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ABSTRACT
The Lewis blood group system in humans, designated with number 007 and symbol Le, consist of two different
fucose containing carbohydrate antigen structures abbreviated Lea+ (LE-1) and Leb+ (LE-2). The expression of these
two carbohydrate sequences are phenotype determinants. The Lea+ antigen sequence is triasaccharide β-D-Galp-(13)-[α-L-Fucp-(1-4)]-D-GlcpNAc. The Leb+ antigen sequence is tetrasaccharide α-L-Fucp-(1-2)-β-D-Galp-(1-3)[α-L-Fucp-(1-4)]-D-GlcNpAc. Biosynthesis of Le blood group glycan antigens is catalyzed by fucosyltransferase 2
(FUT2) and fucosyltransferase 3 (FUT3) enzymes. These enzymes are encoded by two dominant autosomal genes
named FUT2, also referred as secretory (Se) gene, and FUT3, both having multiple alleles. These two genes determine Lewis blood group genotypes. Sequencing of fucosyltransferase genes, RNAs and fucosyltransferase enzymes
and the determination of their structures, together with functional studies including spatial and temporal expression
patterns, showed preservation of the catalytic domain within prokaryotes and eukaryotes, with a high level of diversity in structural and functional properties. Six different Le blood group phenotypes exist, taking in account that Le
and ABO blood group antigens both comprise terminal sequences on the same branched glycan molecules: Lea+b-,
Lea-b+, Lea-b-, Lea+b+, ALea-b+, and BLea-b+. Le antigens are part of glycan structures synthetized in glycolipids or
glycoprotein form in the endoderm and not in the erythrocyte precursor cell. They are present on the cell surface of
blood cells, in plasma and in secretory fluids. Le glycolipids are adsorbed from plasma on the cell surface of erythrocytes, platelets, lymphocytes and endothelial cells.
Keywords: Lewis blood group, Le, Lea, Leb, FUT2, FUT3, fucosyltransferase, glycosyltransferase, polysaccharides, glycans, glycolipids, carbohydrates
Abbreviations: International Society of Blood Transfusion (ISBT); fucosyltransferase 2 gene (FUT2); fucosyltransferase 3 gene (FUT3); Secretory gene (Se); fucosyltransferase 2 enzyme (FUT3); fucosyltransferase 3 enzyme
(FUT3); Lewis blood group system (Le); galactose (Gal); fucose (Fuc); N-acetylgalactosamine (GalNAc); Nacetylglucosamine (GlcNAc); α-1,2-fucosyltransferase (FUT2); α-1,3/α-1,4-fucosyltransferase (FUT3); asparagine
(Asn); Nuclear Magnetic Resonance (NMR); ribonucleic acid (RNA); pyranose form (p) in abbreviated monosaccharide formulas.

INTRODUCTION
This Lewis blood group system (Le) genotypes and

phenotypes review has three aims. The first is to deliver broad multidisciplinary information covering the
fields of glycobiology, molecular biology, genetics,
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classical biochemistry and cell biology. Consequently,
this review is separated into sections covering these
diverse science fields of the Le blood group system. It
starts with research on the carbohydrate nature of Le
blood groups antigen structures which determine phenotypes and belongs to the glycobiology field. The following sections cover Le blood group genotypes using
molecular biology and genetic approaches to describe the
gene structure encoding glycosyltransferases, their variability and their expression at the transcriptional level,
including regulatory gene elements and RNA splicing.
The next part covers biochemical and molecular biology
studies concerning the spatial and temporal expression of
mRNA for glycosyltransferase. Finally, the last sections
describe spatial and temporal regulation of expression of
Le blood group glycan antigens, determining phenotypes
using biomedical and analytical approaches. The concluding remarks of this review summarize the complex
and multidisciplinary field of clinical research into Le
blood group system antigens, together with future perspectives related to Le glycans, fucosyltransferase 2 and
fucosyltransferase 3 and Le FUT2 and FUT3 genes.
Each section starts with a summary, followed by
more detailed explanations from original articles, specialized and general reviews, as well as from internet
data portals and encyclopedias. Since the research
field of the Le blood group system is highly diverse
and complex, not all subject details could be completely covered in this size limited article.
The second aim of this review is to document fundamental information concerning multidisciplinary research
on the Le blood group system with relevant references
and internet links. These shall provide a solid basis for
readers to survey the literature and stimulate the reading
of original publications and other reviews.
Finally, the third goal of this review is to inspire
novel and creative thinking by presenting the knowledge gained through carefully assembled multidisciplinary approaches as realized by thousands of scientists.
After reading this review, you are likely to find that our
knowledge is not complete. Thus, my hope is that this
article will stimulate and inspire biomedical research
programs transcending classical approaches, consequently leading towards a better and deeper understanding of biochemical and immunological processes.
LEWIS BLOOD GROUP PHENOTYPES: BIOCHEMICAL NATURE OF LE BLOOD GROUP
SYSTEM IN HUMANS
The biochemical basis of the Le blood group system in humans is a set of two different terminal carbohydrate antigen structures named Lea+(LE1) and
Leb+(LE2). The Lea+ antigen sequence is β-D-Galp-(1-

3)-[α-L-Fucp-(1-4)]-D-GlcpNAc triasaccharide[1-15].
The Leb+ antigen sequence is α-L-Fucp-(1-2)-β-DGalp-(1-3)-[α-L-Fucp-(1-4)]-D-GlcpNAc tetrasaccharide, see Fig. 1 for chemical, schematic and structural representations[16-19]. A useful way to search,
visualize and compare these terminal carbohydrate
sequences with other glycan motifs is via www.glytoucan.org, www.unicarbkb.org, www.pubchem.ncbi.
nlm.nih.gov and on www.genome.jp, www.genome.
jp/dbget-bin/www_bfind_sub?mode=bfind&max_
hit=1000&dbkey=glycan&keywords. Le is one of the
36 blood group systems in humans. According to the
International Society of Blood Transfusion it is labeled with number 007[1].
The total expression of six Le based blood group
phenotypes in humans is serologically definable
when considering biosynthetic pathways, the chemical structure of glycans and immunological interactions with ABO blood groups. These glycan antigens,
determined by numerous structural studies, are Lea+b(LE1), Lea-b+(LE2), Lea-b-(LE3), Lea+b+(LE4), ALea-b+
(LE5) and BLea-b+(LE6) (Fig. 1)[1-20]. The frequency of
these antigens however is different Lea-,b+(LE2) being
highest and Lea+b+ lowest and very rare.
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Fig. 1 Lea+ and Leb+ blood group antigen glycan
sequences and structures. Lea+ antigen sequence is triasaccharide β-D-Galp-(1-3)-[α-L-Fucp-(1-4)]-D-GlcpNAc.
The Leb+ antigen sequence is tetrasaccharide α-L-Fucp-(1-2)β-D-Galp-(1-3)-[α-L-Fucp-(1-4)]-D-GlcpNAc.Le blood group
antigen glycan sequences are presented in: A) and B) chemical
structural form, C) and D) schematic form, and E) and F) as 3D
representation. According to https://glytoucan.org, Gal is galactose, Fuc is fucose, and GlcNAc is N-acetylglucosamin.
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The carbohydrate nature of the Le blood group system invokes that their biosynthesis and sequence are
indirectly genetically determined via the expression
of glycosyltransferases. Therefore, Le glycan structures, such as ABO glycans, are not directly encoded
by genes as proteins[1]. Consequently, Le blood groups
are classified on the basis of their carbohydrate sequences and genes encoding specific glycosyltransferases that catalyze the biosynthesis of these glycans,
as in the case of ABO blood groups.
LEWIS BLOOD GROUP GENOTYPES: FUT2
AND FUT3 GENES ENCODING FUCOSYLTRANSFERASES CATALYZING THE BIOSYNTHESIS OF LE BLOOD GROUP CARBOHYDRATE ANTIGENS
Two autosomal and dominant fucosyltransferases encoding genes named FUT2 and FUT3 in humans encode
two active fucosyltransferases that catalyze the biosynthesis of Lea+ and Leb+ carbohydrate blood group antigens
designated as type Ⅰ oligosaccharide chains [21-31].
According to the HUGO Gene Nomenclature
Committee, which is the only worldwide authority
that assigns standardized nomenclature to human
genes, FUT2 and FUT3 named genes encode fucosyltransferase enzymes, one of the 26 subgroups
of the glycosyltransferase gene group[21-32]. Human
FUT2 gene is located on chromosome 19, position
13.33 (Fig. 2)[21-32]. The cytogenetic band is termed
19q13.33. The genomic coordinates are (GRCh38):
19:48,695,971-48,705,950 [21-32]. FUT2 gene belongs to the glycosyltransferase 11 gene family. Human FUT3 gene is located on chromosome 19, position 13.3 (Fig. 2)[23]. The cytogenetic band is termed
19p13.3. The genomic coordinates are (GRCh38):
19:5,842,888-5,851,474[21-32]. FUT3 gene belongs to
glycosyltransferase 10 gene family.
The FUT2 gene, also referred as secretor gene Se,
has 2 exons, with exon 2 encoding the catalytically
active site of the enzyme (Fig. 2)[21-32]. The coding sequence has over 9 kilo base pairs and exons size about
1,000 base pairs[21-32]. The genes are inherited in pairs as
Mendelian codominant genes. The FUT2 gene was found
to have multiple alleles with single point mutation, or
frame shift, as well as other types of mutation. 29 such
alleles have mutations resulting in the loss of catalytic
activity in the encoded enzyme, which leads to Le blood
group phenotype change in homozygotes. The genetic
diversity of FUT2 mutations are different in ethnic groups
and are also geographically unevenly distributed.
The FUT2 gene resides on 19q13.33 chromosome
in the gene cluster containing FUT1 and inactive
FUT2 pseudo gene. Three FUT2 gene regions encod-
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ing the catalytic domain of fucosyltransferase have 84
orthologues in 183 species of eukaryotes and prokaryotes and one paralogue FUT1 gene[21-34]. The FUT2
gene contributes to one phenotype.
The FUT3 gene has 3 exons, with exon 3 encoding the enzyme catalytic site (Fig. 2)[21-31]. The coding
sequence has over 8 kilo base pairs and exons size
1,000 base pairs[21-34]. The genes are inherited in pairs
as Mendelian codominant genes. Multiple mutations
in these genes were found and are responsible for loss
of enzyme activity and the consequent change of Le
blood group phenotype in homozygotes[20-29]. 37 such
null mutations of FUT3 have been found designating
null alleles. These mutations are different in ethnic
groups and are their geographic distribution is diverse.
The FUT3 gene resides in chromosome 19p13,3 as
a tandem cluster with homologous FUT5 and FUT6
genes. Eukaryotes and prokaryotes conserve regions
of the FUT3 gene. Important domains are sequences
encoding nucleotide donor and acceptor positions in
fucosyltransferase and Mn2+ binding sites, both responsible for the catalytic transfer of fucose to glycan chain. The FUT3 gene has 244 ortologoues in
183 species and 7 paralogoues FUT9, FUT11, FUT7,
FUT10, FUT4, FUT5, and FUT6 [20-32].
The Le blood group genotype is a combination of
autosomal dominant FUT2 and FUT3 genes. Individuals who are homozygotes having null FUT2 alleles
(se/se), encoding a nonfunctional enzyme, are either
homozygotes having both FUT3 functional alleles (Le/
Le) or heterozygote having inherited one functional
allele of FUT3 (Le/le), will have phenotype Lea+b-. If
at least one of FUT2 alleles encodes an active enzyme
(Se/se) and one of the FUT3 alleles also encodes an
active enzyme (Le/le), the phenotype will be Lea-b+.
Although it is expected that both Lea+ and Leb+ should
be synthesized, it seems that FUT2 enzyme outcompetes FUT3 enzyme resulting in principally Leb+ biosynthesis. Independently of FUT2 genotype, if FUT3
homozygotes individuals have null alleles (le/le), the
phenotype will be Lea-b-. Finally, very rare phenotype
Lea+b+ is a result of decreased FUT2 enzyme activity.
Mutations in FUT2 gene (Sew) dominant allele leads
to weak FUT2 enzyme activity, resulting in the Lea+b+w
phenotype commonly encountered in Japanese, Chinese, and Polynesian. The above summary of genotype
to phenotype relationship appears somewhat unusual
and complicated since Le antigens are glycans, and
their expression is dependent on the activity of fucosyltransferase encoded in two FUT2 and FUT3 genes.
Therefore, for better understanding it is necessary to
comprehend Le blood group biosynthesis, which will
be reviewed in the next issue of APJBG.
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Fig. 2 Le genes structures. Schematic presentation of Le genes, A: FUT2, FUT2 location marked with red line; B: FUT3,
FUT3 location marked with red line. Chromosomal location and exon positions encoding glycosyltransferases FUT2 and FUT3.

FUT2 gene that encodes fucosyltransferase 2 is also
reported as human secretor locus (Se). It also regulates
the expression of Lewis ABO blood group antigens
expressed on epithelial cell plasma membranes and in
body fluids. Individuals that have active FUT2 gene,
which is autosomal dominant, will secrete ABO antigens in the saliva and other body fluids. Furthermore,
secretory polymorphic FUT2 gene have autosomal

linkage in humans with the Lutheran blood group [32-45].
Gene frequencies of FUT2 allelic variants were
published by Roychoudhury and Nei in 1988. In 1994
Kelly et al. found that about 20% of randomly selected
individuals were homozygous at the FUT2 locus, having a nonsense mutation and correspond to non-secretory
phenotype. In 1993 Koda et al. showed that the molecular
basis for the secretor-negative phenotype of Japanese ori-
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gin is due to inactive genes caused by the fusion crossover
process. Together with other distinct ethnic groups, nonsecretory phenotype analyses showed that FUT2 locus is
highly polymorphic [32-45].
Individuals with the Lea+ antigen are called nonABO secretors; they do not have fucosyltranserase 2
activity. They have homozygotes for recessive se allele and that is why they are non-secretors. Individuals
with Leb+ antigen present are called ABO secretors,
they have an FUT2 active Se allele producing active fucosyltranserase 2. Lewis negative phenotype
individuals (Lea-, Leb-) when being homozygous for the
recessive le allele and having a dominant Se allele are secretors. It is important to notice that Lea+ or Leb+ antigens
if produced will be also secreted. Therefore, the above
mentioned secreting individuals are associated with the
co-expression of dominant Le and Se alleles and their coexpression and secretion with ABO antigens.
In 1994 Nishihara et al. reported that individuals that
do not produce significant fucosyltransferase 3 activity,
have le alleles with a mutation not present in Le alleles
in individuals that produce significantly active fucosyltransferase[32-45]. The le alleles have two different mutation subtypes: le1 and le2. The first mutation reduces
enzyme activity to less than 10%, whereas the second
mutation in the catalytic domain made the enzyme
completely inactive. The frequency of Le, le1, and le2
in the Japanese population was found to be 66%, 30%,
and 4%, respectively. In 1998 Pang et al. identified 5
missense mutations in the FUT3 gene in African (Xhosa) and Caucasian subjects in South Africa. In conclusion alleles are different in ethnic groups [32-45].

research as well as routine analysis in diagnostics [20-29].
Interestingly a long 3' end has a loop structure which
effects mRNA stability and thus expression of the fucosyltransferase 2 enzyme. FUT2 gene is associated
with two phenotypes [20-32].
FUT3 gene transcription is regulated by a basal promoter at 5' UTR between 636 and 674 from exon 1. Similarly to the FUT2 gene, FUT3 contains binding sites for
several different transcription factors. Further upstream
from nucleotide location 674 up to 854 is an enhancing
gene regulatory binding site, whereas the negative regulatory region is from nucleation 858 and 1,120.
The FUT3 gene has 10 different transcript splicing
variants, some of which have been revealed to be tissue
specific [20-30]. Eight splicing variants produce protein
and two do not have an open reading frame (Fig. 2).
Four variants have 361 amino acids and their transcript
details are: transcript ENST00000303225.11 has 3 exons, is annotated with 8 domains and features, is associated with 2,568 variant alleles and maps to 602 oligo
probes; transcript ENST00000589620.5 has 3 exons,
is annotated with 8 domains and features, is associated with 2,567 variant alleles and maps to 576 oligo
probes; transcript ENST00000589918.5 has 3 exons,
is annotated with 8 domains and features, is associated
with 2,567 variant alleles and maps to 554 oligo probes;
transcript ENST00000458379.72 exons, is annotated
with 8 domains and features, is associated with 2,563
variant alleles and maps to 511 oligo probes [20-32]. Taking a broader perspective about variant expression of
the FUT3 gene, it seems that it contributes to 22 phenotypes including six of Le blood group system.

FUT2 AND FUT3 GENES REGULATORY
ELEMENTS AND TRANSCRIPTS

SPATIAL AND THEMPORAL EXPRESSION
OF FUT2 AND FUT3 GENES TRANSCRIPTS
AND LEWIS BLOOD GROUP ANTIGENS

The FUT2 gene has a promoter between the nucleotide location-109 and-56 [20-30]. There are several
binding sites for different transcription factors regulating mRNA expression, some of which seem to be
tissue or cell line selective, as described in the literature (Fig. 2) [20-30]. The FUT2 gene has four transcript
splice variants, three with protein coding 343 amino
acids and one without protein translation (Fig. 2). Transcript ENST00000425340.2 has 2 exons, is annotated
with 5 domains and features, is associated with 3,012
variant alleles and maps to 360 oligo probes. Transcript ENST00000391876.5 has 3 exons, is annotated
with 5 domains and features, is associated with 2,895
variant alleles and maps to 257 oligo probes. Transcript ENST00000522966.2 has 2 exons, is annotated
with 5 domains and features, is associated with 2,557
variant alleles and maps to 219 oligo probes. This information may be useful for fundamental and clinical

Numerous molecular biology studies have shown
that the FUT2 gene is transcribed in mRNA in trachea,
parotid, salivary gland, gastric and intestinal mucosa,
bladder, kidney, vagina, cervix, and ovary. Interestingly, the FUT1, paralogue gene of FUT2, is majorly
expressed in placenta, bone marrow, or spleen, but not
FUT2. Temporal mRNA expression studies revealed
that intestinal bacteria that use fucose seem to stimulate FUT2 expression in the gut. Therefore, it was
proposed that Leb+ expression in newborns may start
only after one year.
FUT3 gene transcription of mRNA is highly expressed in trachea, intestine, bladder, cervix, and vagina. Therefore, it is specific for same tissue types as
FUT2 gene mRNA expression. As outlined above,
four different tissue specific mRNA splicing transcripts were found.
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After the transcription of FUT2 and FUT3 genes,
their mRNA has to be translated into active fucosyltransferase enzymes which catalyze the biosynthesis
of glycan Le blood group antigens. Therefore, carbohydrate antigen biosynthesis, like Le, requires one
more step compared to the biosynthesis of protein
antigens. Consequently, expression studies of glycan antigens and phenotype determination linking to
genotype is complex. It can be concluded that the Le
blood group phenotype is dependent on two genes,
their expression in mRNA and their subsequent translation in active enzymes, which catalyze biosynthesis
of Le glycan antigens [32-45].
Le blood group spatial distribution research provided much data for the determination of phenotypes.
Of particular importance were studies that determined
the types of molecule that carry Le antigens, which
showed that these molecules are glycolipids belonging to the category of glycosphingolipids. Besides
remaining in cells, where they are synthetized, they
are also secreted in plasma or other secretory fluids
from where they can adsorb into blood cells. Le carbohydrates are synthetized in endodermal tissue where
FUT2 and FUT3 genes transcribe mRNA, which is
then translated into active fucosyltransferase enzymes.
Furthermore, the diversity of molecules that carry Le
antigens is high, thus, indicating a high degree of participation in multiple functions, as has been partially
documented. Therefore, this subject deserves a more
detailed review, which will be later published in the
APJBG, for the purpose of connecting fundamental
research with applicable medicine practice.
Spatial cellular distribution study also included
biosynthetic pathways, which are correlated with the
localization and expression of fucosyltransferase catalyzing the biosynthesis of Le antigen carbohydrate
structures. The biosynthesis occurs in the Golgi complex, located inside cells. More detailed quantitative
measurements of the concentrations and dynamics of
the Le blood group antigens expression levels on each
molecule in plasma, secretory fluids, and respectively
on all cell types and tissues during the life cycle in
healthy, diseases states, and therapeutic processes are
important for future studies, in order to access their
function in all physiological processes related to blood.

CONCLUDING REARKS AND FUTURE
PERSPECTIVES
The Lewis blood group system in humans is represented by two carbohydrate antigen structures determining 6 phenotypes: Lea+b-, Lea-b+, Lea-b-, Lea+b+,
ALea-b+, and BLea-b+. The Lea sequence β-D-Galp(-1-3)-[α-L-Fucp-(1-4)]-D-GlcpNAc, and the Leb

antigen sequence α-L-Fucp-(1-2)-β-D-Galp-(1-3)[α-L-Fucp-(1-4)]-D-GlcpNAc. There are 147 polysaccharides with sizes up to 37 monosaccharaides
that carry Lea+ blood group glycan antigens and 56
polysaccharides that carry Leb+ blood group glycan
antigens. They are synthesized by FUT2 and FUT3
enzymes. Two dominant autosomal genes named
FUT2 and FUT3 encode these enzymes. Interestingly, in spite of large allelic polymorphisms the catalytic domain is preserved through evolution within
prokaryotes and eukaryotes, indicating the functional
importance of resulting glycan structures. Le antigens
are part of these glycan structures, synthetized in the
endoderm in the form of glycolipids or glycoprotein.
They are present on the cell surface of blood cells, in
plasma, and in secretory fluids. Le glycolipids are adsorbed from plasma to the cell surface of erythrocytes,
platelets, lymphocytes, and endothelial cells.
A large number of alleles for FUT2 and FUT3
genes, a large number of splicing variants and a large
number of polysaccharide molecules which have differently expressed Le glycan structures in tissues were
found (see previous paragraph). These studies were
just starting to reveal the complexity of functions that
were involved with Le blood group structures. Therefore, in order to reach the state of complete analyses of
Le blood types, the future perspectives should focus on
four approaches: ① next generation sequencing of genotypes in different populations and comparison with other
species; ② variability of Le gene mRNA transcripts expression in healthy and disease states; ③ sequencing,
isolation, and cellular and subcellular localization of
glycans that carry Le antigens together with measuring their expression levels using optical microscopy,
scanning probe microscopy and electron microscopy
imaging tools, and analytical mass spectrometry linked
to electrophoresis and high pressure chromatography
separation methods; ④ immunological measurements
of quantities of antibody types against Le antigens,
their affinities as well as the presence of memory and
progenitor B and T cells. Finally, the specific goal in
glycobiology related studies is to connect structure with
function related research by analyzing more extensively
the diversity and complexity of the core glycan structure which carries terminal Le carbohydrate sequences.
The proposed complete analyses as yet remains elusive
to be applied in the clinical praxis, due to the complexity of methodologies, the high level of required multidisciplinary expertise, availability of instrumentation,
the long duration of analyses, as well as cost.
Improvements in precision, sensitivity, quantification and effectiveness (high throughput) is essential
for reaching the goal of complete Le blood group
analyses, from gene sequencing, via transcription and
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translation to carbohydrate expression levels. These
can be achieved by the development of novel analytical nano technologies and their bridging with current micro technologies. The proof of concept studies
by the author of this review has been made by the
construction of high throughput nano in micro array
"omic" chips and open guide nano electrophoresis array prototypes for the separation type of "omic" analyses for the sampling of over 2,000 single cells per
single 1 cm diameter chip[46-51]. Ultra-sensitive single
molecule detection and quantification using Secondary Ion Mass Spectrometry was used [46-51].
In this review, the current multidisciplinary knowledge concerning Le blood group system phenotypes
and genotypes was summarized, as well as future perspectives for the direction of further research.
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