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. Abstract: We described methods to examine the effects of inhibition / growth inhibitors using in vitro
I culture system of Cryptosporidium parvum.
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Gene expression analjysm of human Zperlpheral blood—derived macrophages exposed to
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Abstract: Human peripheral blood-derived macrophages show highly specific phagocytic activity to
Plasmodium falciparum-infected erythrocytes as compared to those co—cultured with uninfected
erythrocytes. Here, to gain better insights into the possible mechanism by which macrophages
preferentially phagocytize and kill the parasitized erythrocytes, we introduce the method for
analyzing the gene expression of human peripheral blood-derived macrophages exposed to
Plasmodium falciparum-infected erythrocytes.
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Abstract: Enteric pathogens cause considerable public health concerns worldwide including tropical regions.
Here, we review the roles of carbohydrates in the infection strategies of various enteric pathogens including
viruses, bacteria and protozoa, which infect the epithelial lining of the human and animal intestine. At host cell
entry, enteric viruses, including norovirus, recognize mainly histo-blood group antigens. At the initial step of
bacterial infections, carbohydrates also function as receptors for attachment. Here, we describe the function of
carbohydrates in infection by Salmonella enterica and several bacterial species that produce a variety of fimbrial
adhesions. During invasion by enteropathogenic protozoa, apicomplexan parasites utilize sialic acids or sulfated
glycans. Carbohydrates serve as receptors for infection by these microbes; however, their usage of carbohydrates
varies depending on the microbe. On the surface of the mucosal tissues of the gastrointestinal tract, various
carbohydrate moieties are present and play a crucial role in infection, representing the site of infection or route of
access for most microbes. During the infection and/or invasion process of the microbes, carbohydrates function as
receptors for various microbes, but they can also function as a barrier to infection. One approach to develop
effective prophylactic and therapeutic antimicrobial agents is to modify the drug structure. Another approach is to
modify the mode of inhibition of infection depending on the individual pathogen by using and mimicking the
interactions with carbohydrates. In addition, similarities in-mode of infection may also be utilized. Our findings

will be useful in the development of new drugs for the treatment of enteric pathogens.
Key words: bacteria, carbohydrate, enteric pathogen, infection, protozoa, virus

InTRODUCTION

Enteric pathogens, many of which are zoonotic, exert
a major impact on public health worldwide including tropi-
cal regions. In humans and animals, the enteric pathogens,
which include viruses, bacteria and protozoa, infect the in-
testine epithelial lining, resulting in food poisoning or diar-
rheal disease. When enteric pathogens enter humans or
animals via the oral route, they must withstand the proteo-
Iytic conditions in the stomach before penetrating the mu-
cus layer and accessing the underlying gut epithelium for
attachment or cell invasion. Adhesion of the enteric patho-
gens to the intestine epithelial tissue is a prerequisite for
the initiation of infection. In many systems it is mediated
by lectins present on the surface of the pathogen that bind
to complementary carbohydrates on the surface of the host

cells. Carbohydrates such as heparan sulfate have been re-
ported to play a crucial role in the entry or budding of viru-
ses [1], and bacterial lectins typically act in the form of
elongated submicroscopic multisubunit protein appendag-
es, known as pili [2]. Recently, the surface proteins of api-
complexan parasites have also been reported to bind to
carbohydrates on host cells [3]. Thus the initial steps of
host cell recognition by enteric pathogens may incorporate
common strategies.

Once pathogens invade the host cells, they initiate
their survival mechanisms to avoid extermination by host
immunity. Ultimately, if infection of host cells could be in-
hibited, proliferation of the pathogens could be prevented
and pathogenesis could be controlled. Insights obtained
from studies designed to address this concept will be in-
valuable to develop novel therapies using innovative drug
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design and engineered vaccine candidates to limit the in-
fectivity of widespread enteric pathogens. Here, we review
the recent major advances in research on the role of carbo-
hydrates in the infection strategies of enteric pathogenic
viruses, bacteria and protozoa. We further discuss how our
knowledge regarding these carbohydrates may influence
prophylactic and therapeutic drug development for the
treatment of diseases caused by enteric pathogens.

INTERACTION BETWEEN ENTERIC VIRUSES AND
CARBOHYDRATES

Carbohydrates function as receptors for virus entry.
Negatively charged carbohydrates, which are expressed on
many types of cells and tissues such as sialic acid and hep-
aran sulfate, are common viral receptors. Orthomyxovirus,
polyomavirus, reovirus, coronavirus, paramyxovirus and
parvovirus recognize sialic acid as a receptor. Adeno-
associated virus, herpesvirus and flavivirus recognize hep-
aran sulfate. On the other hand, the enteric virus norovirus
recognizes histo-blood group antigens (HBGAs), which
are not charged.

Here, we focus on the association of carbohydrates
with norovirus as the virus enters the host cell. Norovirus,
a member of the family Caliciviridae, is a major cause of
acute water- and food-borne gastroenteritis [4]. Norovirus
infection is associated with up to 90% of epidemic non-
bacterial acute gastroenteritis cases worldwide [5]. Noro-
viruses are divided into at least five genotypes, three of
which (genogroups I, II, and IV) infect humans. Except for
a few genotypes, all noroviruses bind to HBGAs including

H type (O k ahtigen)

Fig. 1.
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ABH antigens and Lewis antigens [5, 6]. In HBGAs, car-
bohydrate core structures constitute antigenically distinct
phenotypes, namely type 1 (Galp1-3GIcNAcH) and type 2
(Galp1-4GlecNAcB). H antigen (Fuc-a.1-2Gal), i.e., O-type
antigen, is generated by fucose transfer to a galactose resi-
due with an a1-2 linkage of type 1 or type 2. The A anti-
gen (GalNAc al-3(Fuc-al-2)Gal) and B antigen (Gal
al-3(Fuc-al-2)Gal) of HBGAs are generated by transfer
of GalNAc and Gal, respectively, to an H structure irre-
spective of the carbohydrate core structure. FUT1 and
FUT2 are a1,2FUTs that catalyze the transfer of Fuc to the
Gal residue of type 1 and 2 chains, thereby resulting in the
synthesis of H type 1 and H type 2, respectively. HBGAs
are found in saliva and mucosal secretions from the intesti-
nal epithelial cells of secretors (i.e., individuals who have
the FUT?2 gene that encodes a fucosyltransferase).
Non-secretors, who do not express FUT2 fucosyl-
transferase and consequently do not express H type 1 or
Le® in the gut, are not infected after challenge with the pro-
totype strain of norovirus, NV/68 [5, 6]. Moreover, the as-
sociation data between blood type and NV/68 infection
showed that, among secretor volunteers, blood groups O
and A were associated with an increased risk of infection,
while blood group B was associated with a decreased risk.
On the other hand, epidemiological studies have shown
that some norovirus strains with ABH phenotypes that dif-
fer from that of NV/68 can infect individuals. GI1/4, which
is known as a global epidemic strain, binds more HBGAs
than other strains, suggesting that the strength of transmis-
sion of GII/4 strains is related to the broad recognition of
HBGAs [6]. The recognition sites on HBGAs by norovirus

Schematic image of virus (in this case norovirus) recognition of carbohydrates on HBGAs at the host cell entry step.

(A) Fucose (Fuc) and N-acetylgalactosamine (GalNAc) on A antigen are recognized by norovirus. (B) Fucose (Fuc) on O
antigen is recognized by norovirus. (C) Fucose (Fuc) and galactose (Gal) on B antigen are recognized by norovirus. (D)

Fucoses (Fuc) on Le br¥ is recognized by norovirus.



