (v/v) of
Tween 20 (Merck, USA) and 1% BSA (Sigma, USA), was
placed onto the chip surface and incubated in a humidi-
fied dark chamber at 37 C and mild rotation (32-34 rot/
min) for 1 h. Then the chip was washed with PBS contain-
ing 0.05% Tween 20 (PBS-0.05%) and incubated with bio-
tinylated goat-anti-mouse antibodies (Thermo Fisher
Scientific, USA) at concentration 10 pg/ml in PBS-0.1%
under the same conditions. Then the chip was washed
with PBS-0.05% and incubated with streptavidin-Alexa-
555 conjugate (Thermo Fisher Scientific, USA) at 1 pug/ml
in PBS-0.1% at room temperature (20 °C) for 45 min and
mild rotation. The chip was air-dried and scanned by
InnoScan 710 AL (Innopsys, France) at A, 543 nm and
10 um resolution. The obtained data were processed using
ScanArray Express 4.0 software, a fixed 80 pm-diameter
circle method and Microsoft Excel software. Data for each
glycan on the array are reported as median relative fluor-
escence units (RFU) of 6 replicates. The median deviation
was measured as an interquartile range. A signal with
fluorescence intensity 5 times exceeding the background
value was considered significant.

Statistical analysis
A statistical software package Statistica 10 (USA) was
used to perform a x> test to compare categorical
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variables, t-test, linear regression, or Mann—Whitney U
test. The odds ratio (OR) adjusted for confounders and
calculated using logistic regression was used as a meas-
ure of association to compare binary data. Correlation
analysis was performed with the use of Spearman’s rank
correlation coefficient. Differences between statistical
values were considered statistically significant at a confi-
dence level p<0.05.

Results

Clinical results

The average age and BMI of patients in the studied
groups did not differ significantly (p>0.05). There were
also no differences in menstrual function, gravidity, par-
ity, hormonal tests, and somatic morbidity. Patients with
thin endometrium often had a history of endometrial
polyps. There were no differences in cumulative doses of
gonadotropins (GT), duration of ovarian stimulation, or
in drugs used for ovarian stimulation (Table 1). A larger
number of excellent blastocysts were obtained from pa-
tients with normal endometrial thickness (Table 2).

The pregnancy rate in patients with endometrial thick-
ness > 8 mm was 66.7% (12 out of 18 women), while pa-
tients with thin endometrium failed to become pregnant
(0 out of 14) (p =0.0001). In the multivariate analysis with
logistic regression, taking into account the number of ex-
cellent blastocysts, the OR of pregnancy, depending on
the endometrium thickness, was 1.47 (95% CI = 1.05; 2.5).

Intragroup comparison and correlation analysis of the
glycans expression levels on the apical surface of the
luminal and glandular epithelial cells in women with
normal and thin endometrium

The glycans expression on the apical surfaces of luminal
and glandular epithelial cells was assessed, and correla-
tions between the expression levels were calculated for
each studied group separately. The data obtained for
each group were analyzed thereafter to find out the pat-
terns of the glycans expression in normal and thin endo-
metrium. In both groups, the glycans expression
patterns were similar in both endometrial structures, as
confirmed by correlation and comparative analysis with
linear regression (Tables 3 and 4). In case of thin endo-
metrium, a moderate positive correlation was observed
for the contents of glycoconjugates stained with anti-Le”
MADs (an example is one of the photomicrographs of
Fig. 1a) and Con A (Fig. 1b), UEA-I, N + ECL on the ap-
ical surface of the luminal epithelial cells, and the con-
tents of the same glycoconjugates on the apical surface
of glandular cells (Table 3). In patients with normal
endometrium, a moderate positive correlation was found
for staining with lectins UEA-I and N + ECL in the two
endometrial structures (Table 4). It should be noted that
despite the revealed significant relationship between the
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Table 1 Selected characteristics of the patients, included in the study

Features Group 1 (n=14) Group 2 (n=18) p-value
Age, yearsb 33.0£55 333+£33 0.8611
BMI, kg/m”® 224+30 225426 09267
Endometrial polyps * 5 (35.7%) 2 (11.1%) 0.0948
Gravidity© 0 (0-1) 1(0-2) 0.2706
Parity* 0 (0-0) 0 (0-0) 06622
Number of IVF cycles® 0 (0-2) 1(0-2) 04250
FSH, mlU/mL° 74+28 78+22 0.5781
AMH, ng/mL ° 35£30 41+39 06377
Stimulation duration, daysb 89+0.7 92+13 0.5432
GT cumulative dose, IUP 14196 +3716 16125+5323 0.2581

BMI body mass index, FSH follicle-stimulating hormone, AMH anti-Mullerian hormone, GT gonadotropins

2 Data are presented as absolute numbers and %, x* test
P Data are presented as mean + standard deviation, t-test
¢ Data are presented as medians (with interquartile range), Kruskal-Wallis test

expression of subterminal residues GalB1-4GIcNAcp1-
(N +ECL) in the studied endometrial structures of pa-
tients of both groups, their contents alterations were re-
ciprocal, in contrast to the above pattern. The
comparative results of lectins staining in the glycocalyx
of luminal and glandular epithelial cells of endometrium
in the studied groups are shown in Tables 3 and 4.

Intergroup comparison of the glycans expression on the
apical surface of the luminal and glandular epithelial cells
in women with normal and thin endometrium

An intergroup comparison revealed a decreased expres-
sion of carbohydrate epitopes MECA-79 on the apical
surface of the epithelial cells of thin endometrium, com-
pared to normal (p = 0.033) (Fig. 2). Differences in glyco-
conjugates expression on the apical surface of the
glandular cells were not found. An additional file shows
this in more detail (see Table S2).

Carbohydrate specificity of anti-Le” and MECA-79 MAbs
Microarray chip analysis of MAbs showed that anti-Le
MAbs exclusively bound to difucosylated oligosaccharide

Y

Le¥ (Fig. 3 a). The glycans, most actively binding to
MECA-79 MAbs were those containing a type-2 unit
LacNAc (Galp1-4GIcNAcP), and especially an oligolacto-
samine derivative GalPf1-4GIcNAcP1-3(GIcNAcB1-6)
GalP1-4GIcNAcP. Lower but still significant binding was
detected between MECA-79 MAbs and a Le" derivative
GalNAcB1-3(Fucal-2)Galp1-4(Fucal-3)GlcNAcp; a
fucose-rich sulfated ~SialylLe® residue Neu5Aca2-
3Galp1-4(2-O-Su-Fucal-3)GIcNAcp; and an a-
lactosamine substituted derivative 6-Bn-Galal-4(6-Bn)
GlcNAcp (where Bn is a benzyl residue) (Fig. 3b). More-
over, the 2nd and the 4th glycans from this list were not
detected in humans before. I.e. MECA-79 MAbs specif-
ically bind to LacNAc-containing oligosaccharides, but
do not bind to mucin core 1 glycans of the microarray.

Discussion

In this study, we explored the concept that the carbohy-
drate phenotype of endometrial structures may reflect a
decreased receptivity of thin endometrium. We focused
on glycans, basing on: 1) hormone-dependent change of
the glycosylation pattern in the menstrual cycle [16, 27,

Table 2 Characteristics of gametes and embryos of the patients included in the study

Feature Group 1 (n=14) Group 2 (n=18) p-level
Normal sperm ° 8 (57.1%) 14 (77.7%) 03193
Average number of mature oocytes per patient b 6 (3-7) 4 (4-7) 0.7612
Average number of zygotes per patient P 6 (2-7) 4 (3-6) 0.6622
Average fertilization rate 0.72+0.15 0.75+0.23 0.7648
Average number of blastocyst per patiemb 4 (1-5) 3 (2-4) 0.9848
Average level of blastulation® 068+0.26 0.77+0.26 03143
Average number of excellent blastocysts per patient b 0(0-2) 15 (1-3) 0.0303

2 Data are presented as absolute numbers and %, x2 test

P Data are presented as medians (with interquartile range), Mann-Whitney U test;

¢ Data are presented as mean =+ standard deviation, t-test
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Table 3 Glycoconjugates contents on the apical surface of the luminal and glandular epithelial cells in thin endometrium

Lectins and MAbs Luminal cells Glandular cells rs p-value
MAL Il 0.29+£0.07 (0.18-041) 0.27 £0.08 (0.15-0.45) 03475 01717
N+ MAL Il 0.16 + 0.04 (0.09-0.24) 0.10+0.03 (0.05-0.17) 04510 0.0692
UEA | 024+0.11 (0.06-0.50) 0.17£0.10 (0.08-041) 0.6472 0.0036
SNA 0.34+£0.09 (0.19-0.48) 0.22£0.08 (0.10-0.38) 0.2675 0.2832
N+ SNA 0.32+0.09 (0.14-0.44) 0.17+0.07 (0.07-0.29) 0.5697 0.0135
ECL 035+0.12 (0.11-0.51) 0.26+£0.10 (0.10-042) 0.0734 0.7720
N+ ECL 0.51+0.11 (0.24-0.68) 0.57 +0.28 (0.27-1.49) 0.5873 0.0103
WL 0.25+0.10 (0.15-0.46) 0.24+0.13 (0.07-0.53) 0.3771 0.1229
Con A 0.39+0.09 (0.26-0.53) 0.28+0.06 (0.17-0.44) 0.5064 0.0319
MECA-79 0.33+0.07 (0.25-0.48) 0.19+0.07 (0.03-0.29) 0.1019 0.7072
Anti- Le" 0.25+0.06 (0.15-0.39) 0.14£0.06 (0.08-0.34) 04791 0.0442

Data are presented as mean * standard deviation (minimum-maximum)

rs Spearman’s rank correlation coefficient between contents of glycoconjugates in luminal and glandular epithelial cells

P-value for the Spearman'’s rank statistic
Italics Bold statistically significant values

28]; 2) a specific endometrial glycosylation pattern asso-
ciated with the blastocyst reception during the implant-
ation window [13, 29-31]; 3) the crucial role of glycans
in intercellular adhesion and tissue morphogenesis [32—
35]. We chose to study the epithelial compartments of
endometrium in patients with normal and thin endomet-
rium since contact interactions occur on the apical sur-
face of the endometrium epithelial cells, and the
glycocalyx of the apical surface of glandular cells reflects
their secretory activity and potential for intercellular in-
teractions during trophoblast invasion [36].

Our study was the first to demonstrate that decreased
receptivity in infertile female patients is associated with
an altered glycan phenotype of thin endometrium. The
investigation revealed reduced expression of the L-

selectin ligand (MECA-79) in the glycocalyx of epithelial
cells in thin endometrium. It should be noted that the
glycan composition of MECA-79 epitope was intensively
studied before. In particular, it was shown that desialyla-
tion of ClyCAM-1 enhanced binding of MECA-79 to
ClyCAM-1. In contrast, binding of MECA-79 to
ClyCAM-1 and CD34 significantly decreased when the
sulfation of these ligands was reduced with chlorate, a
metabolic inhibitor of sulfation. Defucosylation also
significantly reduced the binding of MECA-79 with
ClyCAM-1 [37]. Various authors denoted 6’-sulfated
SialylLeX (Siaa2-3(6-O-Su)GalPp1-4(Fucal-3)GIlcNAc on
core 2 branched O-glycans [38], as well as sulfated ex-
tended core 1 mucin-type O-glycans Galpl-4(6-O-
Su)GIcNAcB1-3GalNAc [23], as the MECA-79 epitope.

Table 4 Glycoconjugates contents on the apical surface of the luminal and glandular epithelial cells in normal endometrium

Lectins and MAbs Luminal cells Glandular cells rs p-value
MAL Il 0.28+0.11 (0.14-0.52) 0.27 +0.08 (0.15-0.45) 0.2100 04711
N+ MAL I 0.15+0.05 (0.10-0.30) 0.12+0.08 (0.04-0.35) 0.0336 0.9093
UEA | 0.24£0.14 (0.07-0.59) 0.22£0.14 (0.05-0.49) 0.5925 0.0328
SNA 041+0.07 (0.22-0.51) 0.22 +0.09 (0.09-041) 0.5040 0.0661
N+ SNA 0.34+0.08 (0.21-0.52) 0.19+0.11 (0.06-0.46) 0.1990 04951
ECL 033+0.09 (0.15-0.52) 0.29+0.14 (0.08-0.62) 03812 0.1786
N+ ECL 0.57 £0.09 (0.39-0.78) 0.55+0.10 (0.39-0.72) 0.5697 0.0334
WL 0.26 +0.09 (0.10-043) 0.21 £0.09 (0.09-0.38) 0.5294 0.0628
Con A 0.35+0.09 (0.15-0.54) 0.30+0.07 (0.17-0.40) 0.1505 06236
MECA-79 042+0.11 (0.19-0.65) 0.20£0.06 (0.10-0.31) 04476 0.1445
Anti- Le" 0.22 +0.06 (0.12-0.35) 0.14£0.06 (0.05-0.27) —-0.2903 03139

Data are presented as mean * standard deviation (minimum-maximum)

rs Spearman’s rank correlation coefficient between contents of glycoconjugates in luminal and glandular epithelial cells

P value for the Spearman’s rank statistic
Italics Bold statistically significant values
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Fig. 1 Glycoconjugates staining in thin endometrium. Staining of
the apical surface of the luminal epithelial cells (1) and of the
glandular cells (2) with anti-Le’ MAbs (a) and with Con A (b).
Negative controls were performed without primary antibodies (c)
and lectin Con A (d) and with mouse IgG, (e). Staining of positive
controls: f - placental terminal villi with Con A, g - lung carcinoma
tissues with the anti-Le” antibody. Magnification: x 400

The importance of a sulfated residue (6-O-Su)GlcNAc
for binding to the epitope recognized by MECA-79
MAbs has been especially noted [39].

Our findings on MECA-79 MAbs specificity demon-
strate the high binding activity of these antibodies to
type-2 glycan unit LacNAc. Glycan Galp1-4(6-O-Su)Glc-
NAcP1-3GalNAc was not exposed on the microarray,
but its sulfated form GalP1-4(6-O-Su)GIlcNAc (glycan
Ne 203 in Table S1) was present, and we did not detect
binding of MECA-79 to this glycan. Our data on the
MECA-79 MAbs specificity do not contradict the litera-
ture, since our findings confirm the binding to LacNAc
based glycans. However, (6-O-Su)GIcNAcp residue is
apparently not a unique factor for binding, but is recog-
nized in complex with LacNAc, within a certain molecu-
lar recognition pattern of MECA-79 MAbs. Probably, a
glycan epitope binding to MECA-79 is more complex
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than it has been shown before; this is quite explicable
for MAbs obtained as a result of immunization with
collagenase-dispersed BALB/c lymph node stroma, but
not with one particular antigen.

MECA-79 is considered as one of the most relevant
markers of endometrial receptivity [40]. A number of
studies indicate that in a natural cycle, the expression of
MECA-79 is significantly higher in fertile than in infer-
tile patients [18]. Moreover, the absence of MECA-79 in
the structures of endometrium in patients with infertility
was shown to be associated with IVF failures [18]. Im-
plantation and clinical pregnancy rates in patients with a
higher MECA-79 expression were more than twice
higher compared to patients with relatively low expres-
sion [41]. Our study allowed us to link lower MECA-79
expression with thin endometrium in patients with re-
productive failures: embryo transfer in patients with
endometrium less than 8 mm and decreased MECA-79
expression did not result in pregnancy, while 67% of pa-
tients with normal endometrium and higher MECA-79
expression succeeded to conceive. Therefore, assessment
of MECA-79 expression may be used as a predictor of
IVF failure and may help infertile patients with thin
endometrium to avoid repeated useless treatment cycles.

The role of glycans in the pathophysiology of thin
endometrium is also confirmed by the study of correla-
tions between their expression levels in the main epithe-
lial structures. The levels of expression of all studied
glycans in two epithelial structures were comparable in
patients of both groups, with a slight tendency towards
higher expression in luminal epithelial cells. The luminal
epithelium is the zone of primary contact with the
trophectoderm, and the molecular “border” which the
implanting embryo must overcome [13, 42]. The glands
regulate uterine receptivity, luminal fluid homeostasis,
blastocyst implantation, and embryo and placenta devel-
opment at early stages [29, 36]. Both glandular and lu-
minal epithelium determine the receptivity of the
endometrium but perform different functions: regulation
of implantation and reception of the embryo, respect-
ively. It is known that during endometrial adenogenesis,
differentiation and budding of glandular epithelium from
luminal epithelium occurs, followed by invagination and
extensive tubular coiling and branching through uterine
stroma into the myometrium [36, 43, 44] Having differ-
entiated from the luminal epithelium, the glandular
compartment apparently retains the quantitative and, in
general, the qualitative composition of the glycocalyx.

Worth noting is that a correlation between the con-
tents of fucosylated glycoconjugates with type-2 unit
stained with UEA-I, was found in the glycocalyx of lu-
minal and glandular epithelial cells both in thin and nor-
mal endometrium. It is known that UEA-I specifically
stains antigen H type 2 [Fucal-2Galp1-4GlcNAcB-R],
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Fig. 2 Immunolocalization of carbohydrate epitopes MECA-79 on the apical surface of the luminal epithelial cells. a - thin and b - normal
endometrium; (1) - luminal cells and (2) - glandular cells. Negative controls were performed without primary antibodies (c) and with isotypic rat
IgM (d). Positive control - lymph nodes in breast cancer (e). Magnification: x 400. Histograms demonstrate relative expression of carbohydrate
epitopes MECA-79 in thin (n = 14) and normal (n = 18) endometrium. The bar represents optical density as a mean value + standard deviation.

endometrium endometrium

one of the five types of carbohydrate cores for biosyn-
thesis of antigens of the ABO system and related antigens
of the Lewis system, including Le® [Fucal-2Galf1-
4(Fucal-3)GIcNAcB-R] [45]. Galp1-4GIcNAcp is a pre-
cursor of both fucosylated antigens and is specifically de-
tected by ECL lectin. In both study groups, a significant
correlation between the contents of LacNac residues in
the superficial and glandular epithelium was detected
only after pretreatment of endometrial tissue with neur-
aminidase followed by staining with ECL (N + ECL); this
indicates the interrelated expression of not terminal, but
subterminal N-acetyllactosamine residues in both inves-
tigated structures. Noteworthy, in normal endometrium

there is a tendency towards a higher expression of sub-
terminal LacNAc residues in the surface epithelium,
while in the thin endometrium, on the contrary, the ex-
pression of subterminal LacNAc residues it is higher in
glandular epithelium. At the same time, the expression
of subterminal N-acetyllactosamine residues in the epi-
thelial compartments of patients of both groups is
higher, than of other glycans; this demonstrates wide
representation of glycans with a type-2 unit in the glyco-
calyx of the endometrial epithelial structures.

The terminal unsubstituted residues of LacNAc were
found at the apical membranes of a few scattered glan-
dular epithelial cells in normal endometrium, but could

A

Fucal-2Galp1-4(Fucal-3)GlcNAcp-
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Fig. 3 Top ligands for anti-Le’ MAbs (a) and MECA-79 MAbs (b). For structures and short names of all ligands of the microarray chip see
additional file (Table S1). Fucal-2GalB1-4(Fucal-3) GIcNACR- (Le" #372). Fucal-2GalB1-3(Fucal-4) GIcNACB- (Le® #371). Fucal-2GalB1-3(Fucal-4)
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be seen more frequently in atrophic, weakly proliferating
glandular epithelial cells [46]. We found no significant
intergroup differences in the expression of both terminal
and subterminal residues of N-acetyllactosamine, as well
as of fucosylated glycans stained with UEA-I; however,
similar correlations of the expression of the correspond-
ing glycoconjugates in the studied epithelial compart-
ments of thin and normal endometrium apparently
reflect the universal patterns of expression of glycans’
functional residues, common for glycoconjugates of the
endometrial glycocalyx, and may feature appropriate
changes during the middle secretory phase, which do
not affect endometrial receptivity.

In the study of a (1-2)-fucosylated glycans, special at-
tention was paid to Le" glycan, one of the key molecules
mediating cell junctions, which is expressed in the
secretory phase of the cycle as a part of the carbohydrate
chains of avf3 integrin of the epithelial cells of the
endometrium [47]. It was experimentally proved that
Le¥ can function as a regulatory and signaling molecule,
since its inhibition is associated with impaired expres-
sion of matrix metalloproteinase 9 (MMP-9), epidermal
growth factor (EGF), epidermal growth factor receptor
(EGFR), and with the blockade of the DAG/PKC signal-
ing pathway, which regulates cell growth, division, and
differentiation [48]. It was found that the expression of
Le” and FUT4, an enzyme adding the Fucal-3 residue
to type-2 unit, correlates with a high reception of RL95-
2 cells and activates the EGFR/MAPK signaling pathway
[49]. Blocking of Le” glycan biosynthesis in RL-95-2
endometrial cells line in vitro leads to a decrease in their
adhesion to JAR embryonic cells and negatively regulates
the avp3/FAK signaling pathway which is responsible for
invasion and migration of invading cells [50]. This con-
firms the key role of Le” in intercellular contacts during
implantation [45].

Our data showed that though overall Le* expression
levels in normal and thin endometrium were almost
similar, there was a certain correlation between the Le”
levels in the two epithelial structures of thin endomet-
rium, while in normal endometrium no correlation
could be found. This phenomenon probably reflects the
tissue homeostasis disorder, essential for morphogenesis
of the endometrial functional layer and blastocyst ac-
ceptance, since Le" plays a key role in intercellular con-
tacts during implantation [45]. The patterns of
specificity of anti-Le” MAbs and UEA-I are similar, but
not absolutely. As we have shown earlier, UEA-I has a
broader specificity and recognizes fucosylated LacNAc
structures, including H type 2 and Le" antigens and
some other LacNAc-containing glycans [51]. Apparently,
thin endometrium has specific Le" glycan expression
which affects the endometrium receptivity, while expres-
sion of glycans containing type-2 unit is crucial for
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endometrial tissue, since LacNAc and its derivatives are
the basis for biosynthesis of branched glycans abun-
dantly present in the endometrium [52]. A pattern simi-
lar to Le' was observed for mannose-rich glycans
(staining with Con A) in the epithelial compartments of
thin endometrium. A review of available literature pro-
vided evidence of an altered pattern of Con A binding in
atrophic and hyperplastic postmenopausal endometrium
[53], and in neoplastic endometrium with poor histo-
logical differentiation [54]. We have not found such cor-
relations in normal endometrium. We assume that with
the differentiation of luminal epithelium into the glandu-
lar epithelium and with the emergence of new functions
in the normal endometrium with high receptivity, the
correlation between the expression of certain glycans in
the two epithelial structures vanish, reflecting adequate
differentiation of epithelial cells. In thin endometrium
the processes of differentiation of the glandular epithe-
lium are probably impaired; this may negatively affect
the maturity and functional activity of the cells.

Conclusion
Therefore, our preliminary study revealed specific
expression of mannose-rich glycans and LacNAc-

containing oligosaccharides (including Le” and glycans
containing LacNAc type-2 unit, which have been identi-
fied as potential ligands to MECA-79 MAbs) in the epi-
thelial compartments of thin endometrium involved in
the interactions with the blastocyst during the implant-
ation window. These changes may be essential for mor-
phogenesis of the endometrial functional layer, resulting
in the tissue deficiency and incapability to support the
development of a haemochorial interface, and this, in
turn, may affect the blastocyst implantation. We believe
that alteration in the endometrial glycosylation pattern,
namely the glycocalyx composition in the epithelial
compartments, may contribute to the pathophysiology of
thin endometrium and explain its low receptivity.
Undoubtedly, a more profound study of a specific glyco-
sylation pattern may provide insight into the pathophysi-
ology of thin endometrium.
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