
 

 

 

Aus der Klinik und Poliklinik für Frauenheilkunde und Geburtshilfe 

der Ludwig-Maximilians-Universität München 

Direktor: Prof. Dr. Sven Mahner 

 

 

 
 

 

Expression of Carbohydrate Lewis Antigens in the 

Placenta of Patients with Miscarriages 

 

 

 
Dissertation 

zum Erwerb des Doctor of Philosophy (Ph.D.)  

an der Medizinischen Fakultät der 

Ludwig-Maximilians-Universität zu München 

 

vorgelegt von 

Zhi Ma 

aus 

Hubei, China 

Jahr 2023 

  



Mit Genehmigung der Medizinischen Fakultät der 

Ludwig-Maximilians-Universität zu München 

Erstes Gutachten:     Prof. Dr. Udo Jeschke 

Zweites Gutachten:    Prof. Dr. Markus Sperandio 

Drittes Gutachten: 

Viertes Gutachten: 

Dekan: Prof. Dr. Med. Thomas Gudermann 

Tag der mündlich Prüfung: 26.09.2023

Priv. Doz. Dr. Tina Buchholz

Prof. Dr. Uwe Hasbargern



Affidavit 

 

 1  

Affidavit 

 

 

 

 

Ma, Zhi 

_______________________________________________________________ 

Surname, first name 

 

 

 

 

 

 

 

I hereby declare, that the submitted thesis entitled:  

Expression of Carbohydrate Lewis Antigens in the Placenta of Patients with 

Miscarriages 

……………………………………………………………………………………………………………. 

is my own work. I have only used the sources indicated and have not made unauthorised 

use of services of a third party. Where the work of others has been quoted or reproduced, 

the source is always given. 

I further declare that the dissertation presented here has not been submitted in the same 

or similar form to any other institution for the purpose of obtaining an academic degree. 

 

 

Hangzhou, 01.10.2023                                   Ma, Zhi 

__________________________                 __________________________     

place, date                                                                  Signature doctoral candidate 
 

  

Affidavit 



Confirmation of congruency 

 

 2  

Confirmation of congruency 

 

 

 

 

Ma, Zhi 

_______________________________________________________________ 

Surname, first name 

 

 

 

 

 

 

 

I hereby declare, that the submitted thesis entitled:  

Expression of Carbohydrate Lewis Antigens in the Placenta of Patients with 

Miscarriages 

……………………………………………………………………………………………………………. 

is congruent with the printed version both in content and format. 

 

 

 

 

 

Hangzhou, 01.10.2023                                   Ma, Zhi 

__________________________          __________________________     

place, date                                                                  Signature doctoral candidate                                                                                          

Confirmation of congruency between printed and electronic version of 

the doctoral thesis 



 

 3  

Table of Contents 

AFFIDAVIT ................................................................................................................................................... 1 

CONFIRMATION OF CONGRUENCY .................................................................................................. 2 

TABLE OF CONTENTS .............................................................................................................................. 3 

1. ABBREVIATIONS ................................................................................................................................... 4 

2. PUBLICATION LIST .............................................................................................................................. 6 

3. CONTRIBUTION TO THE PUBLICATIONS .................................................................................... 7 

3.1 CONTRIBUTION TO PAPER I ............................................................................................................................... 7 

3.2 CONTRIBUTION TO PAPER II .............................................................................................................................. 7 

4. INTRODUCTION ..................................................................................................................................... 8 

4.1 PREGNANCY AND MISCARRIAGES .................................................................................................................... 8 

4.1.1 Pregnancy related immune cells and cytokines ................................................................................. 8 

4.1.2 Endometrial immune perturbations in miscarriages ..................................................................... 10 

4.1.3 Hyper-receptive endometrium in recurrent miscarriage .............................................................. 13 

4.2 CARBOHYDRATE LEWIS ANTIGENS ............................................................................................................... 14 

4.2.1 Classification and synthesis ................................................................................................................. 15 

4.2.2 Physiological functions ......................................................................................................................... 17 

4.2.3 In cancer progression ............................................................................................................................ 19 

4.2.4 As cancer biomarkers ............................................................................................................................ 22 

4.2.5 As targets of cancer vaccines and therapeutics .............................................................................. 23 

4.3 MODULATION OF CYTOKINES ON THE EXPRESSION OF CARBOHYDRATE LEWIS ANTIGENS .............. 24 

4.4 AIM OF THE STUDY ........................................................................................................................................... 25 

5. PUBLICATION I ................................................................................................................................... 27 

6. PUBLICATION II.................................................................................................................................. 42 

7. SUMMARY ............................................................................................................................................. 56 

8. ZUSAMMENFASSUNG ....................................................................................................................... 58 

9. REFERENCES ....................................................................................................................................... 60 

10. ACKNOWLEDGEMENTS ................................................................................................................ 85 

LIST OF ALL SCIENTIFIC PUBLICATIONS .................................................................................... 86 

 



Abbreviations 

 

 4  

1. Abbreviations 

ALDH aldehyde dehydrogenase 

Ang angiopoietin 

APC antigen-presenting cell 

bFGF basic fibroblast growth factor  

CA-125 carbohydrate antigen 125  

CCL C-C motif ligand  

CDC complement-dependent cytotoxicity  

CEA carcinoembryonic antigen  

CSC cancer stem cell 

CXCL C-X-C motif ligand  

DC dendritic cell 

EBP egg-binding protein 

ECM extracellular matrix  

EGF epidermal growth factor  

EMT Epithelial-mesenchymal transition  

ER endoplasmic reticulum  

ERK extracellular-signal-regulated kinase 

ESC endometrial stromal cell 

EVT extravillous trophoblast 

FOXP3 Forkhead box P3  

Fuc Fucose 

FUT fucosyltransferase 

Gal galactose 

GalNAc N-acetylgalactosamine  

GBM glioblastoma multiforme  

G-CSF granulocyte colony stimulating factor  

GDP guanosine-diphosphate  

Glc glucose 

GlcA glucuronic acid 

GlcNAc N-acetylglucosamine 

GM-CSF granulocyte-macrophage colony-stimulating factor 

GSEA gene set enrichment analysis  

HB-EGF heparin-binding epidermal growth factor-like growth factor 

HLA human leukocyte antigen  

HNSCC head and neck squamous cell carcinoma 

HUVEC human umbilical vein endothelial cell 

IdoA iduronic acid  

IF immunofluorescent 

IHC immunohistochemical 

IL- interleukin 
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KEGG Kyoto Encyclopedia of Genes and Genomes  

KIR killer cell immunoglobulin-like receptor 

KLH keyhole limpet hemocyanin  

LeA Lewis A 

LeB Lewis B 

LeX Lewis X 

LeY Lewis Y 

LIF leukemia inhibitory factor  

mAbs monoclonal antibodies 

Man mannose 

MAPK mitogen-activated protein kinase 

M-CSF macrophage colony stimulating factor  

MFR monthly fecundity rate  

MIF migration inhibitory factor  

MMP matrix metalloproteinase 

MSK mitogen- and stress-activated kinase 

MUC1 mucin 1 

NEU neuraminidase 

Neu5Ac sialic acid 

PADRE pan-HLA-DR-binding epitope  

PAMM placenta associated maternal macrophage 

pNK peripheral natural killer 

POFUT O-fucosylation  

PRL prolactin 

PROK1 prokineticin 1 

sLeA sialyl Lewis A 

sLeX sialyl Lewis X 

SSEA-1 Stage-specific embryonic antigen-1  

ST sialyltransferase 

TGF-β transforming growth factor-beta  

Th T helper  

TIMP tissue inhibitors of metalloproteinase 

TNF-α tumor necrosis factor-alpha  

Treg T regulatory  

TTP time-to-pregnancy  

uNK uterine natural killer 

uRM unexplained recurrent miscarriage  

VEGF vascular endothelial growth factor 

Xyl xylose 

ZP zona pellucida  
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4. Introduction 

4.1 Pregnancy and Miscarriages 

4.1.1 Pregnancy related immune cells and cytokines 

An inflammatory response involves the upregulation of chemokines and cytokines as 

well as subsequent recruitment of immune cells from the bloodstream to the injured or 

infected site, which is a fundamental protection of our human body from invading 

organisms [1]. Emerging evidence indicates that an inflammatory microenvironment is 

also required for successful implantation and maintenance of pregnancy [2]. 

  The population of immune cells in human decidua and endometrium has been 

extensively studied, of which uterine natural killer (uNK) cells (comprising 65-70% of 

the leukocytes in first trimester), antigen-presenting cells (APCs, make up for about 10-

20%) like macrophages and dendritic cells (DCs), and T cells (around 10%) are the 

three main cell types [1, 3]. Unlike the counterpart cytotoxic peripheral NK (pNK) cells, 

uNK cells do not appear to be involved in cytotoxic responses to embryos, they mostly 

express CD56 that differs from the classical markers CD3/4/8/16/57 carried by the 

major population of pNK cells [4, 5]. Moreover, uNK cells have killer cell 

immunoglobulin-like receptors (KIRs), which bind to human leukocyte antigen (HLA)-

C expressed by the extravillous trophoblasts (EVTs), favoring greater reproductive 

success [6]. The exact origin of uNK cells remains an enigma, many studies have 

revealed that they could differentiate from recruited peripheral blood precursors as well 

as directly proliferate from the local CD34+ precursor cells in decidual tissues driven 

by factors like interleukin 11 (IL-11) and IL-15 secreted by DCs and endometrial cells, 

or from recruited pNK cells which is facilitated by transforming growth factor-beta 

(TGF-β) secreted by macrophages [7-9]. Known cytokines and growth factors produced 

by uNK cells are tumor necrosis factor-alpha (TNF-α), leukemia inhibitory factor (LIF), 

interferon-gamma (IFN-γ), IL family members (IL-1β, IL-6, and IL-8), vascular 

endothelial growth factors (VEGFs), angiopoietin 1 (Ang1), Ang2, TGF-β1, 
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macrophage colony stimulating factor (M-CSF), granulocyte colony stimulating factor 

(G-CSF), and granulocyte-macrophage colony-stimulating factor (GM-CSF), which 

have been attributed with crucial roles in promoting spiral artery remodeling and 

regulating trophoblast invasion [10, 11]. 

  Unlike uNK cells’ significantly reduced number in the third trimester, macrophages 

and DCs remain present at high levels at the implantation site throughout pregnancy 

[12, 13]. Placenta associated maternal macrophages (PAMM) originate from maternal 

blood monocytes which are found in the intervillous space [14]. Several lines of 

evidence suggest that placental villi as well as IL-1β stimulated decidual cells secrete 

an array of cytokines including macrophage migration inhibitory factor (MIF), C-X-C 

motif ligand 2 (CXCL2), CXCL3, CXCL8, C-C motif ligand 2 (CCL2), and CCL5, 

which attract monocytes migration and macrophages recruitment [15-17]. PAMM and 

DCs themselves also produce a diverse range of enzymes and cytokines like IL4, IL10, 

and IL13 that control the angiogenesis and tissue remodeling [1, 18]. Besides, 

macrophages derived LIF and IL-1β contribute to the embryo attachment by regulating 

α1,2 fucosyltransferases in endometrial cells [19, 20]. In parallel, macrophages have 

been found to drive trophoblast invasion and clean up debris of apoptotic trophoblast 

preventing the initiation of semi-allogenic immune response [21, 22]. Accumulation of 

DCs surrounding the implanted embryo has been suggested to be involved in inducing 

immunologic tolerance and regulation of T cell-mediated immunity [23]. Further, it has 

been evident that cross-talks between DCs and uNK cells stimulate the reciprocal 

maturation and activation [24]. 

  T cells especially T helper (Th1, Th2, and Th17) and T regulatory (Treg) cells are 

also key players in shaping maternal immune tolerance towards semi-allogenic fetus 

during pregnancy [22]. These T cell subsets are differentiated from the naïve 

CD3+CD4+ T cells upon the recognition of active signals including conceptus antigens, 

a comprehensive bias to stimulate generation of CD4+ Treg cells and suppress Th1 and 

Th17 cells has been widely acknowledge as the crucial feature in this adaptive immune 
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process [25]. Th1 cells produce mainly pro-inflammatory cytokines like TNF-α, IFN-γ, 

IL-1, IL-2, IL-12, IL-15, and IL-18, while Th2 cells exert anti-inflammatory action by 

secreting IL-4, IL-5, IL-6, IL-10, and IL-13 [26]. Pro-inflammatory Th1 response is 

required particularly in the peri-implantation period to favor trophoblast invasion and 

promote tissue remodeling and angiogenesis, while after the accomplishment of embryo 

implantation, Th1 immune predominance will be gradually taken over by the Th2 anti-

inflammatory response [27]. Treg cells recruitment in the uterine starts from the 

proliferative phase, the number peaks in the mid-secretory phase driven by estrogen 

and remains elevated throughout the pregnancy [28]. Compelling evidence suggests 

that engagement of Treg cells with a range of immune cells during implantation lays 

the foundation for establishing a propitious decidual environment [25, 29]. Through 

cooperating with progesterone and specific trophoblast derived signals, Treg cells 

confer macrophages and DCs with anti-inflammatory (M2 subset) and tolerogenic 

phenotypes, respectively, through TGF-β, IL-10, and CTLA4-mediated mechanisms 

[29]. In turn, tolerogenic DCs are capable of expanding the Tregs population, while a 

decline in the number of IL-12-producing decidual DCs contributes to the 

differentiation and maintenance of Th2 cells in the decidua [27, 30, 31]. 

  In summary, immune cells and cytokine signaling pathways participate as critical 

mediators of the coordinated interactions between maternal endometrium and fetal 

blastocyst in maintaining healthy pregnancy. Revealing the functional significance of 

these mediators at the fetomaternal interface provides important insights into the 

pathogenesis underlying abnormal pregnancies and sheds light on possible therapeutic 

strategies. 

4.1.2 Endometrial immune perturbations in miscarriages 

The term miscarriage refers to the loss of an intrauterine pregnancy visualized by 

histology or ultrasonography up to 20-24 weeks of gestation [32]. Given that 

endometrium is the first place where maternal immune system comes into direct contact 

with fetal cells, endometrial immune perturbation has been proposed as a detrimental 
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factor in the onset of miscarriage, especially the recurrent miscarriage (RM) [33]. RM, 

denotes the loss of two or more pregnancies, affects nearly 1–2% of couples attempting 

to conceive, is one of the most frustrating and challenging areas in reproductive 

medicine [34]. Current evidence-based diagnostic and treatment strategies for RM are 

limited since more than half of the cases remain unexplained [32]. 

  A recent meta-analysis shows that CD56+ uNK level is significantly higher in the 

endometrium of women suffering unexplained RM (uRM) compared with controls, 

while there is no significant difference regarding the pregnancy outcome in uRM 

patients stratified by uNK level [35]. uNK cells isolated from uRM patients are found 

to produce more angiogenic factors including VEGF-A and angiogenin, and have a 

predisposition to secrete pro-inflammatory Th1-type cytokines (like IFN-γ and TNF-α) 

while dampening anti-inflammatory Th2-type cytokines (like IL-4 and IL-10) which 

are crucial in maintaining healthy pregnancy [36, 37]. Hypoxic environment is 

favorable for the trophoblasts invasion, therefore, excessive angiogenic activity induced 

by the high level of uNK cells in uRM might induce premature blood flow at the 

implantation site, which incurs oxidative stress and subsequent cellular injury to the 

fetal trophoblasts [38, 39]. On the other hand, prominently lower levels of inhibitory 

receptors such as KIR2DL1/4 and NKG2A are noted in uRM, which may contribute to 

the overactivation of uNK cells [40-42]. 

  It has been reported that percentages of M1 macrophages are significantly higher in 

both follicular and luteal phases than in pregnancy, and conversely, much higher M2 

macrophages is observed in pregnancy than in menstrual cycles, suggesting that 

progesterone may drive the M2 macrophages polarization in maintaining healthy 

pregnancy [43]. Excessive decidual M1 macrophages found in the early pregnancy 

(prior to 10 weeks) has been related to the occurrence of uRM [43]. Also, the expression 

of IL-10 is significantly decreased while costimulatory molecules CD80 and CD86 are 

increased in decidual macrophages from uRM, suggesting the aberrant macrophage 

regulation capacity [44, 45]. As discussed above, DCs play key roles in inducing 



Introduction 

 

 12  

maternal tolerance as well as decidualization and angiogenesis, depletion of DCs 

interferes implantation and leads to embryo resorption in a transgenic mouse model 

[46]. In uRM patients, tolerogenic DCs are found to be significantly reduced in the mid-

luteal phase endometrium [47].  

  Both predominant Th1 and shifted Th2 immunity have been documented to be 

associated with uRM, suggesting that the conventional hypothesis of Th1/Th2 balance 

is insufficient to explain immune mechanisms underlying pregnancy [48-50]. Later 

investigation of the Treg and Th17 cell subsets expands our knowledge of the immune 

enigma at the fetomaternal interface [27]. Women with uRM demonstrate higher ratio 

of Th17/CD4+ Treg cell and a greater proportion of Th17 cells and associated IL-17A 

in the peripheral blood during proliferative and secretory phases than those fertile 

controls, on the other hand, Treg cells and related cytokines IL-10 and TGF-β1 are 

significantly reduced [51, 52]. In mice, depletion of CD4+CD25+ Treg cells leads to 

miscarriages and the adoptive transfer of Treg cells from pregnant mice prevent 

miscarriage in abortion-prone mice of the same strain [53, 54]. Therefore, the imbalance 

in Th17/Treg cell immunity may deteriorate ongoing pregnancy. The transcription 

factor forkhead box P3 (FOXP3) is crucial for Tregs development, accumulating 

evidence shows that there is reduced FOXP3 expression in peripheral blood as well as 

decidua and increased occurrence of FOXP3 single nucleotide polymorphisms in uRM 

patients compared with control women, which may hamper the Tregs function and lead 

to subsequent uRM [55-57]. 

  Collectively, these data indicate the pivotal role of impaired endometrial immune 

function in the pathogenesis of uRM. While considering the complex interactions 

among these immune cells and cytokines in the endometrial immune milieu, it is 

currently not easy for us to fully understand the roles of any single cell or molecule in 

early pregnancy. Further investigations by using novel research techniques like single 

cell RNA sequencing might be helpful in deciphering their specific role in physiological 

and pathological pregnancies. 
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4.1.3 Hyper-receptive endometrium in recurrent miscarriage 

Early embryonic development and gamete formation in humans are marked by poor 

chromosome segregation [58]. It is estimated that around 50% of human embryos are 

perished during pregnancy, especially prior to the blastocyst stage, which is largely 

ascribed to a high prevalence of embryo genetic instability [59, 60]. The biological 

significance and evolutionary advantages of these common aneuploidy and mosaicism 

in human embryos are still elusive. Nevertheless, many studies propose that ingenious 

maternal strategies have evolved to cope discerningly with genomically unstable 

blastocysts limiting inappropriate investment in invasive, but low competent embryos 

[60-62]. An emerging concept posits that the properly decidualized endometrium plays 

a key role in embryo biosensing and selection, which process might be disrupted in 

uRM [63-65]. 

  The first experimental study indicating the biosensor function of decidualized 

endometrium at implantation comes from Teklenburg and colleagues, demonstrating 

that coculture with an arresting human embryo triggered a strong inhibition on the 

production of key implantation mediators in human endometrial stromal cells (ESCs), 

including IL-1β, IL-6, IL-10, and heparin-binding epidermal growth factor-like growth 

factor (HB-EGF) [61]. They also deciphered that an endoplasmic reticulum (ER) stress 

is induced in human decidual cells by developmentally compromised embryos in 

contrast to favorable metabolic enzymes and implantation factors activated by 

competent embryos [62]. Collectively, these distinct positive and negative mechanisms 

render active embryos selection ability to the decidual endometrium at implantation. 

  The hypothesis that endometrial selectivity to embryo quality may be impaired in 

uRM is supported by several robust in vitro evidence [60, 65, 66], and in agreement 

with clinical observation that many women with uRM report exceptionally high 

pregnancy rates [64, 67, 68]. In other words, rather than reject viable embryos, uRM 

patients are more fertile or hyper-receptive toward the implanting embryos that are 

destined to fail than healthy women. Under in vitro decidualization, ESCs from uRM 
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patients manifest reduced level of decidual marker prolactin (PRL) and prolonged 

production of prokineticin 1 (PROK1), a pro-implantation cytokine, which might lead 

to the enhanced uterine receptivity, but attenuated embryo selection underpins uRM [64, 

66]. Furthermore, the ESCs from uRM have a higher migratory potential in response to 

trophoblast spheroids and are unable to discriminate between high- and low-quality 

embryos [65]. In parallel, clinical evidence arise from the observation of the higher 

monthly fecundity rate (MFR) and shorter time-to-pregnancy (TTP) in uRM women 

than the controls [66, 68]. MFR refers to the probability of conception during a 

menstrual cycle, the mean MFR in humans ranges between 20%–30%, which is not 

impressive compared with other mammalian species [60, 64]. Salker et al. reported that 

40% uRM women are superfertile with MFR >60% [66]. Moreover, despite the higher 

maternal age of uRM women, TTP is significantly shorter in uRM than in normal 

women [68].  

  Earlier study also found that the expression of anti-adhesion molecule mucin 1 

(MUC1), which contributes to the barrier function of uterine epithelium, is lower in the 

endometrium of uRM women than controls [69]. Selective remove of MUC1 facilitates 

the implantation in the immediate vicinity of an attaching embryo, thus reduced MUC1 

impedes the continuous surface mucin barrier, which might contribute to increased 

receptivity in uRM [63, 69]. However, there are multiple studies challenge this 

hypothesis by showing no significant difference of MUC1 expression in the 

endometrium between uRM and normal controls [70, 71]. Since MUC1 also works as 

a carrier protein of many adhesion molecules (like sialyl Lewis antigens that will be 

discussed in next chapter) capable of mediating cell-cell interaction [72], and regulates 

chemokine secretion [73], a comprehensive understanding of MUC1 function during 

embryo implantation will have to await more investigations. 

 

4.2 Carbohydrate Lewis antigens 

Carbohydrates are remarkably diverse glycans that locate on the surface of every cell 
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and most secreted macromolecules in the human body [74]. Glycosylation refers to the 

dynamic process that glycoconjugates are formed though adding sugars to proteins and 

lipids, conferring the structural and functional complexity to these glycoproteins and 

glycolipids [75]. Fucose (Fuc), galactose (Gal), N-acetylgalactosamine (GalNAc), 

glucose (Glc), glucuronic acid (GlcA), N-acetylglucosamine (GlcNAc), iduronic acid 

(IdoA), mannose (Man), sialic acid (Neu5Ac) and xylose (Xyl) are the ten basic 

monosaccharides that responsible for the construction of glycans in humans, which are 

assembled in a stepwise manner in ER and Golgi apparatus under the catalytic effect of 

specific enzymes (glycosyltransferases and glycosidases) [74]. 

4.2.1 Classification and synthesis 

Lewis antigens are terminal fucosylated carbohydrates that belong to the human Lewis 

histo-blood group family [76], they are generally divided into two types based on 

different glycosidic bonds: type I (Galβ1,3GlcNAc) includes sialyl Lewis A (sLeA), 

Lewis A/B (LeA/B), and H1 antigen; type II (Galβ1,4GlcNAc) includes sialyl Lewis X 

(sLeX),  Lewis X/Y (LeX/Y), and H2 antigen, as shown in Figure 1. The synthesis of 

Lewis antigens relies on the sequential addition of fucose and sialic acid catalyzed by 

fucosyltransferases (FUTs) and α2,3 sialyltransferases (STs), respectively, while 

neuraminidases (NEUs) -namely sialidases- facilitate the removal of sialic acids from 

sLeA/X [76-80] generating LeA/X (Figure 1). 

  Fucose, a natural deoxyhexose sugar and the common component of many O- and 

N-linked glycans, is widely present in various organisms [81]. Fucosylation refers to 

the incorporation of a fucose residue from donor guanosine-diphosphate (GDP)-fucose 

into glycan chains on cell surface glycoproteins and glycolipids [82, 83]. To date, 13 

FUTs have been well characterized in humans and defined into 4 families based on the 

site of fucose addition: α1,2 (FUT1/2), α1,3/4 (FUTs3-7 and 9-11), α1,6 (core 

fucosylation, FUT8), and O-fucosylation (POFUT1/2) [84-89]. The former 3 

subfamilies of FUTs are transmembrane Golgi-anchored proteins while O-fucosylation 

FUTs are soluble proteins locate in the ER [90-93]. α1,2 and α1,3/4 FUTs are involved 
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in the last steps of synthesis of carbohydrate Lewis antigens in humans (Figure 1). 

FUTs3-7 and 9-11 all possess the α1,3 activity, but FUT3 and FUT5 also have α1,4 

activity conferred by the extended stem region, also hypervariable region, of the 

membrane proteins [94-96]. 

  Sialic acids are the most important sugar besides glucose in the human body and are 

frequently found on the non-reducing distal end of glycan chains [97]. The metabolism 

of sialic acid requires enzymes that catalyze the addition (by STs) as well as removal 

and degradation (by NEUs) of Neu5Ac to/from a glycoconjugate [98]. In humans, there 

are 20 STs which can be classified into four families according to the different linkage 

type and preferential sialylation activity: beta-galactoside alpha-2,3-sialyltransferases 

(ST3GAL1-6, transferring Neu5Ac to the 3-OH of Gal residues), beta-galactoside 

alpha-2,6-sialyltransferases (ST6GAL1/2, adding Neu5Ac to the 6-OH of Gal residues), 

GalNAc alpha-2,6-sialyltransferases (ST6GALNAC1-6, transferring Neu5Ac to the 6-

OH of GalNAc residues), and alpha-N-acetyl-neuraminide alpha-2,8-sialyltransferases 

(ST8SIA1-6, adding Neu5Ac to the 8-OH of another Neu5Ac residue) [99-101]. Each 

ST catalyzes the sialylation of specific substrate structures, for example, ST3GAL3, 

ST3GAL4 and ST3GAL6 are potentially involved in the synthesis of sLeA and sLeX 

on glycoproteins and glycolipids [78, 102, 103], while ST6GAL1 contributes to the 

sialylation of β1 integrin [104]. 

  So far, 4 neuraminidases have been described in different cellular localizations in 

mammals: NEU1 in the lysosome, NEU2 in the cytosol, NEU3 in the plasma membrane, 

and NEU4 in the mitochondrial membrane or lysosome [105-108]. Researchers found 

that the sialic acids released from sialylated glycoconjugates could be reused in the 

biosynthesis process [109]. The balance between sialic acid addition and removal plays 

a crucial role in many physio- and pathophysiological events [110, 111]. 
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Figure 1. Biosynthesis pathway of Lewis antigens. FUTs, fucosyltransferases. STs, sialyltransferases. 

NEUs, neuraminidases. Gal, galactose. GlcNAc, N-acetylglucosamine. 

4.2.2 Physiological functions 

A. Distribution  

LeX is widely distributed in many tissues including leukocytes, brain, and 

gastrointestinal tract [112-116]. The expression of LeY, also known as CD174, in 

normal tissues is relatively low, it has been detected in blood (erythrocytes and 

granulocytes), on epithelial cells from the esophagus and stomach, salivary glands and 

the Paneth cells in duodenum, and scattered cells from the pancreas, tonsils, and testes 

[117]. In parallel, substantial amounts of LeX and LeY antigens are also found in human 

seminal plasma and on the surface of sperm [118, 119]. sLeA, also termed CA19-9 

antigen, is predominantly expressed on normal fibroblasts, luminal epithelial cells, and 
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some parenchymatous cells [120, 121], while monocytes and neutrophils usually carry 

sLeX on their surfaces, which cause them to extravasate to the inflammation sites [122, 

123]. In the cycling endometrium, staining of Lewis epitopes are found on the apical 

membranes of epithelial cells, highest levels of LeX appear in the early- to mid-

proliferative phases, while LeY, sLeA, and sLeX are strongly upregulated in the 

secretory phase [72, 124]. Normal individuals may have high levels of CA19-9 with tea 

consumption [125, 126]. 

B. Sperm-egg binding and embryo implantation  

During mammalian sperm-egg binding, egg-binding protein (EBP) expressed on the 

sperm plasma membrane interacts with carbohydrate sequences carried by 

glycoproteins of the egg’s zona pellucida (ZP) [127, 128]. In murine fertilization, LeX 

was found to be potentially involved in regulating sperm to ZP binding [129]. sLeX is 

the dominant antenna sequence on the N- and O-glycans attached to human ZP, it’s 

density is more than two orders of magnitude higher than that on somatic cells [130]. 

Early studies reported the reaction of antibodies against sLeA, sLeX, and LeB epitopes 

with human ZP [131, 132], Pang et al. further deciphered that only sLeX is expressed 

at physico-chemically confirmable levels on ZP, the sLeX sequence is the major 

carbohydrate ligand mediates the sperm-ZP binding [133]. During the window of 

receptivity, the interaction between strongly upregulated sLeX on the human 

endometrial epithelial cells and the L-selectin expressed on the trophoblast is critical 

for the embryo implantation [134]. 

C. Embryogenesis  

LeX, also known as the stage specific embryonic antigen-1 (SSEA-1), was primarily 

found as a marker of embryonic stem cells in mouse and primordial germ cells in human 

[135, 136]. In the early stage of mouse embryogenesis, soluble molecules carrying LeX 

facilitate the decompaction of morula between the end of cleavage and formation of 

blastocyst [137, 138]. In early human embryogenesis, LeX is preferentially expressed 

in organ buds progressing in mesenchyme due to the mainly detected α1,3 FUTs gene 
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transcripts FUT4 and FUT9, which might stimulate the cell-cell interactions allowing 

the organ buds to grow and branch [139, 140].  

D. Nervous system 

LeX is temporally and region-specifically expressed in the central nervous system of 

humans, which participate in the neurite outgrowth, cell–cell interaction, and neuronal 

migration during development [141, 142]. In mice brain, LeX synthesis is dominantly 

catalyzed by FUT9, while fully devoid expression of LeX by knocking out Fut9 gene 

resulted in no gross phenotypic abnormalities except increased emotional anxiety-like 

behaviors [143]. Also, LeX has been used as a surface marker to select and analyze 

neural stem cells [144]. 

4.2.3 In cancer progression 

Aberrant glycosylation characterized with overexpressed Lewis antigens along with 

pertinent FUTs and STs is a hallmark of many types of cancers like lung, breast, 

hepatocellular, gastrointestinal, renal, and bladder carcinomas, which is frequently 

associated with cancer progression and poor prognosis [76, 145, 146]. Interestingly, the 

expression levels of individual STs prominently vary between different types of cancers 

and even within tumors of the same origin [147, 148].  

A. Metastasis and angiogenesis 

Tumor metastasis and angiogenesis are two cardinal features during cancer progression. 

Hematogenous metastasis of cancer is facilitated by the interactions between cancer 

cells and endothelial cells in distant tissues, in which Lewis antigens expressed on 

cancer cells are playing a dominant role [146]. Selectins, including E-, P-, and L-

selectin, are C-type lectins that favour leukocytes rolling on the vascular endothelium 

during acute inflammation [149]. Cancer-related epitopes sLeA and sLeX are major 

selectin ligands, interactions between selectins and sLeA/X promote the formation of 

circulating emboli containing tumor cells, leukocytes, and platelets, which further 

extravasate through trans-endothelial migration, which is crucial during metastasis 

[150].  
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  Numerous studies have reported that downregulation of sLeA/X expression by key 

glycosyltransferases knockdown in different cancer cell lines resulted in reduced 

selectin binding and metastatic ability, and vice versa [78, 103, 151-153]. In vivo 

experiment showed that the formation of pulmonary metastases could be inhibited by 

peptides mimicking sLeA and was completely abolished in E-selectin knockout mice 

[154]. Besides, LeX expressed on non-small cell lung cancer cells can also interact with 

TNF-α induced E-selectin on brain endothelial cells, promoting the attachment and 

interplay between these two types of cells and facilitating cerebral metastasis, which is 

in the same manner as sLeX [155, 156]. 

  Although less appreciated, compared with the well-established roles in cancer 

metastasis, compelling evidence indicates that Lewis antigens are integral to the process 

of angiogenesis. An example illustrating this concept is that anti-sLeA/X antibodies 

could markedly inhibit the in vitro tube formation of murine endothelial cells (F-2) 

induced by the co-culture with human epidermoid cancer cells (A431), and reduce the 

in vivo A431 tumor size in nude rats [157]. Mathieu et al. found that FUT1-transduced 

hepatocarcinoma cells HepG2, which sLeX synthesis is strongly inhibited, showed 

remarkable defect in tumor vascularization [158]. On the other hand, transfection colon 

cancer cell line HCT-15 with β3Gal-T5 cDNA, generating sLeA, resulted in enhanced 

angiogenesis and tumor growth [159]. Furthermore, TNF-α induced FUT1 and 

consequently enhanced LeY expression in endothelial cells are involved in early events 

during tumor angiogenesis, which may explain the upregulation of cell surface LeY 

displayed in the tumor-infiltrated capillaries [160]. And using LeY saccharide mimetic 

inhibited the endothelial functions as well as in vitro angiogenesis [161]. Altogether, 

these results suggest that multiple Lewis antigens facilitate the tumor angiogenesis, 

regardless of the underlying carbohydrate structure. 

B. Epithelial-mesenchymal transition (EMT) 

The EMT is a biological process that allows polarized epithelial cells acquire the 

mesenchymal phenotypes, which has been widely acknowledged as a critical feature of 
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cancer malignancy associated with enhanced invasiveness and migratory capacity [162]. 

During this process, a number of distinct molecular events are engaged, including 

activation of transcriptional factors like ZEB1/2, SNAIL1/2, and TWIST; expression of 

specific mesenchymal cell surface proteins like Fibronectin, N-cadherin, and Vimentin; 

and production of extracellular matrix (ECM)-degrading enzymes like matrix 

metalloproteinases MMP-2, MMP-3, and MMP-9 [162]. The association between 

Lewis antigens and EMT has been addressed in many studies [77, 163-165]. Epidermal 

growth factor (EGF) and basic fibroblast growth factor (bFGF) are known EMT 

inducers, colon cancer cells DLD-1 and HT-29 treated with EGF and/or bFGF exhibited 

significantly elevated transcript levels of ST3GAL1/3/4 and FUT3 along with increased 

cell surface sLeA/X expression resulting in enhanced E-selectin binding activity [77]. 

Similarly, FUT6 was found to be involved in the TGF-β induced colorectal cancer EMT 

through fucosylation of TGF-β receptors and upregulation of sLeA/X expression 

facilitating the tumor cells invasion and migration [163]. Also, FUT4 promotes the 

EMT of breast cancer cells by activating the PI3K/Akt and NF-κB signaling systems, 

in which key mediators SNAIL and MMP-9 are induced [164]. Studies with ovarian 

cancer cell line RMG-1 found that LeY promotes the cell metastasis by upregulating 

MMP-2/9 and downregulating tissue inhibitors of metalloproteinases 1/2 (TIMP1/2) 

[165].  

C. Cancer stemness 

Cancer stem cells (CSCs), also referred to as tumor-initiating cells, are a subpopulation 

of cells within the tumor endowed with increased self-renewal capacity and enhanced 

ability to generate heterogeneous lineage of cells, CSC enrichment is directly linked to 

tumor metastasis, recurrence, and treatment failure [166]. Elevated fucosylation has 

been found as a common glycan change in pancreatic and head and neck cancer CSC-

like cells, indicating its potential role as a therapeutic target [167, 168]. In head and 

neck squamous cell carcinoma (HNSCC), expression of sLeX in membrane-bounded 

and secreted soluble forms are predominantly detected in carcinomas originating from 
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cases with developed metastasis and recurrence, the co-expression analysis of sLeX and 

CSC markers CD44/ALDH (aldehyde dehydrogenase) shows strong overlap in floating 

orospheres [169]. CSCs derived from human glioblastoma multiforme (GBM) were 

reported to be enriched for LeX, LeX+ cells are highly tumorigenic in vivo and a 

secondary tumor with the same characteristics as its primary counterpart could be 

successively generated [170]. Interestingly, LeX was also proposed to be an important 

marker for CSCs in medulloblastoma [171]. Two fucosylated antigens LeY and H2 

antigen have been reported to be carried by CD44 molecule, a known CSC marker, in 

three breast cancer cell lines, suggesting their potential role as markers of early 

progenitors of breast carcinomas [172]. Given the wide distribution of overexpressed 

Lewis epitopes in solid and blood malignancies, their functional roles related to cancer 

stemness merit further investigations. 

4.2.4 As cancer biomarkers 

As discussed above, upregulated carbohydrate Lewis antigens have been detected in 

various types of cancers, they are currently being extensively investigated as potential 

tumor biomarkers for cancer detection and evaluation of treatment efficacy. sLeA, more 

well-known as CA19-9, is the best validated and most routinely used serum biomarker 

for pancreatic cancer [173], the median sensitivity and specificity in diagnosis is 79% 

and 82%, respectively [174]. In addition, combination of sLeX and sLeA could provide 

a higher accuracy for detecting pancreatic carcinoma [175]. Low level of postoperative 

sLeA is associated with an improved prognosis for patients with resected pancreatic 

cancer and elevation of sLeA during surveillance is an early and strong predictor for 

the recurrence [176-179]. Carcinoembryonic antigen (CEA) and carbohydrate antigen 

125 (CA-125) are also well established cancer biomarkers [180, 181]. CEA is a 

glycoprotein expressed during embryonal development, it has been utilized to monitor 

the tumor progression and predict the recurrence [180]. Huang et al. found tumor CEA 

proteins contain high levels of sLeX, which is in agreement with previous study that 

sLeX was identified as a cancer marker in colon cancer [182, 183]. CA-125 has been 
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serving as the biomarker in ovarian cancer screening for decades, enhanced level of 

CA-125 carried LeY epitopes after surgery or chemotherapy is associated with poor 

prognosis and risk of recurrence [181, 184]. 

4.2.5 As targets of cancer vaccines and therapeutics 

Given that aberrant glycans modification is one of the typical hallmarks of several 

malignancies, and recent successes in cancer vaccines as well as in monoclonal 

antibody cancer immunotherapy, the development of anticancer preventive and 

therapeutic treatments targeting cancer-associated Lewis antigens is of great promise 

and potential [145]. 

  Several studies have reported the potential of LeX as a therapeutic target in different 

ways. Two monoclonal antibodies (mAbs) FG88.2 and FG88.7, produced by 

immunizing BALB/c mice with plasma membrane lipid extracts of colorectal cancer 

COLO205 cells, targeting coexisted LeA-LeX and di-LeA antigens on cancer cells 

demonstrated excellent in vitro pan-tumor cytotoxicity and effective in vivo antitumor 

efficacy [185]. A chimeric mouse/human IgG1 mAb counterpart CH88.2 with refined 

LeA and LeX trisaccharide was further investigated and showed great potential in 

gastrointestinal tumor imaging [186, 187].  

  Initial attempt concerning LeY antigen was made for the treatment of ovarian cancer 

patients using LeY-keyhole limpet hemocyanin (KLH) conjugated vaccine along with 

the QS-21 immunological adjuvant [188]. The vaccine was well tolerated with no 

adverse effects related to autoimmunity observed; sera assessment of vaccinated 

patients showed that the majority produced anti-LeY antibodies with strong anti-tumor 

cell reactivity and complement-dependent cytotoxicity (CDC), while no clinical 

response was indicated. Another approach by Westwood and colleagues demonstrated 

that genetically redirected T cells, which normally do not identify LeY antigen, could 

cause cytokine secretion and cytolysis in response to high LeY+ ovarian tumor 

OVCAR3 cells [189]. More recently, peptide-based vaccine P10s, a pan-HLA-DR-

binding epitope (PADRE) fused peptide that mimics LeY, has shown enhanced 
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immunogenicity and possible clinical benefits for stage IV breast cancer subjects in an 

early clinical study [190]. 

  Ragupathi et al. firstly designed the sLeA-KLH conjugate plus GPI-0100 vaccine, 

which could induce mice generate high titer IgM and IgG antibodies that mediate potent 

CDC against sLeA+ human SW626 (adenocarcinoma cell line) and DMS79 (small cell 

lung cancer cell line) cells [120]. Later on, they generated two fully human mAbs (7E3 

and 5B1) with high affinity for sLeA from the blood lymphocytes of patients 

immunized with the sLeA-KLH vaccine [191]. 7E3 showed high level of CDC against 

DMS79 cells, while 5B1 displayed strong antibody-dependent cell-mediated 

cytotoxicity activity on DMS79 cells and is currently under clinical trials evaluation 

[192, 193]. More recently, Weitzenfeld et al. reported that re-engineering the Fc portion 

of antibodies derived from patients immunized with an sLeA/KLH vaccines could 

broadly increase their affinity for activating Fcγ receptors, leading to enhanced 

therapeutic effects [194]. 

 

4.3 Modulation of cytokines on the expression of carbohydrate Lewis antigens 

It is now becoming clear that the cytokine-mediated inflammatory microenvironment 

is an indispensable factor contributing to the neoplastic process in many diseases, 

altered glycosylation is also found to be modulated by multiple cytokines through 

specific glycosyltransferases that responsible for the cell surface Lewis antigens 

biosynthesis [195]. TNF-α is one of the mostly investigated cytokines, it has been found 

to prominently increase the synthesis of sLeA and/or sLeX in colon (COLO205), lung 

(QG-95), gastric (AGS), and pancreatic (MDPanc-3) carcinoma cells by inducing the 

enzyme activities of several α2,3 STs and α1,3/4 FUTs, induced LeY expression is also 

noticed in MDPanc-3 cells [196-198]. Likewise, IL-1β treatment significantly increases 

sLeX expression in both human hepatoma-derived HuH-7 cells and pancreatic ductal 

adenocarcinoma cell line MDAPanc-28, and mildly enhance sLeA and LeX in gastric 

cancer KATOIII cells but does not reach significance [198-200]. 
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  Early study also reported that IL-8 could induce sLeA expression in human liver 

(HuCC-T1) and pancreatic cancer cells (HuP-T4) and promoted these cells binding to 

the human umbilical vein endothelial cells (HUVECs), while the underlying 

mechanisms were not fully deciphered [201]. Groux-Degroote and co-workers have 

carried out a set of experiments concerning cytokines effect on Lewis epitopes 

expression in human bronchial mucosa, demonstrating that TNF-α could drive sLeX 

synthesis through enhancing the transferase activities and transcript levels of FUT3/4 

and ST3GAL3/4, IL-6 and IL-8 increased sLeX expression by upregulating FUT3 and 

ST3GAL6 [202, 203]. Later, they found that MSK1/2 (mitogen- and stress-activated 

kinase 1/2) mediated the TNF-α induced upregulation of ST3GAL4 BX transcript 

isoform through the ERK (extracellular-signal-regulated kinase) and p38 MAPK 

(mitogen-activated protein kinase) pathways [204, 205]. More recently, IL-22 was 

found to modulate the expression of B3GNT7, a β1,3-N-acetylglucosaminyltransferase, 

which alone is sufficient to promote LeX expression in human intestinal epithelium 

[206]. 

  Though most researchers reported stimulated effect of cytokines on Lewis antigens 

expression, studies in QG-95 and KATOIII cells found no modulatory impact of IL-1β 

on sLeX expression [197, 198], MKN45 gastric cancer cells even exhibited a decreased 

expression level of sLeX after IL-1β or IL-6 stimulation [207]. These conflicting results 

suggest that the modulatory impacts of cytokines on Lewis antigens expression may 

considerably differ among diverse cell types. 

  Till now, whether and how pro-inflammatory cytokines influence the Lewis antigens 

expression during embryo implantation and in the pathogenesis of miscarriages have 

not been fully elucidated. 

 

4.4 Aim of the study 

Aberrant glycosylation frequently contributes to the progression of tumor metastasis, 

the crucial roles of Lewis antigens have been extensively investigated in various cancers. 
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It is evident that regulated glycosylation is essential for human gamete binding and 

embryo implantation, while its involvement in the pathogenesis of miscarriages is still 

elusive. Our studies were carried out to decipher the expression pattern and functional 

significances of carbohydrate Lewis antigens in the placenta of women suffering 

unexplained miscarriages. Specifically, Paper I aimed to reveal the dysregulated 1) 

glycosylation and inflammatory response at the fetal side-placental villi from uRM 

patients through Gene set enrichment analysis (GSEA), and 2) the Lewis antigens 

expression by immunohistochemical (IHC) and immunofluorescent (IF) staining, to 

determine whether glycosylation alterations and aberrant inflammatory response are 

involved in the pathogenesis of unexplained miscarriages; Paper II focused on the 

maternal side-decidua aimed to demonstrate the aberrant expression of Lewis antigens 

and pertinent glycosyltransferases (FUTs, α2,3 STs, and NEU1) using the same IHC 

and IF techniques, and elucidate the underlying mechanisms of hyper-receptive 

endometrium in uRM through an in vitro implantation model.
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SUPPLEMENTARY MATERIAL 

 

 

Supplementary Figure 1. Gestational ages distribution in different groups of 

samples. 
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Supplementary Figure 2. Gene expression analysis. A) Distinctive pathways obtained 

from KEGG pathway enrichment analysis, notably “Focal adhesion” and “Cell 

adhesion molecules” were enriched. Terms in B) Biological Process (BP), C) Cellular 

Component (CC), and D) Molecular Function (MF) obtained from GO enrichment 

analysis, notably “Cell-substrate adhesion”, “Focal adhesion”, and “Protein complex 

involved in cell adhesion” were also enriched in BP and CC. 
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Supplementary Figure 3. Immunohistochemical staining of FUT3 and FUT6 in the 

syncytiotrophoblast of three groups of placenta tissues. Dilution: FUT3 1:200, FUT3 

1:400. 

 

 

Supplementary Figure 4. Immunohistochemical staining of different isotypes of 

negative controls. 
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6. Publication II 
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7. Summary 

In Paper I, by using GSEA and Kyoto Encyclopedia of Genes and Genomes (KEGG) 

pathway analysis, we demonstrate markedly downregulated glycosylation-related 

signatures and adhesion molecules, but enhanced inflammatory response in the 

placental villi of uRM. Accordingly, attenuated expression of sLeA, sLeX, LeX, and 

LeY in the villous syncytiotrophoblast of patients with unexplained miscarriages are 

further identified through IHC staining. Involvement of key enzymes like ST3GAL6 

and NEU1 may contribute to these alterations. Furthermore, pathways network 

visualization by Metascape analysis indicates that immune system process like 

leukocyte adhesion and migration are significantly related to the altered glycoprotein 

metabolic process in uRM. Interestingly, prominently diminished villous vessels have 

been also observed in the miscarriage patients. Collectively, these results suggest that 

aberrant Lewis antigens expression may actuate miscarriages by affecting both 

trophoblast and leukocytes functions as well as the vascularization of the villi. 

Nevertheless, the exact underlying mechanisms merit further investigations. 

  While Paper II indicates that the expression pattern of Lewis antigens in uRM 

decidua is significantly different from that in the placental villi: sLeA, LeX, FUT3/4, 

and ST3GAL3/4 are upregulated in the uRM compared with the control group, while 

FUT1 is downregulated. IHC and IF staining reveal that Lewis antigens mainly locate 

at the apical membrane of luminal and glandular epithelial cells, while key enzymes 

FUTs, ST3GALs, and NEU1 are expressed in both epithelial and stromal cells. The in 

vitro human embryo implantation model using endometrial RL95-2 cells formed 

monolayer and trophoblastic HTR-8/SVneo cells spheroids has been well established. 

FUT3 knockdown in RL95-2 cells significantly suppressed the cell surface sLeA 

expression and the spheroids attachment to endometrial monolayer, while surface LeX 

expression is not influenced. Anti-sLeA antibody can remarkably inhibit both the basal 

and IL-1β induced spheroids attachment to the endometrial monolayer. In addition, flow 

cytometry detection demonstrated that cell surface LeX, but not sLeA, is significantly 
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induced in IL-1β treated RL95-2 cells. In conclusion, upregulated sLeA, LeX, FUT3/4 

and ST3GAL3/4 might be related to the hyper-receptive endometrium of uRM patients. 

FUT3 contributes to the biosynthesis of sLeA in RL95-2 cells and affects the 

endometrial receptivity. Pro-inflammatory cytokine IL-1β stimulate the expression of 

LeX in endometrial cells, though sLeA is not influenced, targeting aberrantly elevated 

sLeA might be a starting point to address inappropriate implantation in uRM. 
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8. Zusammenfassung 

In der Veröffentlichung I zeigen wir unter Verwendung von GSEA und der Kyoto 

Encyclopedia of Genes and Genomes (KEGG) Pathway-Analyse deutlich 

herunterregulierte glykosylierungsbezogene Signaturen und Adhäsionsmoleküle, aber 

eine verstärkte Entzündungsreaktion in den Zotten von Plazenten nach einem 

rezidivierenden Abort (uRM). Dementsprechend wird die abgeschwächte Expression 

von sLeA, sLeX, LeX und LeY im Syncytiotrophoblast von Patienten mit uRM weiter 

durch immunhistochemische (IHC) Färbung identifiziert. Die Beteiligung von 

Schlüsselenzymen wie ST3GAL6 und NEU1 kann zu diesen mit Hilfe der IHC 

gefundenen Veränderungen beitragen. Darüber hinaus zeigt die Visualisierung des 

Netzwerks von Signalwegen durch Metascape-Analyse, dass Prozesse des 

Immunsystems wie Leukozytenadhäsion und -migration signifikant mit dem 

veränderten Glykoprotein-Stoffwechselprozess in uRM zusammenhängen. 

Interessanterweise wurden auch bei Patientinnen mit ungeklärten Fehlgeburten deutlich 

verminderte Zottengefäße beobachtet. Zusammengenommen legen diese Ergebnisse 

nahe, dass eine abweichende Expression von Lewis-Antigenen das Auftreten von 

Fehlgeburten auslösen könnte, indem sowohl die Trophoblasten- und 

Leukozytenfunktionen als auch die Vaskularisierung der Zotten eingeschränkt werden. 

Dennoch verdienen die genauen zugrunde liegenden Mechanismen weitere 

Untersuchungen. 

   In der Veröffentlichung II weisen wir darauf hin, dass sich das Expressionsmuster 

der Lewis-Antigene in uRM decidua signifikant von dem in den Plazentazotten 

unterscheidet: sLeA, LeX, FUT3/4 und ST3GAL3/4 sind im uRM im Vergleich zur 

Kontrollgruppe hochreguliert, während FUT1 herunterreguliert ist. IHC- und IF-

Färbung zeigen, dass sich Lewis-Antigene hauptsächlich an der apikalen Membran von 

luminalen und Drüsenepithelzellen befinden, während die Schlüsselenzyme FUTs, 

ST3GALs und NEU1 sowohl in Epithel- als auch in Stromazellen exprimiert werden. 

Das in-vitro-Implantationsmodell für menschliche Embryonen unter Verwendung von 
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endometrialen RL95-2-Zellen, die eine Monoschicht bildeten, und trophoblastischen 

HTR-8/SVneo-Zellen-Sphäroiden, ist gut etabliert. Der FUT3-Knockdown in RL95-2-

Zellen unterdrückte deutlich die Zelloberflächen-sLeA-Expression und die 

Sphäroidanhaftung an der Endometrium-Monoschicht, während die Oberflächen-LeX-

Expression nicht beeinflusst wird. Anti-sLeA-Antikörper können sowohl die basale als 

auch die IL-1β-induzierte Sphäroid-Anhaftung an die Endometrium-Monoschicht 

signifikant hemmen. Zusätzlich zeigte der Durchflusszytometrie-Nachweis, dass 

Zelloberflächen-LeX, aber nicht sLeA, signifikant in mit IL-1β behandelten RL95-2-

Zellen induziert wird. Zusammenfassend lässt sich sagen, dass hochreguliertes sLeA, 

LeX, FUT3/4 und ST3GAL3/4 mit dem hyperrezeptiven Endometrium von uRM-

Patienten zusammenhängen könnten. FUT3 trägt zur Biosynthese von sLeA in RL95-

2-Zellen bei und beeinflusst die Empfänglichkeit des Endometriums. Das 

entzündungsfördernde Zytokin IL-1β stimuliert die LeX-Oberflächenexpression in 

Endometriumszellen. Obwohl sLeA nicht beeinflusst wird, könnte die Ausrichtung auf 

anormal erhöhte sLeA Expression als Ausgangspunkt dienen, um eine fehlerhafte 

Implantation in uRM anzuzeigen.  
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